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Preface

Although the propeller nermally lies well submerged
out of sight and therefore, to some extent, also out of
mind, it is a deceptively complex component in both
the hydrodynamic and the structural sense. The subject
of propulsion technology embraces many disciplines:
for example, those of mathematics, physics, metal-
lurgy, naval architecture and mechanical and marine
engineering. Clearly, the dependence of the subject on
such a wide set of basic disciplines introduces the
possibility of conflicting requirements within the de-
sign process, necessitating some degree of compromise
between opposing constraints. It is the altainment of
this compromise that typifies good propeller design.

The foundations of the subject were laid during the
latter part of the last century and the early years of this
century. Since that time much has been written and
published in the form of technical papers, but the
number of books which attempt to draw together all of
these works on the subject from around the world is
small. A brief study of the bibliography shows that,
with the exception of Gerr’s recent book dealing with
the practical aspects of the design of small craft
propeliers, little has been published dealing with the
subject as an cntity since the carly 1960s. Over the last
thirty or so years an immense amount of work, both
theoretical and empirical, has been undertaken and
published, probably more than in any preceding
period. The principal aim, therefore, of this book is to
collect together the work that has been done in the field
of propeller technology up 1o the present time in each
of the arcas of hydrodynamics, strength, manufacture
and design, so as to present an overall view of the
subject and the current levels of knowledge.

The book is mainly directed toward practising
marine engincers and naval architects, principally
within the marine industry but also in academic and
research institutions. In particular when writing this
book I have kept in mind the range of questions about
propeller technology that are frequently posed by
designers, ship operators and surveyors and 1 have
attempted to provide answers to these questions.
Furthermore, the book is based on the currently
accepted body of knowledge of use to practical design
and analysis; current research issues are addressed in

a less extensive manner. For example, recent develop-
ments in surface panel techniques and Navier -Stokes
solutions are dealt with in less detail than the currently
more widely used lifting-line, lifting-surface and vor-
tex-lattice techniques of propeller analysis. Asa conse-
quence a knowlege of mathematics, luid mechanics
and engineering science is assumed commensurate
with these premises. Notwithstanding this, it is to be
hoped that students at both undergruduate and post-
graduate levels will find the book of value to their
studies.

The first two chapters of the book arc esscutially an
introduction to the subject: firstly, a bricf history of the
carly development of propellers und. secondly, an
introduction to the different propeller types that are
cither of topical interest or, alternatively, will not be
considered further in the book; for example, paddle
wheels or superconducting electric propulsion. Chap-
ter 3 considers propeller geometry and, consequently,
this chapter can be viewed as a foundation upon which
the rest of the book is built. Without a thorough
knowledge of propeller geometry, the subject will not
be fully understood. Chapters 4 and § concern them-
selves with the environment in which the propeller
operates and the wake field in particulur. The wake
ficld and its various methods of prediction and trans-
formation, particularly from nominal to etfective, are
again fundamental to the understanding of the design
and analysis of propellers.

Chapters 6-15 deal with propulsion  hydro-
dynamics, first in the context of mode! results and
theoretical methods relating to propellers fixed to line
shafling, then moving on to ship resistance and
propulsion, including the important subjects of pro-
peller hull interaction and thrust augmentation devi-
ces, and finally to consideration of the specitic aspects
of fixed and rotable thrusters and waterjets Chapter
16 addresses the all-important subject of sea trials in
terms of the conditions necessary for a valid trial,
instrumentation and analysis.

Chapters 17-20 deal with the mechanicai aspects of
propellers. Materials, manufacture, blade strength and
vibration are the principal subjects of these four
chapters, and the techniques discussed are generally
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applicable to all types of propulsors. The final five
chapters, 21 through to 25, discuss various practical
aspects of propeller technology, starting with design,
then continuing to operational problems, service per-
formance and, finally, to propeller inspection, repair
and maintenance.

In cach of the chapters of the book the attainment of
a fair balance between theoretical and practical con-
siderations has been attempted, so that the informa-
tion presented will be of value to the practitioner in
marine science. For more advanced studies, particu-
larly of a theoretical nature, the data presented here
will act as a starting point for further research: in the
casc of the theoretical hydrodynamic aspects of the
subject, some of the references contained in the
bibliography will be found to be of value.
This book, representing as it does a gathering together
of the subject of propulsion technology, is based upon
the research of many scientists and engineers through-
out the world. Indeed, it must be remembered that
without these people, many of whom have devoted
considerable portions of their lives to the development
of the subject, this book could not have been written
and. indecd, the subject of propelier technology could
not have developed so far. I hope that 1 have done
Justice to their efforts in this book. At the end of each
chapter a scries of references is given so that, if
necessary, the reader may refer to the original work,
which will contain full details of the specific research
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topic under consideration. 1 am also considerably
indebted to my colleagues, both within Lloyd’s Regis-
ter and in the marine industry, for many discussions on
various aspects of the subject over the years, all of
which have helped to provide a greater insight into,
and understanding of, the subject. Particularly, in this
respect, thanks are given to Mr C. M. R, Wills, Mr P.
A. Fitzsimmons and Mr D. J. Howarth who, as
specialists in particular branches of the subject, have
also read several of the chapters and made many useful
comments concerning their content. I would also like
to thank Mr A. W. O. Webb who, as a specialist in
propeller materials technology and colleague, has
given much helpful advice over the years in solving
propeller problems and this together with his many
technical papers has influenced much of the text of
Chapters 17 and 25. Also, I am particularly grateful to
Mr J. Th. Ligtelign of MARIN and to Dr G. Patience
of Stone Manganese Marine Ltd, who have supplied
me with several photographs for inclusion in the text
and with whom many stimulating discussions on the
subject have been had over the years. Thanks are also
duc to the many kind ladies who have so painstakingly
typed the text of this book over the years and without
whom the book would not have been produced.

J. S. Carlton
London,
May 1993

General
nomenclature

Upper case

A Cross-sectional area
Ac Admiralty coefficient
Ap Developed arca
Ay Expanded area W
Ay Mid-ship section area '
Ag Disc area
Ap Projected area .
AR.n ASPCC' .ra\lig‘_ FERUI RNt
B Moulded breadth of ship
B, Propeller power coefficient
BAR Blade area ratio e
;“ N Correlation factor e e !i“:!'
Section area coefficient B
Cy Ship block coefficient
Co Drag coefficient
Ce Frictional resistance coefficient
Cy Lift coeflicient
Cu Moment coefficient
Section modulus coefficient
Cr Pressure coefficient "
Ship prismatic coefficient
Propeller power coefficient
Cy Thrust loading coefficient
Total resistance coefficient
Cy Wayemaking resistance coefficient
D Drag force
Propeller diameter
D, Behind diameter
D, Diameter of slipstream for upstream
D, Shaft diameter
Force
Fetch of sca
Fy Bollard pull
F, Froude number
G Boundary layer unique shape function

Non-dimensional circulation coefficient

H Hydraulic head
H, Pump head
1 Dry inertia
1, Polar entrained inertia
IVR Inlet velocity ratio
J Advance coefficient
Jy Ship polar moment of inertia
AL Ok g

K -Prandtl or Goldstein factor
K. ... .. Knapp's similarity parameter
K, . Pressure coeflicient
Ky .Propeller torque coefficient
Kosgi. .y Spindle torque coefficient
Ky. K. .. Propelier thrust coeflicient
Kins Kyp  Duct thrust coeflicient
Cy Side force coefficient
L Length of ship or duct

Lift force

Section centrifugal bending moment

.arm
L, Sound pressure level
Lpy Length of ship between perpendiculius
Ly Length of run
Ly, Length of ship along water line
M Moment of force
M, Mach number
N Rotational speed (RPM)

Number, of cycles

Ng Specific speed

Propeller pitch
Number of fatigue cycies

Py Brake power

Py Delivered power
Py Effective power
Pg Generator power

P

Shaft power
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Q Flow quantity
Propeller torque
QPC Quasi propulsive coefficient
0, Total spindle torque
Qs Centrifugal spindle torque
Qs Frictional spindle torque
Qs Hydrodynamic spindle torque
Radius of propeller, paddle wheel or
bubble
Specific gas constant
R.m Air resistance of ship
Rarr Appendage resistance
R, Real part
Rg Frictional resistance
R, Reynolds number
Ry Total resistance
Ry Viscous resistance
Rw Wavemaking resistance
s surface tension
Ship wetted surface area
S, Additional load scale factor
S, Apparent slip
SBF Solid boundary factor
Sc Camber scale factor
T Temperature
Draught of ship
T, Propelier thrust
T, Draught aft
T, Draught forward
W Ty Duct thrust
Uy Propeller tip speed
4 Volume
Velocity
v, Speed of advance
v, Ship speed
x Distance along coordinate axis
y Distance along coordinate axis
w Resultant velocity
Width of channel
W, Weber number
z Blade number
Distance along coordinate axis
z, Section modulus
Lower case
a Propeller axial inflow factor
a, Propeller tangential inflow factor
a, Resistance augmentation factor
a, Crack length

Pe

P

Span of wing

Wake contraction factor
Section chord length
Section drag coefficient
Section lift coefficient
Ideal section lift coefficient
Section moment coefficient
Limiting chord length

Frequency
Function of ...

Acceleration due to gravity
Function of ...

Fluid enthalpy

Height

Hydraulic head

Height of bulbous bow centroid from
base linc in transverse plane

Counter

Section gencrator line rake
Propelier rake

Section skew induced rake
Total rake of propeller section

Counter

Counter

Lifting surface camber correction factor

Mecan apparent amplitude of surface
roughness

Lifting surface thickness correction
factor

Lifting surface ideal angle of attack
correction factor

Frictional form factor

Counter
Length
Longitudinal centre of buoyancy

Mass
Counter
Specific mass flow

Rotational speed (rps)

Section pitch

Pressure

Cavity vanation induced pressure
Propeller induced pressure
Reference pressure
Non-cavitating pressure

Pitch of reference section
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Suffixes

[

Hull induced vibratory pressure
Vapour pressure
Apparent induced pressure

Dynamic flow pressure

Radius of a propeller section
Hub or boss radius

Length parameter

Time

Thrust deduction faotor

Section thickness

Thickness fraction

Maximum thickness

Notional blad¢ thickness at shaft
centre-line

Local velocity

Local velocity
Axial velocity
Radial velocity
Tangential velocity
Tide speed
e 10
Downwash velocity
Mean wake fraction
Fraude wake fraction
Maximum value of wake fraction in
propeller disc
Nominal wake fraction
Potential wake fraction
Tayler wake fraction
Viscous wake fraction
Wave induced wake fraction

Distance along a coordinate axis

Non-dimensional radius (r/R)

Distance along chord

Radial position of centroid

Centre of pressure measured along
chord

Reference section

Distance along coordinate axis camber
Camber ordinate

Section lower surface ordinate
Thickness ordinate

Section upper surface ordinate

Distance along coordinate axis

Model
Ship

“omorg

General nomenclature  xiil

Upper

Lower

Bound, behind
Free

Reference value
Reference radius

Greek and other symbols

o

&g
@
ax
L
B

ﬁl

Bi
r
Y

Ve

Angle of attack

Gas content

Cavitation bucket width

Ideal angle of attack

Air content ratio

Zero lift angle

Advance angle

Hydrodynamic pitch in the ultimate
wake

Hydrodynamic pitch angle

Circulation

Local vortex strength

Length parameter

Ratio of drag to lift coefficient (C,/C,)

Corréction 1o angle of attack duc to
cascade effects

Change in parameter

‘Displacement of ships

Boundary layer thickness

Linear displacement

Propeller speed coefficient

Thrust eccentricity

Transformation parameter

Bendemann static thrust factor

Damping factor

Transformation parameter

Propelier behind hull efficiency

Hull efficiency

Ideal efficiency

Mechanical efficiency

Propeller open water efficiency

Pump efficiency

Relative rotatative efficiency

Pitch angle

Transformation parameter

Momentum thickness of boundary

layer

Face pitch angle

Propeller rake angle

Nose tail pitch angle

Effective pitch angle

Section skew angle

Propeller skew angle

Angular position of transition wake
roll-up point

Frequency reduction ratio

Wave length

Source-sink strength
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Ship-model scale factor
u Cocfficient of dynamic viscosity
Q Density of water
P, Density of air
Q Leading edge radius
Qum Density of blade material
o Cavitation number
Stress on section
o, Alternating stress
o Corrosion fatigue strength
o, Inception cavitation number
' Local cavitation number
Oup Mean design stress
g, Cavitation number based on rotational
s
Relative shaft angle
a, Free stream cavitation number
oy Residual stress
a, Blade solidity factor
0, Blade stress at location on blade
T Shear stress
T Thrust loading coefficient
u Coefficient of kinematic viscosity
¢ Angle of rotation in propeller plane
Hull form parameter
Velocity potential
Angular displacement
Flow coefficient
Shaft alignment angle relative to flow
' Transformation parameter
Gas content number
Energy transfer coefficient
0 Angular velocity
w Angular velocity
v Volumetric displacement
Abbreviations
AEW. Admiralty Experiment Works, Haslar
AP After perpendicular

ATTC
BHP
BS
CAD
CAM
cwt

DES
DHP
DTNSRDC

EHP

ft

HMS
h.p.
HSVA
IMO
ITTC
LE
MARIN

MCR
m.p.h.
NACA

NC
NCR
oD
PHV
qrs
R.H.
RPM
SHP
SM
SSPA

TE
THP
VTOL

American Towing Tank Conference

Brake Horse Power

British Standard

Computer aided design

Computer aided manufacture

Hundred Weight
{(tewt = 1121bf = 50.8kgf)

Design

Delivered horsepower

David Taylor Naval Ship Research and
Design Centre

Effective horsepower

Feet

Her Majesty’s Ship

Horsepower

Hamburg Ship Model Basin

International Maritime Organisation

International towing tank conference

Leading edge

Maritime Rescarch Institute of the
Netherlands

Maximum continuous rating

Miles per hour

National Advisory Council for
Aeronautics

Numerically controlled

Normal continuous rating

Oil distribution

Propulsor hull vortex

Quarters (4qrs = 1 cwt)

Right handed

Revolutions per minute

Shaft horscpower

Simpson’s multiplier

Statens Skeppsprovningsanstalt,
Goteborg

Trailing edge

Thrust horsepower

Vertical take-off and landing
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Both Archimedes (c. 250BC) and Leonardo da Vinci
{c. 1500) can be justly credited with having had the
initial thoughts on screw propulsion. In the case of
Archimedes, his thinking centred on the application
of the screw pump which bears his name and this
provided considerable inspiration to the 19th century
engineers involved in marine propulsion; unfortunately,
however, it also gave rise to several misconceptions
about the basis of propeller action. In contrast Leonardo
dal Vinci, in his sketchbooks which were produced
some 1700 years after Archimedes, shows an alternative
form of screw propulsion bascd on the idea of using
fan blades having a similar appearance to those used
for cooling purposes today.

The development of screw propulsion as we recognize
it today, however, can be traced back to the work of
Robert Hooke, who is perhaps better remembered for
his work on the elasticity of materials. Hooke in his
Philosophical Collections presented to the Royal
Society in 1681, explained the design of a horizontal
water-mill which was remarkably similar in its principle
of operation to the Kirsten—Boeing vertical axis
propelier developed two and a half centuries later.
Returning, however, to Hooke’s water-mill; it comprised
six wooden vanes, geared to a central shaft and pinned
vertically to a horizontal circular rotor. The gearing
constrained the vanes to rotate through 180° about
their own spindle axes for each complete revolution
of the rotor.

During his life Hooke was also interested in the
subject of metrology and in the course of his work he
developed an air flow meter based on the principle of
a windmill. He successfully modified this instrument
in 1683 to measure water currents and then foresaw
the potential of this invention to drive ships through
the water if provided with a suitable means of motive
power. As seen in Figure 1.1 the instrument comprises

Figure 1.1 Hooke's screw propelier (1683)

The early development of the sciew propetiu

Figure 1.2 Bernoulli's propeller wheel 11752)

four, flat rectangular blades located on radial
with the blades inclined to the planc ol rotation

Some years later in 1752 the Acadenie des Sow
in Paris offered a serics of prizes for reseurch
theoretical methods leading to signiticunt develops
in naval architecture. As might be expected.
famous mathematicians and scientists of Furope
attracted by this offer and names such as d’Alen:
Euler and Bernoulli appear in the contubut.
Bernoulli’s contribution, for which he won u |
introduced the propeller wheel, shown in Figuic
which he intended to be driven by a Newu
stcam-engine. With this arrangement he calcu:
that a particular ship could be propeiled at just .
2} knots by the application of some 20 2°
Opinion, however, was still divided as to the
suitable propulsor configuration, as indeed 1t »
be for many years to come. For example, the i
mathematician Paucton, working at about the
time as Bernoulli, suggested u different appi
illustrated in Figure 1.3 which was based
Archimedean screw.

Thirty-three years after the Paris invitation J.
Bramah in England proposed an arrangement
screw propeller located at the stern of a vessel w
as may be seen from Figure 1.4, contains most.«
fecatures that we associate with screw propu

Figure 1.3 Archimedean screw of Paucton
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the various facets of propeller design and ‘also’ o
optimize a propeller design for Rattler; by January
1845 some thirty-two different propeller designs had
been tested. The best of these propellers was designed
by Smith and propelled the ship at a speed of about
9 knots. This propeller was a two-bladed design, had
a diameter of 101t 1in, a pitch of 11 ft and weighed
26 cwt 2qrs (1.68 tonnes); today it is preserved at the
Royal Naval Museum at Portsmouth in England. In
the spring of 1845 the Rattler ran a series of competitive
trials against the paddle steamer Alecto. These trials
embraced both free running and towing exercises and
also a series of separate sail, steant and combined sail
and steam propulsion trials. By March 1845 the
Admiralty was so convinced of the advantages of screw
propulsion that they had ordered seven screw propelled
frigates together with a number of lesser ships. In April
1845 the famous "tug of war’ between the Rattler and
the Alecto was held; however, this appears to have
been more of a public relations exercise than a
scientific trial.

Although accepted by the Navy, screw propulsion
had not been universally accepted for seagoing ships
in preference to paddle propulsion, as witnessed by
the relatively late general introduction of screw
propulsion by the North Atlantic Steamship companies.
However, the latter part of the 19th century saw a
considerable amount of work being undertaken by a
great number of people to explore the effects of radial
pitch distribution, adjustable blades, blade arrangement
and outline and cavitation. For example, in 1860
Hirch patented a propeller having both variable
chordal pitch, which we know today as camber, and
variable radial pitch; as an additional feature this
propeller also possesed a considerable amount of
forward skew on the blades. Some 30 years later Hirch
also introduced the idea of bolted-on blades, thereby
providing an early example of built-up propellers
which achieved considerable popularity in the first
half of the 20th century. Thornycroft in 1873 designed

a propeller with restricted camber in the mid-span |

regions of the blade and also combined this with a
backward curvature of the blades in an attempt to
suppress tangential flow. Zeise carried the ideas of the
development of the radial pitch distribution a stage
further in 1886 when he increased the pitch of the

RS *}’f.i—_ﬁ
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inner sections of the blade in un atticipt to make
better use of the inner part of the bludes.

Other developments worthy of note in the content
of this introductory review are those by Mangin. Zeise
and Taylor. Mangin in 1851 attempted to tnerease the
thrust of a propeller by dividing the blades rudially
into two portions. Griffiths also used this ideit in 1871
but he used only a partial division ol the blades
their centre regions. Zeise in 1901 experimented with
the idea of flexible blades. in which the trailing pan
of the blade was constructed from lameltac, and Tay iy
some six years later introduced air injection on the
blade suction surface in order to control the erosne
effects of cavitation. Figure 1.9 shows u collage of
some of these propellers together with thewr novei
features during the period 1838 to 1907,

The latter part of the 19th century also saw the
introduction of theoretical methods which attempted
to explain the action of the screw propetlter. Notable
among these theoretical treatments were the works of
Rankin and Froude; these, together with subsequcat
developments which occurred during the 20th century
will, however, be introduced in the uppropriate i
chapters, notably Chapter 8.

These, therefore, were some of the activities and
developments in the early years of propeller application
which paved the way for the advancement of marine
propeller technology during the 20th century. and the
subject as we know it and practise it today.
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The previous chapter gave an outline of the carly
development of the propeller up to about 1900. In
this chapter we move forward to the present day and

_consider, again in outline, the range of propulsion
systems that are cither currently in use or undér *

development. The majority of the topical concepts and
systems discussed in this chapter are considered, where
appropriate, in greater detail in later chapters; it is,
however, important to have an overview of the subject
prior to discussing the various facets of propulsion
technology in more depth. Accordingly, each of the
principal propeller types will be bricfly reviewed by
oullining their major features and characteristics
together with their general areas of application.

2.1 Fixed pitch propellers

The fixed pitch propeller has traditionally formed the
basis of propeller production over the years in either
its monoblock or built-up forms. Whilst the monoblock
propeller is commonly used today the built-up propeller,
whose blades are cast separately from the boss and
then bolted to it after machining, is now rarely used.
This was not always the case; in the early years of
this century built-up propellers were very common,
partly due to the inability to achieve good quality
large castings at that time and partly due to the
difficulties in defining the correct blade pitch. In both
these respects the built-up propeller has obvious
advantages.

Monoblock propellers form the major proportion
of propellers today and cover a broad spectrum of
design types and sizes, ranging from those weighing
only a few kilogrammes for use on small power-hoats
to those destined for large tankers and bulk carriers
which can weigh around 80-85 tonnes and perhaps
require the simultancous casting of some 120 tonnes
of metal in order 10 produce the casting. Figure 2.1
iltustrates various types of fixed pitch propeller in use
today. These range from a large four-bladed propeller
fitted to a bulk carrier and is seen in the figure in
contrast to the man standing on the dock bottom,
through highly skewed propellers for merchant and
naval applications, to small high-speed patrol craft
and surface piercing propeliers.

As might be expected, the materials of manufacture
vary considerably over such a wide range of designs
and sizes. For the larger propetlers, over 300 mm in
diameter, the non-ferrous materials predominate:
high-tensile brass and the manganese and nickel--
aluminium bronzes are the most favoured types of
materials; however, stainless steel has also gained a
limited use as will be seen in Chapter 17. Cast iron,
once a favourite material for the production of spare
propellers, has now virtually disappeared from the
scene. Alternatively, for small propellers, use is frequently
made of materials such as the polymers, aluminium
and nylon.
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For fixed pitch propellers the choice of blade
number, notwithstanding considerations o1 blude -
blade clearances at the blade root: boss witcrise. s
largely an independent variable and o~ nornally
chosen to give a mismatch to the range ol huli,
superstructure und machinery vibration freguencies
which arc considered likely (0 cause concern. As
consequence blade numbers gencrally range tiom two
to seven, although in some naval applications, where
considerations of radiated noise become umpartant,
blade numbers greater than these have been researched
and used to solve a variety of propubsion probicms
For merchant vessels, however, four, tive and sy
blades are generally favoured, although many tugs
and fishing vessels frequently use three-blade designs.
In the case of small work or pleasure power-boats
two- and three-bladed propelters tend 10 predominate

The carly propeller design philosophics centred on
the optimization of the efliciency from the propelier
Whilst today this aspect is no less important. and. m
some respects associated with energy conservauon,
has assumed a greater importance, other construnts
on design have emerged. These additional constraints
are in response to calls for reductions of vibration
excitation and radiated noise from the propetler This
fatter aspect has of course béen a priume voncern of
naval ship and torpedo propelier designers for many
years; however, pressure to introduce these consttabnls.,
albeitin a generally less stringent form, into merchant
ship design practice has grown in recent years. 1his
move has been brought about due 10 the consequences
of the increases in power transmitted per shufi the
use of after deck houses; the maximization of the cargo
carrying capacity, which imposes constratnts on the
hull lines; ship structural failure and micrnational
legistation.

For the greater majority of vessels of over 1)
tonnes displacement it is possible 10 design propetiers
on whose blades it is possible to control, although not
eliminate, the effects of cavitation: in terms of 1ty
erosive effect on the material, its ability to unpaic
hydrodynamic performance and it being the source of
vibration excitation. In this latter content it must be
remembered that there are very few propelicrs that
are free from cavitation: the greater majority ¢a pericnce
cavitation at some position in the propeliler disc,
Submurine propellers when operating at depih. the
propellers of towed array frigates und rescarch vessels
when operating under part load conditions are a
notable exception to this “rule’ since these propellers
are normally designed to be subcavitating to meet the
very stringent noisc emission requirements to satninze
either detection or interference with theit own
instruments.

For some small, high-speed vessels where both the
advance and rotational speeds are high and the
propeller immersion low, a point is reached where it
is not possible to control the effects of cavitation
acceptably within the other constraints of the propelter
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(c}

Figure 2.1 Typical fixed pitch propelters: (a) large four-bladed propeller for a
bulk carrer: (b) high-speed patrol craft propeller; (c) seven-bladed balanced high-
screw design; (d) surface piercing propelier; (e) biased high-skew, low-blade- area

ratio propelier

(@)

(a)

Cavitation

Figure 2.2 Propelier operating regimes: (a) non-cavitating;
(b} partially cavitating; (c) supercavitating

design. To overcome this problem the blade sections
arc permitted to fully cavitate, so that the cavity
developed on the back of the blade extends beyond
the trailing edge and collapses into the wake of the
blades in the slipstream. Such propeliers are termed
supercavitating propellers and frequently find appli-
cation on high-speed naval and pleasure craft. Figure
2.2(c) ilustrates schematically this design philosophy
in contrast 1o both a non-cavitating and a partiatly
cavitating propeller section, shown in Figures 2.2(a)
and (b) respectively.

When the design condition dictates a specific
hydrodynamicloading together with a very susceptible
cavitation environment, typified by a low cavitation
number, there comes a point when even the super-
cavitating propeller will not perform satisfactorily.
For example, when the propeller tip immersion
becomes small the propeller tends to draw air from
the surface along some convenient path; often along
the hull surface or down a shaft bracket. Eventually,
if the immersion is reduced sufficiently by either the
design or operational constraints, the propeller tips
will break surface. Although this condition is well
known on cargo vesscls when operating in ballast and
can, in these cuses, lead to certain disadvantages from
the point of view of material fatigue and induced
vibration, the surface breaking concept can be an
effective means of propelling relatively small high-speed
craft. Such propellers are termed surface-piercing
propellers and their design immersion, measured-from
the free surface to the static shaft centre line, can be
reduced to zero; that is, the propelicr operates half in
and haif out of the water. In these partially immersed
conditions the propeller blades are commonly designed
to operate such that the pressure face of the blade
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remains fully wetted and the suction sude i tally
ventilated or dry. This is an analogous operating
regime o the supercavitating propeller. but we this
case the blade surface suction pressure is at wtnospherie
conditions and not the vapour pressure of w.aict

2.2 Ducted propellers

Ducted propellers, as their name implics. comprise
two principal components: the first is an annular duct
having an aerofoil cross section which niay be either
of uniform shape around the duct and syninctine with
respect to the shaft centre line, ot have certan
asymmetric features to accommodate the wike fichd.
The second component, the propeller, is i special case
of an open propeller in which the design of the blades
has been modified 1o tuke account of the tlow
nteractions caused by the presence of the duct i the
flow ficld. The propeller for these units can be either
of the fixed or controllable pitch type and in some
special applications, such as torpedo propulsion, may
be i contra-rotating pair. Ducted propellers. sometimes
referred 10 as Kort nozzles by way of 1ecogmiton of
the Kort Propulsion Company’s initial patents and
long association with this type’of propeller, have tound
application for many years where high thrust at low
speed is required; typically in towing and trawhing
situations. Insuch cases, the duct generally contrbutes
some 50% of the propulsor’s total thrust at zero ship
speed, termed the bollard pull condinon; this relative
contribution of the duct, however, falls to more modest
amounts with increasing ship speed. It is wlso possible
for a duct to give a negative contribution 1o the
propulsor thrust at high advance speed; however. thus
would be 2 most unusual condition for the great
majority of design situations. }

There are two principal types of duct form  the
accelerating and decelerating duct - and these are
shown in Figures 2.3(a) and (d) respectively. The
underlying reason for their designations can be
appreciated, in global terms by considering their form
inrelation to the continuity equation of luid mechanics
This can be expressed for incompressible flow 1n a
closed conduit between 1wo stations a- a and b-b as

PAU, = pALb, 2.0

where v, = velocity at station a-a;

v, = velocity at station b- b,
A, = cross-section area at station & i,
A, = cross-section area at station b b;

i

p = density of the fluid.

In this context station b-b can be chosen in way of
the propeller disc whilst a-a is some way forwacd,
although not necessarily at the leading cdyge. In the
case of Figure 2.3(a), which shows the accelerating
duct, it can be seen that A4, is greater thun A, since
the internal diameter of the duct is greater at station
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Figure 2.3 Duct types: (a) accelerating duct; (b) ‘pull-push’ duct; {c) Hannan slotted duct; (d) decelerating duct

a-a. Hence, from equation (2.1) and since the density
of water is constant, v, must be less than ty, which
implies an acceleration of the water between stations
a-a and b-b; that is, up to the propeller location.
The converse situation is true in the case of the
decelerating duct shown in Figure 2.3(d). To determine
precisely which form the duct actually is, if indeed this
is important, the induced velocities of the propeller
also need 10 be taken into account in the velocities v,
and ¢, '

By undertaking detailed hydrodynamic analyses it
becomes possible to design complex duct forms
intended for speafic application and duties. Indeed,
altempts at producing non-symmetnc duct forms 1o
swit varying wake-field conditions have been made
whach result in a duct with both varying aerofoil
sectoa shape and incidenve, relative 1o the shaft centre
hoe. around 11s arcumference. However, with duct
forms 1t must be appreciated that the hydrodynamic
desirability for a particular form must be balanced
against the practical manufacturing problem of
producing the desired shape if an economic and
competitive duct is to result. This tenet is firmly
underlined by appreciating that ducts have been
produced for a range of propeller diameters from 0.5 m
or less through to around 8.0m. For these larger sizes,
fabrication problems can be difficult, not least in
maintaining the circularity of the duct and reasonable
engineering clearances between the blade tips and the
duct.

Many standard duct forms are in use today; those

most commonly used are shown in Figure 2.3. Whilst -

the duct shown in Figure 2.3(a), the Wageningen 19a
form, has a good ahead performance its astcrn
performance is less good due to the aerofoil form of
the duct having 1o work in reverse; that is, the trailing
edge cflectively becomes the leading edge in astern
operations. This is of relatively minor importance in,
say, a trawler or tanker, since for the majority of their
operating lives these are essentially ‘unidircctional’
ships. However, this is not true for all vessels since
some are expecied 1o have broadly equal capabilities
in both directions. In cases where a bidirectional
capability is required a duct form of the type dlusirated
in Figure 2.3(b), the Wageningen No. 36 form, might
be selected since its trailing edge is a compromise
between a conventional trailing and leading edge of,
for example. the 192 Form. For this type of duct the
astern performance is improved but at the expense of
the ahead performance, thereby introducing a measure
of compromise in the design process. Several other
methods of overcoming the disadvantages of the
classical accelerating duct form in astern operations
have been patented over the years. One such method
is the ‘Hannan slot’, shown in Figure 2.3(c). This
approach, whilst attempting to preserve the aero-
dynamic form of the duct in the ahead condition allows
water when backing to enter the duct both in the
conventional manner and also through the slots at
the trailing edge in an attempt to improve the astern
efficiency of the unit.

When the control of cavitation and more particularly

NN e

the noise resulting from cavitation is of importance,
use can be made of the decelerating duct form. A duct
form of this type, Figure 2.3(d), effectively improves
the local cavitation conditions by slowing the water
before passing through the propeller. Most applications
of this duct form are found in naval situations, for
example, with submarines and torpedoes. Nevertheless,
some spectalist research ships also have nceds which
can be partially satisfied by the use of this type of duct
in the appropriate circumstances.

An intereSting development of the classical ducted
propeller form is found in the pump jet. The pump
jet frequently comprises a row of inlet guide vanes,
which double as duct support vanes, followed by a
row of rotor bludes which are finally followed by a
row of stator blades. Typically rotor and stator blade
numbers might lic between*15 and 20 respectively,
each row having a different blade number. Naturally
there are variants of this design in which the blade
numbers may be reduced or the inlet guide vanes not
specified. The pump jet, however, would be largely
restricted to military applications, although the principle
of operation finds application in commercial water jet
propulsion units,

The ducts of ducted propellers, in addition to being
fixed structures rigidly attached to the hull, are also
frequently found to be steerable. The steerable duct,
which obviates the need for a rudder, is mounted on
pintles whose axes lic on the vertical diameter of the
propelier disc. The duct unit is'then able to be rotated
about the pintie axes by a steering motor and by this
means the thrust of the propeller can be directed 1o
the desired direction for navigation purposes. Clearly,
however, the arc through which the thrust can be
directed is limited by geometric constraints. Applications
of this type can range from small craft, such as harbour
tugs, up to comparatively large commercial vessels as
shown by Figure 2.4. A further application of the
steerable ducted propeller which has gained considerable
popularity in recent years, especially in the offshore
ficld, is the azimuthing thruster. In many cases these
units can be trained around a full 360" so as to provide
acompletely directional thrusting capability. To provide
this directional capability a mechanical *Z’ or L’ drive
is required for the power transmission line, since the
input shaft has of necessity to be concentric with the
unit’s vertical axis of rotational axis.

2.3 Contra-rotating propellers

The contra-rotating propeller principle, comprising
two coaxial propellers sited one behind the other and
rotating in opposite directions, has been traditionally
associated with the propulsion of aircraft, although
Ericsson's original proposal of 1836, Figure 1.6, used
this method.

Contra-rotating propulsion systems have the
hydrodynamic advantage of recovering part of the
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Figure 2.4 Steerable ducted propeller

slipstream rotational energy which would otheiwise
be lost 10 a conventional single screw system.
Furthermore, because of the two propeller contiguranon,
contra-rotating  propellers possess a capability for

balancing the torque reaction from the propubor

which is an important matter for torpedo and other
similar propulsion problems. In nanine applications
of contra-rotating propulsion it is abo normul to
consider the aftermost propeller to have u smualler
diameter than the forward propeller, and in this way
accommodate for the slipstream contraction etfects.

Contra-rotating propeller systems have been the
subject of considerable theoretical and experimental
research and some practical development excraises.
Whilst they have found a significant number of
applications, particularly in small outbourd umts
operating at around 1500 to 2000 RPM, the mechanical
problems associated with the longer line shufting
systems of larger vessels have generally precluded
them from use on merchant ships. Interest in the
concept has had a cyclic nature with interest growing
and then waning; 4 recent upsurge in interest in 1988,
however, has resulted in a system being fitted to a
37000 dwt bulk carrier, Reference t, and subsequently
to a 258000dwt VLCC in 1993.

29/
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2.4 Overlapping propellers

This again is a two-propelier concept. In this case the
propellers are not mounted coaxially but are each
located on separate shaft systems such that the
distance between the shaft centre lines is less than the
diameter of the propellers. Figure 2.5 shows a typical
arrangement of such a system; again this is not a new
idea and references can be found dating back over a
hundred years; sce, for example, Figure 1.9, showing
Taylor's design of 1830.

As in the casc of the contra-rotating propelier
principle, recent work on this concept has been largely
confined to rescarch and development, and the system
has rarely been used in practice. Research has largely
centred on the effects of the shaft spacing to propeller
diameter ratio on the overall propulsion efficiency in
the context of particular hull forms, References 2 und
3. The prime aim of this type of propulsion arrangement
is clearly to gain as much benefit as possible from the
low-velocity portion of the wake field and, thereby,
increase propulsion efficiency. Consequently, the benefits
denved from this propulsion concept are intimately
related to the propeller and hull propulsion coeflicients.

Despite one propelicr working partially in the wake
of the other, cavitation problems are not currently
thought to pose insurmountable design problems.
However, significant increases in the levels of fluctuating
thrustand torque have been identified when compared
to single-screw applications. In comparison to the
twin-screw alternative, rescarch has indicated that the
overlapping arrangement may be associated with

Figure 2.6 Overlapping propeliers
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lower building costs, and this is portrayed as one
further advantage for the concept.

When designing this type of propulsion system
several additional variables are presented to the
designer. These are the direction of propeller rotation,
the distance between the shafts, the longitudinal
clearance between the propellers and the stern shape.
At the present time there are only partial answers 1o
these questions; research work tends 10 show that the
best direction of rotation is outward, relative to the
top-dead-centre position, and that the optimum distance
between the shaft lies in the region of 0.5D to 0.8D.
In addition there are indications that the principal
effect of the longitudinal spacing of the propellers is
to befound in vibration excitation and that propulsion
efficiency is comparatively insensitive to this variable.

2.5 Controllable pitch propellers

Unlike fixed pitch propellers whose only operational
variable is rotational speed, the controllable pitch
propeller provides an extra degree of frecdom in its
ability to change blade pitch. However, for some
propulsion applications, particularly those involving
shaft driven generators, the shaft speed is held constant,
thus reducing the number of operating variables again
to one.

The controllable pitch propelier has found application
in the majority of the propeller types and applications
so far discussed in this chapter with the possible
exception of the contra-rotating propeller, although
evenin this extreme example of mechanical complexity
some development work has been undertaken for
certain specialist propulsion problems. In the last
quarter of a century the controllable pitch propeller
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Figure 2.6 Relative i in popularity of controllabl
pitch propellers
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Table 2.1 Percentage relative distribution of controllable pitch propellers to fixed pitch
propellers by ship type classed with Lloyd's Register and having installud powers greater than

2000 BHP

Ship type 1960 64 1965 69 1970 74 1975-79 1980 84 1985-8y

Tankers ] 7 15 14 23 1

Bulk carriers | 9 10 5 S 12

Container ships 0 13 24 3 ! I3 .
General cargo . 2 12 20, 29 42 43

Passenger vesscls and ferries 28 6 82 100 . %4 100

Tugs and offshore vessels 29 50 44 76 85 100

Fishing VesSfls 48 54 87 90 93 92

has grown in popularity from representing a_small
proportion of propellers produced, to its current
position of having a very substantial market share.
To .illustrate this growth Figure 2.6, taken from
Reference 4, shows the proportion of coatrollable
pitch propeller systems when compared to the fotal
number of propulsion systems classed with Lloyd's
Register during the period 1960 to 1989, taken at
five-year intervals except for the last interval. From
this figure it can be seen that currently the controllable
pitch propelier has about a 36% market share of
propulsion systems, whilst Table 2.1 shows the relative
distribution of controllable pitch propellers within
certain classes of ship type. From the table, again
taken from the same sources, it is seen that the
controllable pitch propeller has almost complete
dominance in the ferry, tug and trawling markets,
noting of course that Table 2.1 relates to vessels with
installed powers of greater than 2000 BHP.

The controllable pitch propeller, although of necessity
possessing a greater degree of complexity than the
fixed pitch alternative, does possess a number of
important advantages. Clearly, manocuvring is one
such advantage in that finc thrust control can be
achieved without the need to nccessarily accelerate
and decelerate the propulsion machinery. Also fine
control of thrust is particularly important in certain
cases: for example, in dynamic positioning situations
or where frequent berthing manoeuvres are required
such as in short sca route ferry operations. The
controllable pitch propeller permits engine operation
atconstant shaft speed, which in turn readily facilitates
the usc of shaft driven generators for shipboard power
generation. Furthermore, the basic controllable pitch
propeller hub design can in many instances be modified
to accommodate the feathering of the propeller blades.
The feathering position is the position where the
blades are aligned ‘roughly’ fore and aft and in which
they present least resistance to forward motion when
not rotating. Such propellers find substantial appli-
cations on double-ended ferrics or in small warships.
In this latter application, the vessel could, for the sake
of argument, have three propellers; the two wing
screws being used when cruising with centre screw not
rotating implying, therefore, that it should be feathered
in order to produce minimum resistance to forward

motion in this condition. Then when the sprint
condition is required all three propellers could be used
al their appropriate pitch settings to develop maximum
speed.

The details and design of controllable pitch propeller
hub mechpnisms are outside the scope of this baok
since this text is primarily concerncd with the
hydrodynamic aspects of propulsion. It will suttice 1o
say, therefore, that each manufacturer has an widinviduat
design of pitch actuating mechanism, but that these
designs can be broadly grouped into two principal
types; those with inboard and those with outboard
hydraulic actuation. Figure 2.7 shows these prinipal
types in schematic form. For further discussion and
development of these matiers reference can be made
to the works of Plumb and Smith, References 5 und
6, which both provide introductions to this subject.
Alternatively, propetler manufacturers” catalogues
frequently provide a source of detailed information
on this aspect of controllable pitch propeler design

The hub boss, in addition to providing « housing
for the blade actuation mechanism, must also be
sufficiently strong to withstand the propulsive forces
supplied to and transmitted from the propeller blades
In general, therefore, controllable pitch propellers
tend to have targer hub diameters thau those tor
equivalent fixed pitch propellers. Typically the con-
trollable pitch propeller hub has a diameter n the
range 0.24D 10 0.32D, but for some applications this
may rise to as high a value as 0.4D or 0.5D. In contrast
fixed pitch propelier boss diameters are penerally
within the range 0.16D 1o 0.25D. The large boss
diameters can clearly give rise to significant
hydrodynamic problems, but for the mujortty of
normal applications the larger diameter of the
controllable pitch propeller hub does not gencrally
pose a problem that cannot be either directly or
indirectly solved by known design practices

Certain specialist types of controllable pitch propelier
have been designed and patented in the past. Two of
particular interest at the present time are the self- pitching
propeller and the Pinnate propelier, both of w hich are
modern versions of much earlier designs. Self-pitching
propellers are a modern development of Grithths'
work in 1849, The blades are sited on an eaternal
crank which is pinned to the hudb and they are fice 10
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Figure 2.7 Controllable pitch propeller schematic operating systems: (a) pull-push rod system; (b) hub piston system

take up any pitch position. The actual pitch position
taken up in service depends on a balance of the blade
loading and spindle torque components which are
variables depending on, amongst other parameters,
rotational speed: at zero shaft speed but with a finite
ship speed the blades are designed to feather. At the
present time these propellers have only been used on
relatively small craft.

The Pinnate design is to some extent a controllable
pitch propelier/fixed pitch propeller hybrid. It has a
blade activation mechanism which aliows the blades
to change pitch about mecan position by varying
angular amounts during one revolution of the propeller.

The purpose of the design concept is to reduce both
the magnitude of the blade cyclical forces and cavitation
by attempting to adjust the blades for the varying
inflow velocity conditions around the propeller disc.
Trials of these types of propeller have been undertaken
on small naval craft and Simonsson describes these
applications, Reference 7.

2.6 Waterjet propulsion

Waterjet propulsion has found considerable application
in recent years on a wide variety of small high-speed

I PUE S Frany S R T U VU s

Figure 2.8 Waterjet contiguration

craft; however, their application to larger craft is
growing rapidly with tunnel diameters of upwards of
2m being frequently considered at the present time.
The original development of the waterjet principle,
however, can be traced back to 1661, when Toogood
and Hayes produced a description of a ship having a
central water channel in” which either a plunger or
centrifugal pump was installed to provide the motive
power. The principle of operation of the present-day
waterjet, however, is that in which water is drawn
through a ducting system by an internal pump which
adds energy whereupon the water is expelled aft at
high velocity. The unit’s thrust is primarily generated
as a result of the momentum increase given in the
water. Figure 2.8 shows, in outline form, the main
features of the waterjet system and this method of
propulsion is further discussed in Chapter 15.

The pump configuration adopted for use with a
waterjet system depends on the specific speced of the
pump; specilic speed N, being defined in normal
hydraulic terms as

(N)Q”’
N, = T (2.2)

where Q is the quantity of fluid discharged and # is
the head.

For low values of specific speed centrifugal pumps
are usually adopted, whereas for the intermediate and
high values of N, axial pumps and inducers are used
respectively. The prime movers usually associated
with the driving of these various pumps are cither gas
turbines or high-speed diesel engines.

Waterjet propulsion units offer a further dimension
to the range of propulsion alternatives and tend to be
used where other propulsion forms are rejected for
some reason: typically for reasons of cfficiency,
cavitation extent, noise or immersion and draught.
For example, in the case of a small vessel travelling
at say 45 knots one might expect that a conventional
propeller would be fully cavitating, whereas in the
corresponding waterjet unit the pump should not
cavitate. Consequently, it can be seen that the potential
for waterjet application, neglecting any small special
purpose craft with particular requirements, is where
conventional, transcavitating and supercavitating
propeller performance is beginning to fall off. Indeed
surface piercing propellers and waterjet systems tend
tosome extent to be competitors for similar applications.
Watcrjets, however, tend to be heavier than conventional
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propeller based systems and, therctore, nught be
expected to find favour with larger craft, 101 cxwapic,
turge wave-piercing ferries.

. In terms of manocuvrability the waterjet sysicon is
potentially very good, since deflector unsis are
normally fitted to the jet outlet pipe which then direct
the water flow and hence introduce turnmg forees by
changing the direction of the jet momentum. Sunutaihy
for stopping manoeuvres flaps or i “buchet’ cun be
introduced over the jet outlet to redirect the fdow
forward and hence apply a very effective reactine
retacding forge 1o the vessel.
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2.7 Cyclgidal propellers
b PN at

Cycloidal propeller development started in the 19205,
initially. with the Kirsten-Boeing and subscquently
the Voith- Schacider designs. As observed in Chaptei
1, it is interesting to note that the Kirsten Bocyg
design was very similar in its hydrodynamic action to
the horizontal waterwheet developed by Robert Hooke
some two and half centuries earlier in 1661,

The cycloidal, or vertical axis propetlers, basically
comprise a set of vertically mounted vanes. six or vight
in number, which rotate on a disc mounted a4
horizontal or near horizontal plane. The vanes are
constrained to move about their spindle axis relative
to the rotating disc in a predetermined way by
governing mechanical linkage. Figure 2.9¢a1illustiates
schematically the Kirsten - Boeing principal. It vaa be
seen from the figure that the propulsion unit comprises
aset of vanes whose relative attitude 10 the circumifeience
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Figure 2.9 Vertical axis propeller principle:
(a) Kirsten -Boeing propeller; (b) Voith -Schneider propulier
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of the circle, which goveras their tracking path, is
determined by referring the motion of the vanes to a
particular point on that circumference. It can be
deduced that each vane makes half a revolution about
its own pintle axis during one revolution of the entire
propelicr disc. The thrust magnitude developed by
this propeller design is governed by rotational speed
alone and the direction of the resulting thrust by the
position of the reference point on the circumference
of the vanc-tracking circle.

The design of the Voith-Schneider propeller is
considerably more complex than that of the Kirsten—
Bocing, since it comprises a series of linkages which
enable the individual vane motions to be controlled
from points other than on the circumference of the
vane-tracking circle. Figure 2.9(b) demonstrates this
for a particular value of the eccentricity (e) of the
vane-control centre point from the centre of the disc.
By controlling the eccentricity, which in turn governs
the vane pitch angles, both the thrust magnitude and
direction can be controlled independently of rorational
speed. In the case of the Voith-Schneider design, and
in contrast to the Kirsten-Bocing propeller, the
individual vanes make one complete revolution about
their pintle axes for each complete revolution of the
propeller disc.

Vertical axis propellers do have considerable
advantages when manocuvrability or station keeping
is an important factor in the ship design, since their
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resultant thrust can be readily directed along any
navigational bearing and have a variable magnitude.
Indeed, this type of propeller avoids the necessity for
a separate rudder installation on the vessel. These
propellers have shown themselves to be reliable in
operation over many years of service, and in many
cases are provided with guards to help protect the
propulsor from damage from external sources.

2.8 Paddle wheels

Paddle propulsion, as is well known, predates screw
propulsion; however, this form of propulsion has
almost completely disappeared except for a very few
specialized cases. These are to be found largely on
lakes and river services either as tourist or nostalgic
attractions, or alternatively, where limited draughts
are encountercd. The Royal Navy, until a few years
ago, also favoured their use on certain classes of
harbour tug, where they were found to be exceptionally
manocuvrable.

The principal reason for the demise of the paddle
wheel was its intolerance of large changes of draught
and the complementary problem of variable immersion
in scaways. Once having been superseded by screw
propulsion for ocecan-going vessels their use was
largely confined through the first half of this century
to river steamers and tugs. Paddie wheels, however,
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Figure 2.10 Paddie wheel (Reproduced from Ret 8)
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also suffered from damage caused by flotsam in rivers
and were relatively expensive to produce when compared
to the equivalent fixed pitch propeller.

Paddle design progressed over the years from the
simple fixed float designs which were originally used
to the feathering float system which featured throughout
much of its life. Figure 2.10 shows a typical feathering
float design of paddle wheel from which can be seen
that the float attitude is governed from a point just
slightly off-centre of the wheel axis. Feathering floats
are essenpial to good efficiency on the relatively small
diameter and deeply immersed wheels; however, on
the larger wheels, which are not so deeply immersed,
feathering floats are not essential and fixed Roat
designs were normally adopted. This led 1o the normal
practice of adopting feathered wheels in side-mounted
wheel applications, such as were found on the Clyde
or Thames excursion steashers, because of the conse-
quent diameter restriction imposed by the draught of
the vessel. However, on the stern wheelers, such as
those designed for the Mississippi services, the use of
fixed floats were preferred since the wheel diameter
restriction did not apply.

The design of paddies is considerably more empirical
than that of screw propellers today; however, high
propulsion efficiencies, of similar orders to equivalent
screw-propelled steamers, were achieved. [deally, each
float of the paddle wheel should enter the water
‘edgeways' and without shock: that is, the floats
should be normal to the water on entry, having taken
due account of the relative velocity of the float to the
water. The relative velocity in this sense in still water
has two components: the angular speed due to the
rotation of the wheel and the speed of the vessel V.
From Figure 2.11 it can be seen that at the point of
entry A, a resultant vector a is produced from the
combination of advance speed ¥, and the rotational
vector wR. The resultant vector represents the absolute
velocity at the point of entry and consecquently to

Figure 2.11 Paddle wheel float relative velocities
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avoid shock at entry, that is a vertical thrastung wcuon
of the float, the float should be aligned parabicl o this
vector along the line YY. However, this is not possible

- practically and the best that can be achieved is 1o

align the floats to the point B and to achicve thas a
linkage EFG is introduced into the system. Also from
Figure 2.11 it is obvious that the less the unmersion
of the wheel (h), the less is the advantage to be pamed
from adopting a feathering float system: this ilustrates
why the fixed float principal is adopted for large.
lightly immersed wheels.
S e Jatat . .
~ With regard to the overall design paramcicrs it was
generally found, based on expericnce, that the aumber
of fixed foats on a wheel should be about one for
every foot of diameter of the wheel: for feathering
designs this pumber was reduced 0 around 60°y o
70% of the fixed float ‘rule’. The width of the loats
used in a particular design was of the order ot 25 40°,
of the float length for feathering designs, but this ligure
was reduced for the fixed float paddie wheel to between
20 and 25%. The constraint on the immersion of the
floats was that the peripheral speed at the top of the
float should not exceed the ship speed and i general
feathering floats were immersed in the water up o
about half a float width whilst with stcrnw heclers, the
tops of the floats were never far from the water surface
The empirical nature of paddle design was recopimzed
as being unsatisfactory and in the mid-1950s Volpich
and Bridge (References 9-11) conducted systematic
experiments on paddle wheel performance at the
Denny tank in Dumbarton. Unfortunately this work
came at the end of the time when paddle wheels were
in use as a common form of propulsion and, thercfore,
never achicved its full potential.

2.9 Superconducting electric
propulsion

Superconducting electric propulsion potentiatly provides
a ship propulsion without the aid of ¢ither propeliers
or paddles.

The idea of clectromagnetic thrusters was first
patented in the United States of America by Rice
during 1961, Reference 12. Following this patent the
USA took a leading role in both theoretical and
experimental studies culminating in a report from the
Westinghouse Research Laboratory in 1966, This
report showed that greater magnetic hicld densities
were required before the idea could become practicable
in terms of providing a realistic alternative for ship
propulsion. In the 1970s supeconducting coils ¢nabled
further progress to be made with this concept and
from this time the leading role was taken by Japan in
all aspects of the study: theoretical, model testing and
full-scale trials.

[ TIS
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Figure 2.12  Pninciple of electromagnetic propulsion using an external field

The fundamental principal of electromagnetic
propulsion is that of the interaction between a fixed
coil placed inside the ship and an electric current
passed through the sea-water from electrodes in the
bottom of the ship, as shown diagrammatically in
Figure 2.12. Since the magnetic field and the current
are in mutually orthogonal directions, then by Fleming's
left-hand rule, a foroe is produced in the third orthogonal
direction as seen in Figure 2.12. Iwata et al., in
Reference 13 and subsequently in Reference 14, presents
an interesting description of the state of the art of

Cryostat

Magnetic coils

Electrodes

(a)

superconducting propulsion.

Figure 2.12 essentially typifies an clectromagnetic
propulsion system having an external magnetic ficld.
An alternative to this is to use an arrangement which
creates an internal magnetic ficld. The principle of this
type of system is shown in Figure 2.13(a) in which a
duct, through which sea-water flows, is surrounded
by superconducting magnetic coils which are immersed
ina cryostat. Inside the duct are placed two electrodes,
which create the clectric ficld necessary to interact
with the magnetic field in order to create the Lorentz

)

Electrodes

)\

Coil

Duct

N

(b)

Figure 2.13 Internal magnetic freld electromagnetic propulsion unit: (a) the dipole propulsion unit with internal magnetic

feid. (b) 8 cross-section through a prototype propulsion unit
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Figure 2.14 Superconducting effect

forces of propulsion. Model tests, concluded in Japan,
have indicated that the internal magnelic field system
enhances efficiency over the external alternative. In
addition the environmental impact of the system is
considerably reduced due 1o the containment of the
cleciromagnetic fields. The efticiency of a unit is low
duc to the fosses caused by the low conductivity of
sea-water; however, efficiency is proportional to the
square of the magnetic flux intensity and to the flow
speed, which clearly is a function of ship speed.
Consequently, in order to arrive at a reasonable
efticiency it is necessary to create a strong magnetic
flux intensity by the use of powerful magnets. In order
10 investigate the full potential of these systems at
prototype scale a small craft, Yamato I has been built
for trial purposes by the Japanese at this time. Figure
2.13(b) shows a cross section through one of the
prototype propulsion units, indicating the arrang, t

Modern propuision systemis 2%
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Figure 2.16 Effect of a magnetic field on a superconductor

Figure 2.14 which indicates how the resistance of .
superconductor behaves with temperature and event-
ually reaches a critical temperature when the resistance
falls rapidly to zero. Superconductors are also seisitive
to current and magnetic fields; if cither becoine too
high then the superconductor will fail in the manner
shown in Figure 2.15.

Superconductivity began with the work of Kumer
lingh Onnes at Leiden University in 1911 when he
established the superconducting property for LTS RSTIEN
in liquid helium; for this work he won 1 Nobel Prze
Work continged on superconductivity, however.,
progress was slow in finding metals which would
pecform at temperatures as high as that of liqued
nitrogen, — 196 C. By 1973 the best achievable
temperature was 23 K. In 1986 Muller and Bednors
in Zurich turned their attention to ceramic onides
which had hitherto been considered as insutators. The
result of this shift of emphasis was (0 immediately
increase the critical temperature 10 35K by the wse
of a lanthanum, barium, copper oxide compound- this
discovery led to Muller and Bednorz abso being
awarded a Nobel Prize for their work. Consequent
on this discovery, work in the United Stites of
America, China, India and Japan intensificd, leading
o the series of rapid developments depicted m
Table 2.2.

Table 2.2 Development of superconducting ceramic uatdes

Supercomdudimg
tempetarures (K}

Date Ceramic vvide

of the six dipole propulsion ducts within the unit.
Electromagnetic propulsion does have certain
potential advantages in terms of providing a basis for
noise- and vibration-frec hydrodynamic propulsion.
However, a major obstacle to the development of
clectromagnetic propulsion until recently was that the
superconducting coil, in order to maintain its zero-
resistance property, required to be kept at the
temperature of liquid helium, 4.2K (—268°C). This
clearly requires the use of thermally well-insulated
vessels in which the superconducting coil could be
placed in order to maintain these conditions. The
criticality of this thermal condition can be seen from

La Ba Cu O s
Y Ba Cu O 93
Bi Sr Ca Cu O 11
T Ba Ca Cu O 125

Seplember 1986
January 1987
January 1988
February 1988

Whilst these advances are clearly ENCOUTUgINg since
they make the use of superconducting coils cusier from
the thermal insulation viewpoint, ceramic ovides are
at present comparatively ditficult 10 produce. Fusily,
the process by which the superconductor 1s miude 1
very important if the correct molecular structire is to
be obtained and secondly, ceramics are briule.
Consequently, whilst this form of propulsion clearly
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To apprecipate fully propeller hydrodynamic action
from cither the empirical or theoretical standpoint it
is essential to have a thorough understandiny of basic
propeller geometry and the corresponding definitions
used. Whilst cTch propeller mnnufaclu_rcr, consultant
or test tank lhas proprictary ways of presenting
propeller geometric data on drawings or in dimension
books produced cither by hand or with the aid of a
computer, these differences are most commonly in
matters, of detail rather than in fundamental changes
of definition. Consequently, this chapter will not
generally concern itelf with a detailed account of each
of the different ways of representing propeller geometric
information. Instead it will present a general account
of propeller geometry which will act as an adequate
basis for any particular applications with which the
reader will be concerned.

3.1 Frames of reference

A prerequisite for the discussion of the geometric
features of any object or concept is the definition of
a suitable reference frame. In the case of propeller
geometry and hydrodynamic analysis many reference
frames are encountered in the literature, each, no
doubt, chosen for some particular advantage or
preference of the author concerned. However, at the
10th International Towing Tank Conference (ITTC)
in 1963 the preparation of a dictionary and nomenclature
of ship hydrodynamic terms was initiated; this work
was completed in 1975 and the compiled version
presented in 1978, Reference 1. The global reference
frame proposed by the ITTC is that shown in Figure
3.1{a) which is a right-handed, rectangular Cartesian
system. The X-axis is positive, forward and coincident
with the shaft axis; the Y-axis is positive to starboard
and the Z-axis is positive in the vertically downward
direction. This system is adopted as the global reference
frame for this book since no other general agreement
exists in the field of propeller technology. For propeller
geometry, however, it is convenient to define a local
reference frame having a common axis such that 0X
and Ox are coincident, but allowing the mutually
perpendicular axes Oy and Oz to rotate relative to the
O0Y and OZ fixed global frame as shown in Figure 3.1(b).

3.2 Propaeller reference lines

The propeller blade is defined about a line normal to
the shaft axis called either the ‘propeller reference line’
or the ‘directrix’: the word ‘directrix’ being the older
term used for this line. In the case of the controllable
pitch propeller the term ‘spindle axis® is frequently
synonymous with the reference line or directrix.
However, in a few special design cases the spindle axis
has been defined to lic normally to the surface of a
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Figure 3.1 Ruference frames: (a) glubal ruference frame:
(b} tocal reference frame

shallow cone whose axis is coincident with the shan
axis and tapers towards the aft direcuon. In these
cases the spindle axis is inclined to the reference hue
by a few degrees; such applications are, howescr
comparatively rare. For the greater majority of vases
therefore, the terms spindle axis, directiix and teference
line relate to the same line, as cun be seen in Figure
3.2. These lines are [requently, but not necessanly.
defined at the origin of the Cartesian reference frame
discussed in the previous section.

The aerofoil sections which together comprise the
blade of a propeller are defined on the surface ot
cylinders whose axes are concentric with the shaft uxis.
hence the term ‘cylindrical sections’ which s frequently
encountered in propeller technology. Figure 3.3 shows
this cylindrical definition of the section, from which
it will be seen that the section lies obliquely over the
surface of the cylinder and thus its nose tail linc,
connecting the leading and tratling edges of the
section, form a helix over the cylinder. The point 4
shown in Figure 3.2 where this helix intersects the
plane defined by the directrix and the x-axis is !
particular interest since it forms one pont, at the
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Figure 3.2 Blade reference lines
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Figure 3.3 Cylindrical blade section definition

radius r of the section considered, on the ‘generator
line’. The generator line is thus the locus of all such
points between the tip and root of the blade as seen
in Figure 3.2. Occasionally the term ‘stacking line’ is
encountered, this is most frequently used as a
synonym for the generator line: however, there have
been instances when the term has been used by
designers 10 mean the directrix: consequently care is
needed for all cases except the special case when the
generator line is the same as the directrix.

3.3 Pitch

Consider a point P lying on the surface of a cylinder
of radius r which is at some initial point P, and
moves 5o as to form a helix over the surface of a
cylinder. The equations governing the motion of the

e TR S

Propeller reference and
generator lines

Blade reference line

point P over the surface of the cylinder (points
Po. P Py,...,P)in Figure 3.4(a) are as follows:

x = [f(¢)
y =rsin(¢) 3.1
z = rcos(¢)

where ¢ is the angle of rotation in the Y-Z-plane of
radius arm r relative to the OZ-axis in the global
reference frame. When the angle ¢ = 360° or 2n
radians then the helix, defined by the locus of the
points P,, has completed one complete revolution of
the cylinder it again intersects the X-Z-plane but at
a distance p measured along the OX-axis from the
origin. If the cylinder is now ‘opened out’ as shown
in Figure 3.4(b) we see that the locus of the point P,
as it was rotated through 2n radians on the surface
of the cylinder, lies on a straight line. In the projection
one revolution of the helix around the cylinder,
measured normal to the OX direction, is equal to a
distance 2nr. The distance moved forward by the
helical line during this revolution is p and hence the
helix angle (0) is given by

0=tan"! (-”—) 3.2)
2nr

The angle 6 is termed the pitch angte and the distance
p is the pitch. Hence equation (3.1), which defines a
point on a helix, can be written as follows:

x = r¢ tan 0
y = rsin(¢) (3.1a)
Z = rcos(¢)

There arc several pitch definitions that are of importance
in propeller analysis and the distinction between them

el i R
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Figure 3.4 Definition of pitch: (a) helix definition on a cylinder of radius r; (b) development of helix on the cyhnder

is of considerable importance if serious analytical
mistakes are to be avoided. In all cases, however, the
term pitch in propeller technology refers to the helical
progress along a cylindrical surface rather than, for
example, in gear design where pitch refers to the
distance between tecth. The important pitch terms
with which the analyst nceds to be thoroughly
conversant are as follows:

1. nose-tail pitch;

2. face pitch;

3. effective or ‘no-lift’ pitch;
4. hydrodynamic pitch.

Figure 3.5 shows these pitch lines in association
with an arbitrary acrofoil section profile. The nose- tail
pitch line is today the most commonly used reference
line by the principal propeller manufacturers in order
to define blade sections, and it is normally defined at
a pitch angle 8, to the thwart-ship direction. This line

also has a hydrodynamic significance 100, since the
section angles of attack are defined relative to it in
the conventional aerodynamic sense.

~ Face pitch is now rarely used by the large propetler
manufacturers, but it will frequently be seen on older

" ‘drawings and is still used by many smaller manufac-

turers. [ndeed many of the older model test series, for
example the Wageningen B Series, use this pitch
reference as a standard to present the open water
characteristics. Face pitch- has no hydrodynamic
signiticance at all, but was a device invented by the
manufacturers to simplify the propeller production
process by obviating the need to ‘hollow out’ the
surface of the propeller mould to accommodate that
part of the section between the nose-tail and fuce
pitch lines. The face pitch line is basically a tangent
to section’s pressure side surface, and therefore has a
degree of arbitrariness about its definition since many
tangents can be drawn to the aerofoil pressure surface.
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Figure 3.6 Pitch lines

The eflective pitch line of the section corresponds
to the conventional aerodynamic no-lift line and is
the line that if the incident watér flowed along, zero
lift would result from the aerofoil section. The effective
pitch angle (0,) is greater than the nose-tail pitch
angle by an amount corresponding to the three-
dimensional zero lift angle of the section. As such this
is a fundamental pitch angle as it is the basis about
which the hydrodynamic forces associated with the
propeller section are calculated. Finally the hy-
drodynamic pitch angle (8,) is the angle at which the
incident flow encounters the blade section and is a
hydrodynamic infiow rather than a geometric property
of the propelier: neither this angle nor the effective
pitch angle would, however, be expected to be found
on the propeller drawing in normal circumstances.

From the above discussion it can be seen that the
three pitch angles, effective, nose-tail and hydrodynamic
pitch, are all related by the equations

effective pitch angle = nose-tail pitch angle
+ 3D zero lift angle

= hydrodynamic pitch angle

+ angle of attack of section
+ 3D zero lift angle.

The fuller discussion of the effective pitch, hydrodynamic
pitch and zero lift angles will be left until Chapters 7
and 8; they have only been included here to underline
the differences between them and thereby prevent
confusion and scrious analytical mistakes.

The mean pitch of a propeller blade is calculated
using a moment mean principle. As such it is defined by

1.0
J pxdx

X=Xy

1.0
J. xdx

The reason for adopting a moment mean is a practical
expedient, which has been confirmed both cxperi-
mentally and by calculation. As a consequence it can
be used, in the context of effective pitch, to compare
propellers, which may have different radial pitch
distributions, from the viewpoint of power absorption.
For continuous and fair distributions of pitch from
the root to the tip it will be frequently found that the
moment mean pitch corresponds in magnitude to the
local pitch in the region of 0.6R-0.7R.

For practical calculation purposes of equation (3.3),
because the radial pitch distribution is normally
represented by a well-behaved curve without great
changes in gradient (Figure 3.6), it is possible to use
alower-order numerical integration procedure. Indeed
the trapezoidal rule provides a satisfactory procedure
if the span of the blade is split into ten intervals giving
11 ordinates. Then the mid-point of these intervals X,
(j=1,2,3,...,10) arc defined as follows, where x is
the non-dimensional radius x = r/R:

p= (3.3)

X+ X4y
-t T it

Lj=123,..,10
X, 2 J 3

R U

et v e g e 5 e s g

B

Non-dimensional radius x = r/R

Section pitch (p)
- [EE Y
Figure 3.8 Mean pitch definition

Since the integral .

b _ & Xnie ~ Xuup
p(x)xdx = 3 p(x;)x, BT
x i=1 "

*xy

and similarly,

J"O xdx = E,(ﬁﬁlm) .
X = xy J=1 lo

Hence,

10
z plx;)x,
J=1

10
)3 X

i=1

p= (3.4)
where

x, = x; +2x“,
and

Lj=1,23,...,10

Xm0=10,  x,.,, = root radius

3.4 Rake and skew

The terms rake and skew, although defining the
propeller geometry in different planes, have a cross-
coupling component due to the helical nature of blade
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sections. As with the Cartesian reference frame. mans
practitioners have adopted different detinitions ..
skew. The author prefers the following definition. since
as well as following the ITTC code 1t has also been
adopted by several other authoritics in Lurope, the
USA and the Far East. The shew angle o (v) of o
particular section, Figure 3.7, is the angle between the
directrix and a line drawn through the shaft cenire
line and the mid-chord point of a4 scction at it
non-dimensional radius (x) in the projected propetici
outline; that is, looking normally, along the shan
centre line, into the y-z-plane of Figure 3.1, Angie
forward of the directrix, that is in the direction o
rotation, in the projected outline are conaidered 1o be
negative. The propeller skew angle (0,,) 1> detined -
the greatest angle, measured at the shaft centre line.
in the projected plane, which can be drawn between
lines passing from the shaft centre hne through- the
mid-chord position of any two sections. Propelics
skew also tends to be classitied into two types
balanced and biased skew designs. The buluanced show
design is one where the locus of the mid-chord line
generally intersects with the directrin st least twice in
the inner regions of the blade. In contrast, in the biased
skew design the mid-chord locus crosses the directrin

.. hotmore than once; normally only in the inner sections

Propeller rake is divided into two components
generator line rake (ig) and skew induced rahe 1)
The total rake of the section with respect to directria
(iy) is given by

i) = 4,0r) + igtr)

The generator line rake is measured in the s-plane
of Figure 3.1 and is simply the distance A8 shown
Figure 3.2. That is, it is the distance, parallel 1o the
x-axis, from the directrix to the point where the heliv
of the section at radius r cuts the \ 2-plane. .
understand skew induced rake consider Figure 35,
which shows an ‘unwrapping’ of two cylindricai
sections, one at the root of the propeller and the other
at some radius r between the tip and root of the blade
It will be seen that skew induced rake is the component.
measured in the x-direction, of the helical distunce
around the cylinder from the mid-chord point of the
section to the projection of the directrix when viewed
normally to the y-z-plane. That is,

[RIN

i, =r0,tan(0,,) (3.6}

Conscquently, it is possible then 10 define the locus
of the mid-chord points of the propeller blude in spice
as follows for a rotating right-handed blade inttiatly
defined, ¢ =0, about the 0Z-axis of the globa!
reference frame (Figure 3.9): :

Xy = —[ig+ ro,tan(0,,)]
Y.y = —rsin(¢ ~0,)
Z,y =rcos(p —40,)

And for the leading and trailing edges of the blude
equation (3.7) can be extended 1o give:

(3.7
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Jor the leading edge:

Xpe = —[ig + r0,tan(0,) + gsin(llm)

: 0
Y e = —rsin [qﬁ -0, + %L_.COS( o )}
nr
0
Z,= rcos[¢ -0, + 900——“)—5('“)]
ar
and for the trailing edge: (3.8)

Xqg = ~[ig + r0,tan(0,)] — gsin ©.)

Yie = —rsin [¢ -8, - $0ccos(f,) ):l

nr
90c cos(0,, )]

Zyp = rcos [45 -0, - =

where c is the chord length of the section at radius x
and ¢ and 0, are expressed in degrees.

In cases when the generator line is a linear function
of radius it is meaningful to talk in terms of either a
propeller rake (i, ) or a propeller rake angle (0;,). These
are measured at the propeller tip as shown in Figure
3.10, where the propeller rake is given by

iy = ig(r/R = 1.0)

and
. (3.9)
0;, =tan"! [‘G('/RR— 10)]

In equation (3.9), i, is taken as positive when the
gencrator line at the tip is astern of the directrix, and
similarly with 0;,. In applying equation (3.9} it should
be noted that some manufacturers adopt the alternative
notation of specifying the rake angle from the root

section:
| ig(r/R = 1.0)
O:p =tan~! [:G_(kTr—;)-—]

where r,, is the radius of the root section. Consequently
some care is needed in interpreting specific propeller
applications.

3.5 Propeller outlines and area

The calculation of the blade width distribution is
always made with reference; to the cavitation criteria
to which the propeller blade will be subjected. However,
having once calculated the blade section widths based
on these criteria it is necegsary to fair them into a
blade outline. This can cither be done by conventional
draughting techniques or by the fitting of a suitable
mathematical expression. One such expression which
gives good results is /

/
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Figure 3.10 Tip rake definition

=Ko(1=x)'"? + K+ Kp(1 —x) + K, (1 - )2

+ K (1~ x)® + Ky — x)*
where x is the non-dimensional radius und K.
(n=0,1,..,5) are coeflicients. There are four busic
outlines in general use currently which describe the
propeller blade shape:

Tia

1. the projected outline;
2. the developed outline;
3. the expanded outline;
4. the swept outline.

The projected outline is the view of the propeller
blade that is actually seen when the propeller is viewed
along the shaft centre line, that is normal 1o the
y-z-plane. Convention dictates that this is the view
seen when looking forward. In this view the helical
sections are defined in their appropriate pitch angles
and the scctions are seen to lie along circular arcs
whose centre is the shaft axis; Figure 3.11 shows this
view together with the developed and expanded views.
The projected area of the propeller is the arca scen
when looking forward along the shaft axis. From
Figure 3.11 it is clear that the projected area A, is
given by

r
A, = ZJ. (O — 0, )rdr

where the same sign convention applics for 0 s in the
case of the skew angle and Z is the number of blades.

(3.10)
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Figure 3.11  Outline definition

Projected area is of little interest today. However,
in the early years of propelicr technology the projected
area was used extensively on a thrust loading per unit
projecied area basis for determining the required blade
area to avoid the harmful eflects of cavitation. It will
be noted that the projected area is the area in the
plane normal to the thrust vector.

The developed outline is related to the projected
outlincinso farasitisa helically based view, but the
pitch of each section has been reduced to zero: that
is the sections all lie in the thwart-ship plane. This
view is used to give an appreciation of the true form
of the blade and the distribution of chord lengths. The
developed and projected views are the most commonly
seen representations on propeller drawings; Figure
3.11 shows this view in relation to the projected outline,

To calculate the developed area it is necessary to
integrate the area under the developed profile curve
numerically if a precise value is required. For most
purposes, however, it is sufficient to use the approxi-
mation for the developed area Ay as being

Ap = A

where 4, is the expanded arca of the blade.

In the past scveral rescarchers have developed
empirical relationships for the estimation of the
developed area; one such relationship, proposed by
Burrill for non-skewed forms, is

A
~ I3
(1.067 — 0.229P,D)
In general. however, the developed area is greater than

the projected area and slightly less than the expanded
arca.

Ap 3.1

The expanded outline is not really an outline in any
true geometric sense at all. It could more correctly be
termed a plotting of the chord lengths at their correct
radial stations about the directrix; no attempt in this
outline is made to represent the helical nature of the
blades and the pitch angle of each section is reduced
to zero. This view is, however, useful in that it is
sometimes used to give an idea of the blade section

.forms used, as these are frequently plotted on the

chord lengths, as seen in Figure 3.11.

The expanded area is the most simple of the arcas
that can be calculated, and for this reason is the ares
most normally quoted, and is given by the relationship:

R
AE=ZI cdr (3.12)

In order to calculate this area it is sufficient for most
purposes to use a Simpson’s procedure with 11
ordinates, as shown in Figure 3.12.

Blade area ratio is simply the blade area, either the
projected, developed or expanded depending on the
context, divided by the propeller disc area A4,:

Az _ 34,

A, aD?

4, 4

;9=n-51; , (3.13)
o

As 44

A, aD?

By way of example, the difference in the value of the
projected, developed and expanded area ratio for the
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Figure 3.12 Evaluation of expanded area

propeller shown in Figure 3.11 can be seen from Table
3.1. The propeller was assumed to have four blades
and a constant pitch ratio for this example.

Table 3.1 Example of comparative blade area ratios

Projected area  Developed urea E xpanded area

Area ratio  0.480 0.574 0.582
(A/A,)

In each of the areas discussed so far the blade has
been represented by a lamina of zero thickness. The
true surface area of the blade will need to take account
of the blade thickness and the surface profile on the
suction and pressure faces; which will be different in
all cases except for the so-called ‘flat plate’ blades
found in applications like controllable pitch transverse
propulsion units, To calculate the true surface area of
one of the blade surfaces the algorithm of Figure 3.13
needs to be adopted.

This algorithm is based on a linear distance — that
between the successive points on the surface. This is
sufficient for most calculation purposes, but higher-order
methods can be used at the expense of a considerable
increase in computational complexity.

The swept outline of a propeller is precisely what
is conventionally meant by a swept outline in normal
engineering terms. It is normally used only to represent
stern frame clearances. For the case of the highly
skewed propeller a representation of the swept outline

Propeller geomeny

c SM - cSM

Co 1/2 cg/2

[ 2 2c,

cg 1 Cy

C3 2 2cy

Cp-a 2 2,

Cp 1/2 /2
Yic SM})

A T 0.6672 Ax X (c.SM)
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Generate an array of points at each radial

location on the chosen surface of the blade,
increasing the density of the array where the
curvature of the surface is greatest. Typicaily

this might involve calculating an array ot surface
offsets at, for example, 0, 0.125, 0.26. 0 50, 075,
1.25,1.765,2.5,6.0,7.5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 75, 80, 85, 90, 95, 97.5, 100
of the chord. At each point the Cartesiun co
ordinates should be calculated

For each successive pair of points along the suttace
calculate the length between successive puints £, I hiat
is, for the /th radial position evaluate the distacie e

= ixpy = xR ey =y 0 4420y - 2,)?

between the jth and (; + 1)th point using thie relativoshig

For each radius calculate the true tength sround the
surface from the leading to trailing edye by

TE
Li= X |

jo "

l

Evaluate the true area A1 of the chosen sur face
by the relationship

A
Ar‘Zf L, dr
n

Figure 3.13 Algorithm for calculating sutace area
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Leading edge
L

Projected outline

Expanded outline

Figure 3.11  Outline definition

Projected area is of little interest today. However,
in the early years of propeller technology the projected
area was used extensively on a thrust Joading per unit
projected area basis for determining the required blade
area 1o avoid the harmful effects of cavitation. 1t will
be noted that the projected area is the area in the
plane normal to the thrust vector.

The developed outline is related 1o the projected
outline in 5o far as it is a helically based view, but the
pitch of each section has been reduced to zero; that
is the sections all lic in the thwart-ship plane. This
view is used to give an appreciation of the true form
of the blade and the distribution of chord lengths. The
devcloped and projected views are the most commonly
secn representations on propeller drawings; Figure
3.11shows this view in relation to the projected outline.

To calculate the developed area it is necessary to
integrate the area under the developed profile curve
numerically if a precise value is required. For most
purposes, however, it is sufficient to use the approxi-
mation for the developed area A, as being

Ap = Ag

where 4 is the expanded area of the blade.

In the past scveral researchers have developed
empirical relationships for the estimation of the
developed area; one such relationship, proposed by
Burrill for non-skewed forms, is

A
Apg > —ouou 2
® 7 (1.067 ~ 0.229P,D)
In general, however, the developed area is greater than

the projected area and slightly less than the expanded
area.

(3.11)

The expanded outline is not really an outline in any
true geometric sense at all. It could more correctly be
termed a plotting of the chord lengths at their correct
radial stations about the directrix; no attempt in this
outline is made to represent the helical nature of the
blades and the pitch angle of each section is reduced
to zero. This view is, however, useful in that it is
sometimes used to give an idea of the blade section

.forms used, as these are frequently plotted on the

chord lengths, as seen in Figure 3.11.

The expanded area is the most simple of the areas
that can be calculated, and for this reason is the area
most normally quoted, and is given by the relationship:

’
AE=ZJ. cdr

(3.12)

In order to calculate this area it is suflicient for most
purposes to use a Simpson’s procedure with 11!
ordinates, as shown in Figure 3.12.

Blade area ratio is simply the blade area, either the
projected, developed or expanded depending on the
context, divided by the propeller disc area A, :

dp _ 44,

A, =nD?

Ay 44

7‘3 = ;52 } (3.13)
o

Ay 44,

A, aD?

By way of example, the difference in the value of the
projected, developed and expanded area ratio for the
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Figure 3.12 Evaluation of expandad area

propeller shown in Figure 3.11 can be seen from Table
3.1. The propelier was assumed to have four blades
and a constant pitch ratio for this example.

Table 3.1 Example of comparative blade area ratios

Projected area  Developed area  Expanded area

Area ratio
(4/4,)

0.480 0.574 0.582

In each of the areas discussed so far the blade has
been represented by a lamina of zero thickness. The
true surface area of the blade will need to take account
of the blade thickness and the surface profile on the
suction and pressure faces; which will be different in
all cases except for the so-called ‘flat plate’ blades
found in applications like controllable pitch transverse
propulsion units. To calculate the true surface area of
one of the blade surfaces the algorithm of Figure 3.13
needs to be adopted.

This algorithm is based on a linear distance - that
between the successive points on the surface. This is
sufficient for most calculation purposes, but higher-order
methods can be used at the expense of a considerable
increase in computational complexity.

The swept outline of a propeller is precisely what
is conventionally meant by a swept outline in normal
engineering terms. It is normally used only to represent
stern frame clearances. For the case of the highly
skewed propeller a representation of the swept outline

oAl s it !
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Generate an array of paints at each radial

location on the chosen surface of the blade,
increasing the density of the array wheie the
curvature of the surface is greatest. Typically

this might involve calculating an array ot surface
offsets a1, for example, 0, 0.125, 0.25, 0 50, 0 75,
1.25,1.76,26,6.0,7.5, 10, 15, 20, 25, 30. 35, 40,
45, 50, 55, 60, 65, 75, 80, 85, 90, 95,97.5, 100
of the chord. At each point the Cartesian co
ordinates should be calculated

For each successive pair of points along the suitace
calculate the length between successive poinits /,, 1nat

is, tor the /th radial position evaluate the distanice
between the jth and {/ + 1)th point using the relatiunship
1= g = X)) 4 ey =y )2+ ey - 2)?

For each radius calculate the true lengtiv uraund the
surface from the leading to trailing edye Ly

TE
L,=3 |

jo

1

Evaluate the true area Ay of the chosen surface
by the relationship

A
A,=zf L, dr
n

Figure 3.13 Algorithm for calculating suctuce arca
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is important since the skew induced rake term, if not
carefully controlled in design, can lead to considerable
‘overhang’ of the blade which, in turn, can lead to
mechanical interference with the stern frame. The
swept outhne is derived by plotting the rotation of
cach of the leading and trailing edge about the shaft axis.

3.6 Propelier drawing methods

The most commonly used method for drawing a
propeller is that developed by Holst, Reference 2. This
method relies on being able to adequately represent
the helical arcs along which the propeller sections are
defined by circular arcs, of some radius which is
greater than the section radius, when the helical arcs
have been swung about the directrix into the zero
pitch or devcloped view (see Figure 3.11). This
drawing method is an approximation but does not
lead to significant errors unless used for very wide
bladed or highly skewed propeliers; in these cases
errors can be significant and the alternative and more
rigorous method of Rosingh (Reference 3) would then
be used to represent the blade drawings.

The basis of Holst’s construction is as shown in
Figure 3.14. This Figure, however, shows the con-
struction for only one particular radius in the interests
of clarity; other radii are treated identically. A series
of arcs with centre on the shaft axis at O are

uiy wij
! )
I c "6\3
tis 2 2 ‘:’.E“
2 £ . 4 Z1 %
iz (2 s 4K
23\t 3 E.g;
2\ \¢ «|A 82
sls |\ | g!
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\\ \ ,
\
\ ’
A
0 B
c

Figure 3.14 Holst's propeller drawing method

constructed at each of the radial stations on the
directrix where the blade is to be defined. A length
p/2m is then struck off along the horizontal axis for
cach section and the lines AB are joined for each of
the sections under consideration. A right angle ABC
is then constructed, which in turn defines a point C
on the extension of the directrix below the shaft centre
line. An arc AC is then drawn with the centre C and
radius r’. The distances from the directrix to the
leading edge A4, and the dircctrix to the traiting edge
AA; are measured around the circumference of the
arc. Projections, normal to the directrix, through A,
and A meet the arc of radius r, about the shaft centre
line, at P_and Py respectively. These latter two points
form two points on the leading and trailing edges of
the projected outline, whilst A, and A, lic on the
developed outline. Consequently, it can be seen that
distances measured around the arcs on the developed
outline represent ‘true lengths’ that can be formed on
the actual propeller.

The Holst drawing method was a common procedure
used in propeller drawing offices years ago. However,
the advent of the computer and its associated graphics
capabilities have permitted the designer to plot
automatically blade outlines using points calculated
by analytical geometry, for example equation (3.8),
together with curve-fitting routines, typically cubic
splines.

3.7 Section geometry and definition

The discussion so far has, with the exception of that
relating to the true surface arca, assumed the blade
to be a thin lamina. This section redresses this
assumption by discussing the blade section geometry.

Inthe early 1930s the National Advisory Committce
for Acronautics (NACA) in the United States of
America — now known as NASA - embarked on a
series of acrofoil experiments which were based on
acrofoil geometry developed in a both rational and
systematic way. Some of these aerofoil shapes have
been adopted for the design of marine propellers, and
as such have become widely used by manufacturers
all over the world. Consequently, this discussion of
aerofoil gecometry will take as its basis the NACA
definitions whilst. at the same time recognizing that
with the advent of prescribed velocity distribution
capabilities some designers are starting to generate
their own section forms to meet specific surface
pressure requirements.

Figure 3.15 shows the general definition of the
acrofoil. The mean line or camber line is the locus of
the mid-points between the upper and lower surfaces
when measured perpendicular to the camber line. The
extremities of the camber line are termed the leading
and trailing edges of the acrofoil and the straight line
joining these two points is termed the chord line. The
distance between the leading and trailing edges when
measured along the chord line is termed the chord

Thickness
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Mean line or camber line

Trailing

Leading

edge

edge
Chord line
i, Chord length (c) [
Figure 3.16 Genaeral dsfinition of an aerofoil section
length (c) of the section. The camber of the section is X, = X~ ysinyg (14
the maximum distance between the mean camber line Yy =Y+ Y cosy
and the chord line, measured perpendicular to the . ]
rcofoil thi i ; S cambe s at the
chord line. The acrofoil thickness is the distance where ¢ is the slope of the camber hne at the

between the upper and lower surfaces of the section,
also measured perpendicularly to the chord line. The
leading edges are usually circular, having a leading
edge radius defined about a point on the camber line.
However, for marine propellers, leading edge definition
practices vary widely from manufacturer to manufac-
turer and care should be taken in establishing the
practice actually used for the propeller in question.
The process of combining a chosen camber ling with
a thickness line in order to obtain the desired section
form is shown in Figure 3.16 for a given chord length
c. In the figure only the leading edge is shown for the
sake of clarity; however, the trailing edge situation is
identical. The mean line is defined from the offsets
(y. ) relating to the chosen line and these are ‘laid off’
perpendicularly to the chord line. The upper and lower
surfaces are defined from the ordinates y, of the chosen
symmetrical thickness distribution, and these are then
laid off perpendicularly to the camber line. Hence, a
point P, on the upper surface of the aerofoil is defined by

Leading edge

non-dimensional chordal position x_.
Similarly for a point P, on the lower surface of the
acrofoil we have

Xp =X+ j',sinw}

[REEIY]
yL = )’G _-ylcosw

Although equations (3.14a, b) give the true detimtion
of the points on the section surface, since 3 ¢ is usually
of the order of 0.02-0.06 for marinc propellers, the
value of ¢ is small. This implies siny -+ and
cosy — 1. Hence, it is valid to make the approximation

X

X

u e
Ya=Vet 0 .
3.15)
xL = xc
Y=Y =N
) Al sectt . hickne
where y, = 3 (i.¢. the local section scau-thickness)

and the approximation defined by equation (3.15)1s

Chord line

Chord length (c)

Figure 3.18 Aerofoil section definition

L.
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Tabie 3.2 NACA series camber or mean lines

SRR L

64 mean line 63 mean line 66 mean line
x, Ye Ye Ye
(per cent c) {per cent c) dy, /dx, (per cent c) dy,/dx, (per cent ¢) dy,/dx,
0 0 0.30000 0 0.24000 0 0.20000
125 0.369 0.29062 0.296 0.23400 0.247 0.19583
25 0.726 0.28125 0.585 0.22800 0.490 0.19167
50 1.406 0.26250 1.140 0.21600 0958 0.18333
75 2039 0.24375 1.665 0.20400 1.406 0.17500
10 2.625 0.22500 2.160 0.19200 1833 0.16667
15 3.656 0.18750 3.060 0.16800 2625 0.15000
20 4.500 0.15000 3.840 0.14400 3333 0.13333
25 5.156 0.11250 4.500 0.12000 3.958 0.11667
30 5.625 0.07500 5.040 0.09600 4.500 0.10000
40 6.000 0 5.760 0.04800 5.333 0.06667
50 5833 -0.03333 6.000 0 5.833 0.03333
60 5.333 —0.06667 5.760 —0.04800 6.000 0
70 4.500 —0.10000 5.040 —0.09600 5.625 —-0.07500
80 3333 -0.13333 3840 -0.14400 4.500 —0.15000
90 1.833 —0.16667 2.160 -0.19200 2625 -0.22500
95 0.958 —0.18333 1.140 ~0.21600 1.406 —0.26250
100 0 —0.20000 0 —0.24000 0 —0.30000
a = 0.8 mean line a = 0.8 (mod) mean line a = 1.0 mean line
X Ve Ve Ye
(per cent c) (per cent ¢) dy, /dx, (per cent c) dy, /dx, (per cent ) dy, /dx,
0 0 0 0
05 0.287 0.48535 0.281 0.47539 0.250 0.42120
0.75 0.404 0.44925 0.396 0.44004 0.350 0.38875
1.25 0.616 0.40359 0.603 0.39531 0.535 0.34770
25 1.0717 0.34104 1.055 0.33404 0.930 0.29155
50 1.841 0.27718 1.803 0.27149 1.580 0.23430
75 2.483 0.23868 2432 0.23378 2.120 0.19995
10 3.043 0.21050 2.981 0.20618 2.585 0.17485
5 3985 0.16892 3.903 0.16546 3.365 0.13805
20 4.748 0.13734 4.65¢ 0.13452 3.980 0.11030
25 5.367 0.1110! 5.257 0.10873 44715 0.08745
30 5.863 0.08775 5.742 0.08595 4.860 0.06745
35 6.248 0.06634 6.120 0.06498 5.150 0.04925
40 6.528 0.04601 6.394 0.04507 5.355 0.03225
45 6.709 0.02613 6.571 0.02559 5.475 001595
50 6.790 0.00620 6.651 0.00607 5515 0
55 6.770 ~0.01433 6.631 —0.01404 5475 —-0.01595
60 6.644 ~0.03611 6.508 ~0.03537 535S —0.03225
65 6.405 -0.06010 6.274 —0.05887 5.150 —0.04925
Iy 6.037 —0.08790 5913 -0.08610 - 4.860 ~0.06745
75 5.514 -0.12311 5.401 —0.12058 4475 -0.08745
80 4771 ~0.18412 4.673 —-0.18034 3980 —0.11030
85 3.683 -0.23921 3.607 -~0.23430 3.365 ~0.13805
90 2435 -0.25583 2.452 —~0.24521 2.585 ~0.17485
95 1163 —0.24904 1.226 —0.2452) 1.580 ~0.23430
100 0 -0.20385 0

0 -0.24521

s e

PRI M3 ¥ Y50

]

gencrally used in propeller definition. The errors
involved in this approximation are normally small —
usually less than 0.5mm and certainly within most
manufacturing tolerances.

The centre for the leading edge radius is found from
the NACA definition as follows. A line is drawn
through the forward end of the chord at the leading
edge with a slope equal to the slope of the mean line
close to the leading edge. Frequently the slope at a
point x, = 0.005 is taken, since the slope at the leading
edge is theorctically infinite. This approximation is
justified by the manner in which the slope approaches
infinity close to the leading edge. A distance is then
laid off along this line cqual to the leading edge radius
and this forms the centre of the leading edge radius.

Details of all of the NACA series section forms can
be found in Reference 4; however, for convenience the
more common section forms used in propeller practice
are reproduced here in Tables 3.2 and 3.3. In Table
3.3 the NACA 66 (Mod) section has been taken from
Brockett (Reference 5) who thickened the edge region
of the parent NACA 66 section for marine use. The
basic NACA 65 and 66 section forms cannot be

Table 3.3 Typical aeroloit section thickness distributions
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represented in the same y/r,, form for all section
e /¢ tatios, as with the NACA 16 sceuon, and
Reference 4 needs 1o be consulted for the ordinates
for each section thickness to chord rativ. In practice,
for marine propeller purposes all of the basic NACA
sections need thickening at the edges. otherwine they
would frequently incur damage. Typical section cdge
thicknesses are shown in Table 3.4 as a proportion of
the maximum section thickness for conmventional
free-running, non-highly skewed propellers. In the
case of a highly skewed propeller, detined by the Rules
of Lloyd’s Register as one having a propeller shew
angle in excess of 25°, the trailing cdge thicknesses
would be expected to be increased from those of Table
3.4 by amounts depending on the 1ype and extent of
the skew. The implication of Table 3.4 15 that the
leading and trailing edges have ‘square’ cods This
clearly is not the case: these are the thicknesses that
would exist at the edges if the section thick nesses were
extrapolated to the edges without rounding.

It is frequently necessary 1o interpolate the camber
and thickness ordinates at locations aw.ay from those
defined by Tables 3.2 and 3.3. For normul types of

NACA Is NACA 66 (Mod)
x/c WWan 7.
L.E. 0 0 0
0.005 - 0.0665
0.0075 — 0.0812
0.0125 0.1077 0.1044
0.0250 0.1504 0.1466
0.0500 0.2091 0.2066
0.0750 0.2527 0.2525
0.1000 0.2881 0.2507
0.1500 0.3445 0.3521
0.2000 0.3887 0.4000
0.2500 — 0.4363
0.3000 04514 0.4637
0.3500 — 0.4832
0.4000 0.4879 0.4952
04500  — 0.5000
0.5000 0.5000 0.4962
0.5500 - 0.4846
0.6000 0.4862 0.4653
0.6500 — 0.4383
0.7000 0.439¢ 0.4035
0.7500 - 0.3612
0.8000 0.3499 0.3110
0.8500 - 0.2532
0.9000 0.2098 0.1877
0.9500 0.1179 0.1143
T.E. 1.0000 0.0100 0.0333

006 009 0.2 015 0.18 021
0.176 0.396 0.703 1.100 1.584 2.156

Section ¢, /c
L.E. radius/c (%)

f 2
pL = 0.448¢ (i>
¢

By et B
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Table 3.4 Typical section edge thickness ratio for
conventional free running, non-highly skewed propellers

r/R Edge thickness ratios Hx/x =0 or 1.0)
‘-ll
Leading edge Trailing edge
09 0.245 0.245
0.8 0.170 0.152
07 0.143 0.120
0.6 0.134 0.100
05 0.130 0.085
04 0.127 0.075
03 0124 0.068
02 . 0.120 0.057

camber lines standard interpolation procedures can
be'uscd. provided they are based on either second- or
third-order polynomials. This is also the case with the
thickness distribution away from the rapid changes
of curvature that occur close to the leading edge. To
overcome this difficulty van Oossanen (Reference 6)
proposed a method based on defining an equivalent
cllipse having a thickness to chord ratio equal to that
of the section under consideration. Figure 3.17
demonstrates the method in which a thickness ratio
T, is formed between the actual section and the
equivalent elliptical section:

gllipticat U

hickness distributio®

Atdn s el MR £l e dae T Fa T a3t Ll oL b ven

T = Y
1 3 : -1
Yo sinfeos™ (1 — 2x /)]

This provides a smooth well-behaved function between
thg leading and trailing edges and having a value of
unity at these points. This function can then be
interpolated at any required point x and the required
thickness at this point derived from the relationship

Yo =Ty, sin[cos™!(1 — 2x_/c)] (3.16)

This method can be used over the entire section in
order to provide a smooth interpolation procedure;
however, a difficulty is incurred right at the leading
edgq where the thickness distribution gives way to the
Ieafilng edge radius. For points between this transition
point, denoted by P in Figure 3.17, and the leading
edge, the valuc of the thickness ratio Ty is given by

plz. —x.—p )
Yo, sinfeos™ (1 — 2x /c)]

At the point P it should be noted that the tangent to
both the leading edge radius and the thickness form
are equal.

Having, therefore, defined the basis of scction
geometry, it is possible to revert to equations (3.8)
and define the coordinates for any point P on the
surface of the acrofoil section. Figure 3.18 shows this
definition, and the equations defining the point P
about the local reference frame (Ox, Oy, Oz) are given by

/Circle through Le. with
~ — ~  centre at the centre of curvature

Figure 3.17 Van O ‘s

Xe

0 {0.5¢ — x) cos {)

Figure 3.18 Definition of an arbitrary point p on a propeller
blade surface

x, = —[ig + rB,1an(8,)] + (0.5¢ — x,)sin(8,,) + y, cos(0,,)
180{(0.5¢ — x_)cos(8,,) ~ y, sin(d,, )]]

xr

Y, = rsin [9, -

- ,w.[o. _ 180{(0.5¢ — x.)w::'..) = Yoo tint0, )]]
(3.17)

where y, = y. 1 y,cosy as per equations (3.14).
To convert these to the global reference frame
(0X,0Y,0Z), we simply write the transformation

X, ! 0 0 X,
Y, |=|0 cos¢ ~—sing ||y, (3.18)
z, 0 sing cos¢ z,

where ¢ is the angle between the reference frames as
shown in Figure 3.9. By combining equations (3.17)
and (3.18) and inserting the appropriate values for x,

—— ¥l
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Face pitc;l line

Face pi(cﬁ line

(b)

Figure 3.19 Section ‘washback’: (a) section withuut
washback; (b) section with washback

and y, . , the expressions for the leading, traihing edges
and mid-chord points, equations (3.8) and (3.7)
respectively, can be derived.

The term ‘washback’ is sometimes scen in older
papers dealing with propeller technology and in
classification society rules. 1t refates 1o the detimtion
of the after part of the face of the section and i
relation to the face pitch line as shown in Figure 319
From this figure it is seen that for a section (o hine
no ‘washback’, the face of the blade astern of the
maximum thickness position is coincident with the
face pitch line. When there is a “wash back’, the blude
section lifts above the face pitch line.

Section edge geometry is a complex matter. since
cavitation propertics can be influenced greatly by the
choice of the geometric configuration. In the case «f
the leading edge it is becoming increasingly popular
to use a NACA type definition; however, some quite
complex edge definitions will be found. 1'or cxample,
the choice of a radius defined about some atbitrary
but well-defined point relative to the section chord
line. These types of definition have largely been
introduced from empiricism and experience of asoding
one type of cavitation or another prior to the advent
of adequate flow computational procedures. Conse-
quently, great care must be exercised in interpreting
drawings from different manufacturers. With regard
to the trailing edge, this generally receives less detailed
consideration. In the absence of an anti-singing edge.
see Figure 20.9, it is usual to specify cither u half or
quarter round trailing edge.

3.8 Blade thickness distribution an

thickness fraction ‘

Blade maximum thickness distributions arc normally
selected on the basis of stress analysis calculations.
Sometimes this involves a calculation of the stress at
some radial location, for example at the 0.25 R rudius,
with the use of a standard thickness line found by the
designer to give satisfactory service experience. More
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Figure 3.20 _Typical representation of propeller maximum
thickness distrib and notional thich atshaftcentre line

frequently today the maximum thickness distribution
is the subject of detailed stress calculations over the
entire blade using finite element techniques.

The resulting thickness distributions for large
propellers are normally non-linear in form and vary
considerably from one manufacturer to another. In
the case of smaller propellers a linear thickness
distribution is sometimes selected, and although this
gives a conservative reserve of strength to the blade,
it also causes an additional weight and drag penality
to the propeller. On propeller drawings it is customary
to show the maximum thickness distribution of the
blade in an clevation as shown in Figure 3.20%In this
clevation the maximum thicknesses are shown relative
to the blade generator line. The blade thickness
fraction is the ratio

t = (%) (3.19)

where 1, is the notional blade thickness defined at the
shaft centre line as shown in Figure 3.20. In the case
of a linear thickness distribution the value of ¢, is easy
to calculate since it is simply a linear extrapolation
of the maximum thickness distribution to the shaft
centre line:

t(x) — 1(1.0)

= (1.
1o = t(1.0) + 1o—x

et e en TG T T gy ledo
ke, A v e dad B FER s

where {(x) is the blade maximum thickness at the
non-dimensional radius x and ¢(1.0) is the blade
maximum thickness at the tip before any edge treatment.
In the case of a non-linear thickness distribution the
thickness fraction is calculated by a moment mean
approximation as follows:

X ux)x/00 = x)
D Y x
N [‘“.0) N 10y x/(1 — x)]]
Y x
where x can take a range of nine or ten values over
the blade span. For example,

000 x=09,08,0706,0504,03,02;(x # 1.0)
or

x = 0.9375, 0.875, 0.75, 0.625, 0.5, 0.375, 0.25;
(x # 1.0).

te =

3.9 Blade interference limits for
controllable pitch propellers

In order that a controtlable pitch propeller controllable
pitch propeller can be fully reversible in the sense that
its blades can pass through the zero pitch condition,
care has to be taken that the blades will not interfere
with each other. To establish the limiting conditions
for full reversibility, either use can be made of equation
(3.8), together with an interpolation procedure, or
alternatively, the limits can be approximated using
Holt’s drawing method.

The latter method, as shown by Hawdon et al.
(Reference 7), gives rise to the following set of
relationships for the interference limits of three-, four-,
and five-bladed controllable pitch propellers:

Three-bladed propeller

Conan/D = [1.01x + 0.050(P/D — 1) + 0.055]
Four-bladed propeller

Coan/ D = [0.771x + 0.025(P/D — 1) + 0.023]
Five-bladed propeller

Conn/D = [0.632x + 0.0125(P/D — 1) + 0.010]

(3.20)

3.10 Controllable pitch propetler
off-design section geometry

A‘conlrollable pitch propeller presents further com-
plwations in blade section geometry if rotated about
its spindle axis from the design pitch conditions for
which the original helical section geometry was designed.
Under these conditions it is found that helical sections
at any given radii are subjected to a distortion when
compared to the original designed section profile. To

Projected outline
in design pitch
condition

Spindle axis

Projected outline
after reduction
in pitch of A6

View from astern

Figure 3.21 Geometric effacts on blade section resulting
from changes in pitch angle

illustrate this point further, consider a blade in the
designed pitch setting together with a section denoted
by a projection of the arc ABC at some given radius
r (Figure 3.21). When the blade is rotated about its
spindle axis, through an angle A0, such that the new
pitch angle attained is less than the designed angle,
then the blade will take up a position illustrated by
the hatched line in the diagram. Therefore, at the
particular radius r chosen, the helical section is now
10 be found as a projection of the arc A'BC’. However,
the point A’ has been derived from the point A”, which

Design pitch
Design pitch ~20°

TE. T

Design pitch
Design pitch —~20°
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with the blade in the design setting was at w radius ry
{r, < r).Similarly with the point (", since this onguated
from the point C” ataradius ry {ry < r}. Consequently.
the helical section A’BC’ at radius r becomes 4
composite section containing elements of ull the
original design sections at radii within the range 7 1o
r, assuming r, > r,. These distortions urc further
accentuated by the radially varying pitch angle
distribution of the blade, causing an cifective twisting
of the leading and trailing edges of the secuon. A
similar argument applies to the case when the pitch
angle is increased from that of the design value. Thi
latter case, however, is normally of a fairly trivial
nature from the section of definition vicwpoint, since
the pitch changes in this direction are seldom in excess
of 4-5°.

The calculation of this ‘distorted” section geometny
at off-design pitch can be done cither by draughting
techniques, which is extremely laborious, or by using
computer based surface geometry software pachapes.
The resulting section distortion can be quite sigmiticant.
as seen in Figure 3.22, which shows the distortion
found in the section definition of a North Sca ferry
propetler blade at the 0.5R and 0.8R sections for pitch
change angles of 20° and 40°.

Rusetskiy (Reference 8) has also addressed this
problem of section distortion at off-design couditions
from the point of view of mean line distortion. He
developed a series of construction curves (o caleulate
the distortion of the mean line for a given pitch change
angle from design geometrical data. This technique i
suitable for hand calculation purposes.

An analogous problem to the one just describad
also exists in the definition of planar or “straight-cut’
sections through a blade. Such duta are often required
as input to N.C. machinery and other quality control
operations. Klein (Reference 9) provides a treatment
of this and other geometric problems.

0.8R Developed section

0.5R Developed section

Figure3.22 Section distortion due to changes of pitch angle
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3.11 Miscellaneous conventional
propelier terminology

In keeping with many aspects of marine engineering
and naval architecture use is made in propeller
technology of several terms which nced further
clarification.

The terms ‘right-" and “left-handed propellers’ refer
to the direction of rotation. In the case of a right-handed
propelier, this type of propeller rotates in a clockwise
direction, when viewed from astern, and thus describes
a right-handed helical path. Similarly, the left-handed
propelier rotates in an anticlockwise direction describing
a left-handed helix.

The face and back of propellers are commonly
applied terms both to the propelter in its entirety and
also to the section geometry. The face of the propeller
is that part of the propeller scen when viewed from
astern and along the shaft axis. Hence the ‘faces” of
the blade sections are those located on the pressure
face of the propeller when operating in its ahead design
condition. Conversely, the backs of the propeller
blades are those parts of the propeller seen when
viewed from ahead in the same way. The backs of the
helical sections, located on the backs of the propeller
blades, are the same as the suction surfaces of the
acrofoil in the normal design conditions.
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Sea water is a complex natural environment and it is
the principal environment in which propellers operate.
It is, however, not the only environment, since many
vessels, some of considerable size, are designed to
operate on inland lakes and waterways. Conscquently,
the properties of both fresh and sea water are of
interest to the propulsion engineer.

This chapter considers the nature and physical
propertics of both fresh and sca water. The treatment
of water properties is brief, however, since although
much of the information is considered to be a prerequisite
for propeller design, the subject of water properties is
adequately covered by other standard texts on fluid
mechanics (References 1, 2) and oceanography (Ref-
erences 3, 4). As a consequence, the information
presented in this chapter is intended to be both an
aide-memoire to the reader and also a condensed
source of reference material for the practising designer
and engineer.

41 Density of water

The density of sea water is a variable. It increases with
cither increase in salinity or pressure, and with decrease
in temperature. Figure 4.1 shows the relationship
between density, temperature and salinity. From the
Figure it can be seen that temperature has a greater
influence on density at a given salinity in the
higher-temperature than in the lower-temperature
regions. Conversely, at lower temperatures it is the
salinity which has the greater effect on density since
the isopleths run more nearly parallel to the temperature
axis in these lower-temperature regions.

Density can normally be expected to increase with
depth below the free surface. In tropical regions of the
Earth a thin layer of low-density surface water is
scparated from the higher-density deep water by a
zone of rapid density change, as seen in Figure 4.2.

Atmospheric pressure

&
S
30-5"'
‘.
Q

€2l §
¢
2
4
-4
€10
-

~-2F

Freezing point.
Salinity (%)

Figure 4.1 Variation of density with salinity and
temperature at atmospheric pressure

The propeller environiment 49

1028 I yigh jatitude

1027

1026

Density (kg/m?3)

1025

Equator

1024

~

1 1 i 1
1000 2000 3000 4000
Depth (m)

Figure 4.2 Typical variation of depth versus density for
different global latitudes. (Reprinted from Heferunce 3 with
kind permission from Pergamon Press)

In the higher latitudes this change ts considerubly less
marked. Furthermore, it will be noted that the density
deep in the ocean, below a depth of about 2000m, 1»
more or less uniform at 1027.9kg/m* for all lautudes.
At the surface, however, the average density varies
over a range between about 1022hg m* near the
equator to 1027.5kg/m? in the southern Lutitudes,
seen in Figure 4.3. Also shown in this diagram e
the average relationships of temperature und salinity
for differing latitudes, from which an idea of the global
variations can be deduced.

When designing propellers for surface ships that are
intended as ocean-going vessels it is usual 1o consider
a standard salinity value of 3.5%. For these cases the
associated density changes with temperature are given
in Table 4.1.

The corresponding density versus temperature
relationship for fresh water is shown in Table 4.2

4.2 Salinity

With the exception of those areas of the world where
fresh water enters the sea, the salinity of the oceuns
remains relatively constant and lics between 3.4 and
3.5% with an average value of 347°, by weight
Figure 4.3 indicates the average variation over the
world. From this figure it can be seen that salinity v
lowest near the poles, due to the influence of the polur
caps, and reaches a double maximum in the region
of the tropics.
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Figure 4.3 Variation of surtace temperature, satinity and density with latitude —average for all oceans (Reprinted from

Reference 3 with kind permission from Pergamon Press)

Tabie 4.1 Density variati with P sre (salinity 3.5%)

Temperature .

(-C) 0 b 10 15 20 25 30
Density

(kg m’) 1028.1 1027.7 1026.8 1025.9 1024.7 1023.3 1021.7

It will be found that slightly higher than average
values of salinity are found where evaporation rates
arc high, for example in the Mediterranean Sea or in
the extreme case of the Dead Sea. Conversely, lower
values will be found where melting ice is present or
abnormally high levels of precipitation occur.

Salinity is again a variable with depth. In deep water
the salinity is comparatively uniform and varies only
between about 3.46 and 3.49%. Near the surface,
above say 2000 m, the salinity varics to a gregter extent
as seen in Figure 4.3.

Six principal elements account for just over 9%
of the dissolved solids in sea water

Chlorine - 55.04%
Sodium Na* 30.61%
Sulphate SO,"*  7.68%
Magnesium Mg*? 3.69%
Calcium Ca*? 1.16%
Potassium  K~* 1.10%

' 99.28%
—_—==

The relation between salinity and chlorinity was
assessed in the 1960s and is taken as

Salinity = 1.80655 x Chlorinity @.1)

Teble 4.2 Density variations with temperature (fresh water)

Temperature

“C) (| 5 10 15 20 25 30
Density

(kg/m?) 999.8 9999 999.6 999.0 998.1 9969 995.6

By measuring the concentration of the chlorine ion,
which accounts for 55% of the dissolved solids as seen
above, the total salinity can be deduced from equation
(4.1). The average chlorinity of the oceans is 1.92%
which then, from equation (4.1), gives an average
salinity of 3.47%.

The definition given in equation (4.1) is termed the
‘absolute salinity’; however, this has been superseded
by the term ‘practical salinity’, which is based on the
electrical conductivity of sea water, since most
measurements of salinity are based on this property.

4.3 Water temperature

The distribution of surface temperature of the ocean
is zonal with lines of constant temperature running
nearly parallel to the equator in the open sea. Near
the coast, of course, these isotherms deflect due to the
action of currents. The open sea surface temperature

varies from values as high as 28°C just north of the
equator down to around —2°C near the ice in the
high latitudes (Figure 4.3).

The principal exchange of heat energy occurs at the
air—water boundary. Surface heating is not a particularly
efficient process, since convection plays little or no
part in the mixing process, with the result that heating
and cooling effects rarely extend below about two or
threc hundred metres below the surface of the sea.
Consequently, below the surface the ocean can be
divided broadly into three separate zones which
describe its temperature distribution. Firstly, there is
an upper layer, at between 50 and 200m below the
surface, where the temperatures correspond to those
at the surface. Sccondly, there is a transition layer
where the temperature drops rapidly; this layer extends
down to perhaps 1000 m and then finally there is the
deep ocean region where temperature changes very
slowly with depth. A typical temperature profile for
low latitudes might be: 20°C at the surface; 8°C at
500m; 5°C at 1000m and 2°C at 4000 m.

Pickard and Emery (Reference 3) publish statistics
relating to the occan water temperatures and
salinities. These are reproduced here since they are
useful for guidance purposes:

1. 75% of the total volume of the ocean water has
properties within the range from 0 to 6°C in
temperature and 3.4 to 3.5% in salinity.

2. 50% of the total volume of the oceans has properties
between 1.3 and 3.8°C and between 3.46 and 3.47%.

3. themean temperature of the world’s oceans is 3.5°C
and the mean salinity is 3.47%.

4.4 Viscosity

The resistance to the motion of one layer of fluid
relative to an adjacent layer is termed the viscosity of
the fluid. Consequently, relative motion between
different layers in a fluid requires the presence of shear
forces between the layers, which themselves must be
parallet to the layers in the fluid.

Consider the velocity gradient shown in Figure 4.4,
in which two adjacent layers in the fluid are moving
with velocities u and u + du. In this case the velocity
gradicnt between these two layers, distant dy apart,
is dufdy; or du/dy in the limit. Because the layers are
moving with different velocities, there will be shear
forces between the layers giving rise 10 a shear stress
1,,. Newton postulated that the tangential stress
between the layers is proportioned to the velocity
gradient:

ou

Y= h “2)
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Figure 4.4 Typical viscous velocity gradient

where yu is a constant of proportionality known as the
dynamic coeflicient of viscosity of the fHuid. Fluids
which behave with a constant coctlicient of viscosity,
that is independent of the velocity gradient, are termed
Newtonian fluids: both fresh water and sca water
behave in this way, although some drag reduction flund
additives such long chain polymers have far tiom
constant coeflicients of viscosity and are thus weimed
non-Newtonian fluids.

In the majority of problems concerning propetier
tcchnology we are concerned with the relationship or
the fluid viscous to inertia forces as expressed by the
flow Reynolds number. To assist in these studies, use
is made of the term kinematic viscosity (v) which is
the ratio u/p, since the viscous forces are proportional
to the viscosity u and the inertia forces to the density p.

For the purposes of propeller design and analysis.
the values of the kinematic viscosity for sca and fresh
water are given by Tables 4.3 and 4.4 respectively.

4.5 Vapour préssure

At the free surface of the water there is a movement
of water molecules both in and out of the fluid. Just
above the surface, the returning molecules creute
pressure which is known as the partial pressure of the
vapour. This partial pressure, together with the partiul
pressures of the other gases above the liqu:d. make
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Table 4.3 Viscosity of sea water with tompgyi:fuve salinity 3.6%

Co A PR

Temperature .

C) 0 5 10 15 20
Kinematic '

viscosity

10° (m¥/s) 18284 1.5614 1.3538  1.1883  1.0537

Table 4.4 Viscosity of fresh water with (ampe}aluve

Temperature

C) 0o s 10 [} 20
Kinematic

viscosity

10° (m?/s) 1.7867  1.5170 1.3064 11390 l.0057

25 30
0.9425  0.8493

25 30
0.8929  0.8009

up the total pressure just above the surface of the
water. The molecules leaving the water generate the
vapour pressure whosc magnitude is determined by
the rate at which molecules escape from the surface.
When the rates of release and return of the molecules
from the water are the same, the air above the water
is said to be saturated and the vapour pressure equals
the partial pressure of the vapour: at this condition
the value of the vapour pressure is the saturation
pressurc. Furthermore, the vapour pressurc varies
with temperature since temperature influences the
energy of the molecules and hence their ability to
escape from the surface. If the saturation pressure
increases above the total pressure acting on the fluid
surface then molecules escape from the water very
rapidly and the phenomenon known as boiling occurs.
In this condition bubbles of vapour are formed in the
liquid itself and then rise to the surface.

A similar effect to boiling occurs if the water
contains dissolved gases, since when the pressure is re-
duced the dissolved gases are released in the form of
bubbles. The reduction in pressure required for the
release of bubbles is, however, less than that which
will cause the liquid to boil at the ambient temperature.
Within a fluid the pressure cannot generally fall below
the vapour pressure at the temperature concerned
since the liquid will then boil and small bubbles of
vapour form in large numbers.

Table 4.5 gives the values of the saturation
vapour pressure of both sca and fresh water for a

Teble 4.5 S 20001 P P, for trash and sea
water

Temperatire

O 001 5§ 100 15 20 25 X
Fresh water

p. (Pa) 611 872 1228 1704 2377 3166 4241
Sea water

». (Pa) 50 842 1186 1646 2296 3058 4097

range of temperatures relevant to propeller tech-
nology.

4.6 Dissolved gases in sea water

The most abundant dissolved gases which are found
throughout the whole mass of the ocean are nitrogen,
oxygen and argon. Additionally, there are traces of
many other inert gases.

The quantitics of these gases which are dissolved
in the ocean are a function of salinity and temperature,
with the greatest amounts being found in the cooler,
less saline regions. At depth all gases with the exception
of oxygen tend to be retained in the saturated state
by the water as it sinks from the ocean surface. In
these cases it is found that the gas concentrations
change little with geographic location. At the surface,
the oxygen concentration is normally of the order of
0.1-0.6% with values on occasion rising as high as
1%. Furthermore, at the surface the water is usually
very close to being saturated and consequently is
sometimes found to be supersaturated in the upper
15m or so due to photosynthesis by marine plants.
Below this level oxygen tends to get consumed by
living organisms and the oxidation of detritus.

When undertaking cavitation studies, particularly
at model scale, it is pertinent to ask what is the correct
nuclei content of the tunnel water in order to achicve
realistic sea conditions. Much work has been done on
this subject and Figure 4.5 shows a range of measured
nuclei distributions from different sources for occan
and tunnel conditions. Weitendorf and Keller also
conducted a series of nuclei distribution measurements
using laser techniques on board the Sydney Express
in 1978 as part of a much wider cavitation study. They
found that the number of nuclei per unit volume
having radii greater than 1 um was broadly in agreement
with the levels established by occanographers; however,
they recorded little in the way of smaller particles on
these trials. In general terms, however, nuclei distribution
measurements must be considered in the context of
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both weather and seaway and also of shallow or deep
water.

4.7 Surface tension

Although the subject of surface tension is normally
considered to be more in the province of physicists,
it does have relevance when considering the bubble
dynamics associated with cavitation.

A molecule has associated with it a ‘sphere of
influence’ within which it attracts other molecules;
this attraction is known as molecular attraction and
is distinct from the gravitational attraction found
between any two objects. The molecular atfraction
forces do not extend further than three or four times
the average distance between molecules. To appreciate
how surface tension forces arise consider the two
molecules 4 and B shown in Figure 4.6. Molecule A,
which is in the body of the fluid, exerts and receives
a uniform attraction from all directions. However,
molecule B, which is at the surface, receives its major
attraction from within the fluid and so experiences a
net inward force F: it is assumed here that we are
considering a boundary between water and air or a
vapour. This net inward force on the surface molecules
increases the pressure on the main bulk of the liquid
and hence needs to be balanced in order to keep the
molecules in equilibrium. [If the area of liquid surface
increases, the number of molecules constituting that
surface must also increase, and the molecules will
arrive at the surface against the action of the inward
force. Mechanical work is, therefore, expended in
increasing the liquid surface area, which implies the
existence of a tensile force in the surface,

Table 4.6 gives an indication of the values of surface
tension for both fresh and sea water. However, in
applying these values, it must be remembered that
they can be considerably influenced by small quantities
of additives, for example, detergent. In practice they
can change by as much as 22dynes/cm because of
contamination with oily matter.

Air
- ; f—
Py |8,
———— 7 -~ ,\ -
Water / \\ -
t T @A T F -
- v\ e — .
N s

Figure 4.8 Molecular sxplanaton of surface tension

Table 4.8 Typical values of surface tension for sea and fresh
water with temperature

Temperature

(°C) 0 S 10 15 20 25 30
Sea water

(dynes/cm)  76.41 75.69 7497 74.25 73.55 7281 72.09
Fresh water

(dynes/cm) 75.64 74.92 74.20 73.48 72.76 72.04 71.32

{(1dyne = 10°*N)

4.8 Weather

The weather, or more fundamentally the air motion,
caused by the dynamics of the Earth's atmosphere,
influences marine propulsion technology by giving rise
to additional resistance caused by both the wind and
resulting disturbances to the sea surface.

The principal physical properties of air of concern
are density and viscosity. The density at sea level for
dry air is given by the relationship:

p= 0.4647[»‘;] kg/m? ‘ (4.3)

where p is the barometric pressure (mm Hg) and 7T is
the local temperature (K).

For the viscosity of the air use can be made of the
following relationship for dry air:

393 T\ |
F=l70'9Xl0_6[irﬂ'](ﬁ) poise  (4.4)

where T is the temperature (K).

When the wind blows over a surface the air in
contact with the surface has no relative velocity to
that surface. Consequently, a velocity gradient exists
close to the solid boundary in which the relative
velocity of successive layers of the wind increases until
the actual wind speed in the free stream is reached
(Figure 4.7). Indeed the flow pattern is analogous to
the boundary layer velocity distribution measured
over a flat plate. To overcome problems of definition
in wind speed due to surface perturbations it is normal
practice to measure wind speed at a hcight of 10m
above the surface of cither the land or the sea: this
speed is often referred to as the ‘10 metre wind' (Figure
4.7).

As well as recording wind velocities, wind conditions
are often related to the Beaufort Scale, which was
initially proposed by Admiral Beaufort in 1806. This
scale has also been extended to give an indication of
sca conditions for fully developed scas. The scale is
not accurate enough for very detailed studies, since it
was primarily intended as a guide to illustrate roughly
what might be expected in the open sea. Indeed the
scale is sufficient for many purposes, both technical
and descriptive; however, great care should be exercised
if it is used in the reverse way, that is for logging or

Undisturbed flow velocity (u)

i,

Height above surface {m)

1.0
Wind speed ratio (u/U)

Figure 4.7 Wind speed definition

reporting the state of the sea, since significant errors
can be introduced into the analysis. This is particularly
true in confined and restricted sea areas, such as the
North Sea or English Channel, since the sea generally
has two components: a surface perturbation and an
underlying swell component, both of which may have
differing directional bearings. Table 4.7 defines the
Beaufort scale up to Force 12. Above Force 12 there
are further levels dcfined: 13, 14, 15, 16 and 17, with
associated wind-speed bands of 7280, 81-89, 90-99,
100-108 and 109-118 knots, respectively. For these
higher states descriptions generally fail except to note
that conditions become progressively worse.

Until comparatively recently the only tools available
to describe the sea conditions were, for example, the
Beaufort Scale, which as discussed relates overall sea
State to observed wind, and formulae such as Stevens’
formula:

Z=15/F 4.5)

where Z is the maximum wave height in feet and £
is the fetch in miles.

However, from wave records it is possible to
statistically represent the sea. Using these techniques
an encrgy spectrum indicating the relative importance
of the large number of different component waves can
be produced for a given sea state. Figure 4.8 shows
one such example, for illustration purposes, based on
the Neumann spectrum for different wind speeds and
for fully developed scas. From Figure 4.8 it will be
seen that as the wind speed increases, the frequency
about which the maximum spectra energy is concen-
trated, termed the modal frequency f,, is reduced.
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Many spectra have been advanced by diller o
authorities and these wilt give ditferiing vesults: pa
because of the dependence of wase cncrpy va the win
duration and fetch which leads 1o the problein o
defining a fully developed sea. When 1he wind bt
to blow short, low amplitude waves are tnitds
formed. These develop into larger and loager wane-
if the wind continues to blow for longer periond o
time. This leads to a time-dependent set of spectra b
different wind duration, as scen 1 Figure 49\,
analogous, but opposite, situation s scen when (s,
wind dies down as the longer waves, due to 1,
greater velocity, move out of the aicy, feaving oal
the smaller shorter waves. For continuogs specta thy
area under the spectrum can be shown 1o be St G
the mean square of the surfuce clevation of the wai. .
surface.

In order to study the effects of waves the TN
spectrum concept provides the most convenient
rigorous of approaches. However, fog muny apphea
tions, the simpler approach of appeadmyg daectly o
wave data will suftice. Typical of such data 1> thas
given by Darbyshire (Reference $) or more recently
that produced by Hogben et ul. (Refercnce 6) wluh
provides a wave atlas based on some 35 anlton visuai
observitions from ships during the period 1854 10
1984. Furthermore the World Muotcoralomeal O
ganisation (WMO) produced i stinudurd sea stute voud.
in 1970; this is reproduced in Tuble 4.5, In the conlent
of this table, the significant wave height as the mcan
value of the highest third of a large number of peak
to trough wave heights. It should, however. be noted
that wave period does not feaure in this well-cstablishied
sea state definition.

4.9 Silt and marine organisms

The sea, and indeed fresh water, contains @ quanuty
of matter in suspension. This matter s of the form o
small particles of sand, detritus and marine anmd
and vegetable life.

Particulute matter such as sund will eventually
separate out and fall to the sea bottoar: however
depending on its size this SCPATAUON Pracess by be
measured in either hours or months. Theretore, the
presence of abrasive particles must alway s be considered.
especially in areas, such as the North Sca, which bave
shallow sandy bottom scas.

Marine animal and vegetable life covers 4 wide,
indeed almost boundless, varicty of organiins, O
particular interest to the propulsion cnaineer are
algae, barnacles, limpets, tubeworms und wced. since
these all act as fouling agents for both the hull aud
propeller. Christie {Reference ) distinguishes between
two principal forms of fouling: algue and annual
fouling. The latter form of fouling requires the
development and establishment of Liry e oy et 4 N
of several days, whereas algae fouling resubts 1 a shune
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Table 4.7 The Beaufort Wind Scale

Number Wind
speed at
10m (knats)

Wind
description

Probable
mean wave
height {m)

Noticeable effect
of wind on land

At sea

0 Less than 1

1 1-3

4 11-16

5 17-21

6 22-27

7 28-33

9 41-47

10 48-55

12 65-T1

calm

light ais

tight breeze

gentle breeze

moderate breeze

fresh breeze

strong breeze

moderate gale

fresh gale

strong gale

whole gale

storm

hurricane

none

<0.t

02

0.6

29

4.1

55

70

88

110

over 13.0

smoke vertical;
flags still
smoke drifts;
vanes static

wind felt on face;
leaves, flags rustle;
vanes move

leaves and twigs in
motion; light flags
extended

raises dust; moves small
branches

small trees sway

large branches move;

telephone wire ‘sing’

whole trees in motion

twigs break off;
progress impeded

chimney pots removed

trees uprooted;
structural damage

widespread d

Sea like a mirror.

Ripples with the apcarance of
scales are formed, but without
foam crests.

Small wavelets, still short but
more pronounced; crests have a
glassy appearance and do not
break.

Large wavelets. Crests begin to
break. Foam of glassy appearance
Perhaps scattered white horses.
Small wévcs, becoming longer;
fairly frequent white horses.
Moderate waves, taking a more
pronounced long form, many
white horses formed (chance of
some spray).

Large waves begin to form; the
white foam crests are more
cxtensive everywhere (probably
some spray).

Sea heaps up and white foam
from breaking waves begins to be
blown in streaks along the
direction of the wind (spindrift
begins to be seen).

Moderately high waves of greater
length; edge of crests break into
spindrift. The foam is blown in
well-marked streaks along the
direction of the wind.

High waves. Dense streaks of
foam along the direction of the
wind. Sea begins 1o roll. Spray
may effect visibility.

Very high waves with fong,
overhanging crests. The resulting
foam in great patches is blown in
dense white streaks along the
direction of the wind. On the
whole, the surface of the sea takes
a white appearance. The rolling of
the sea becomes heavy and
shocklike. Visibility is affected.
Exceptionally high waves. (Smalt

countryside devastated

and medium-sized ships might, for
a long time, be lost to view
behind the waves). The sea is
completely covered with long
white patches of foam lying along
the direction of the wind.
Everywhere the edges of the wave
crests are blown into froth.
Visibility is affected.

The air is filled with foam and
spray. Sca completely white with
driving spray; visibility very
scriously affected.

B
Figure 4.8 Typical wave spectia for varyi
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Table 4.8 World M logical Organisation (WMO) sea state code
Sea state Significant wave height (m) Description
code
Range Mean
0 0 0 Calm (glassy
1 0-0.1 0.05 Calm (rippled)
2 0.1-0.5 0.30 Smooth (wavelets)
3 0.5-1.25 0.875 Slight
4 1.25-25 1.875 Moderate
) 2.5-40 3.250 Rough
6 4.0-6.0 5.000 Very rough
7 6.0-9.0 7.500 High
8 9.0-14.0 11.500 Very high
9 Over 14.0 Over 14.00 Phenomenat

Table 4.9 Port classification for fouling according to Reference 7 °

Clean ports ¢ Fouling ports Cleaniny ports
Light Heavy Non-scouring Scouring
Most UK Ports Alexandria Freetown Bremen Caleutia
Auckland Bombay Macassar Brisbane Shanghui
Cnpe Town Colombo Mauritius Buenos Aires Yangtze Ports
Chl!lngong Madras Rio de Janciro E. London
Halifax Mombasa Sourabaya Hamburg
Meclbourne Negapatam Lagos Hudson Ports
Valparaiso Karadii La Plata
Wellington Pernambuco St Lawrence Ports
Sydney* Santos Manchester
Singapore
Suez
Tuticorin
Yokohama

*Variable conditions
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which can take only a matter of hours to form. These
growths arc of course dependent on temperature,
salinity and concentrations of marinc bacteria in the
water. Whilst no direct estimates of fouling rates are
available, Evans and Svensen (Reference 8) conducted
a survey which showed those areas of the world which
are more prone to the fouling of hulls and propellers.
Table 4.9 summarizes their findings.
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Figure 5.1 Typical wake field distributions: (a) axial wake field—U form hull. (b) axial wak, ﬁold—-}l !ovm hull; (c) axial
and in-plane waks freld—twin-screw hull. (Parts (8) and (b) reproduced from Reference 1, with permission)
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Figure 5.2 Definition of U and V form hulls

principal methods; the velocity ratio, Taylor and
Froude methods, although today the method based
on Froude's wake a fraction is rarely, if ever, used.
The definitions of these methods are as follows.

Velocity ratio method. Here the iso-velocity contours
are expresed as a proportion of the ship speed (V)
relative to the far-field water speed. Accordingly, water
velocity at a point in the propeller disc is expressed
in terms of its axial, tangential and radial components,
v,, v, and v, respectively:

v, v, nd 0,
=2 a it
A v,

Figure 5.1(c) is expressed using above velocity
component definitions. The velocity ratio method has
today become perhaps the most commonly used
method of wake field represcntation, due firstly to the
relative conceptual complexities the other, and older,
representations have in dealing with the in-plane
propeller components, and secondly, the velocity
ratios are more convenient for data input into analytical
procedures.

Taylor's method.  In this characterization the concept
of ‘wake fraction’ is used. For axial velocities the
Taylor wake fraction is defined as

V,=v v
wy =t A= —(7*> (5.1)

s,

that is, one minus the axial velocity ratio or, alternatively,
it can be considered as the loss of axial velocity at the
point of interest when compared to the ship speed and
expressed as a proportion of the ship speed. For the
other in-planc velocity components we have the
following relationships:

The wake tield 63

wy =1-— (—ny"> and W,y = | (ll' )

However, these forms are rarely used today. ana
preference is generally given 1o expressing the tangentuai
and radial components in terms of their sclodity ratio
v/V, und v, /V,. '

Notice that in the case of the arial components thie
subscript ‘a’ is omitted from w,.

Froude method. This is similar 1o the Taslor
characierization, but instead of usiag the vehicle speca:
as the reference velocity the Froude notation uses the
local velocity at the point of interest. For example.
the axial direction we have

;,l - vl Vl
R (o

For the sake of completeness it is worth noting that
the Froude and Taylor wake fractions can iw
transformed as follows:
M"v
W = o and Wy o= -
l—w I+ w
T v

Mean velocity or wake' fraction.  The moean vl
velocity within the propetler disc is found by integratin,
the wake ficld on a volumetric busis of the form

S

Much debate has centred on the use of the volumetn
or impulsive integral form for the determination o
mean wake fraction, for example References 3 and =
however, modern analysis techniques generally use
the volumetric basis as a standard.

Fourier analysis of wake field. Current propelice
analysis techniques rely on being uble to desenbe the
wake ficld encountered by the propeller ut cach radial
location in a reasonably precise mathemastical way
Figure 5.3 shows a typical transformution of the wake
field velocities at a particular radial location of « polas
wake field plot, similar to those shown in Figure 5.1,
into a mean and fluctuating component. Figure 5.3
then shows diagrammatically how the total fluctuatny
component can then be decomposed into an intinite
set of sinusoidal components of various harmonic
orders. This follows from Fourier's theorem, which
states that any periodic function can be ceprescnted by
an infinite set of sinusoidal functions. la practice
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Figure 6.1 Typical wake field distributions: (s) axial wake field—U form hull; (b) axial wnkg liold—y 0_arm hull; (c) axial
and in-plane wake frekd—twin-screw hull. (Parts (a) and (b) reproduced trom Ref 1, with per )
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Figure 6.2 Definition of U and V form hulls

principal methods; the velocity ratio, Taylor and
Froude methods, although today the method based
on Froude’s wake a fraction is rarely, if ever, used.
The definitions of these methods are as follows.

Velocity ratiomethod.  Here the iso-velocity contours
are expresed as a proportion of the ship speed (V)
relative to the far-field water speed. Accordingly, water
velocity at a point in the propeller disc is expressed
in terms of its axial, tangential and radial components,
v,, v, and v, respectively:

v, v, v,
—, — P d s
A 2

Figure 5.1(c) is expressed using above velocity
component definitions. The velocity ratio method has
today become perhaps the most commonly used
method of wake field representation, due firstly to the
relative conceptual complexities the other, and older,
representations have in dealing with the in-plane
propeller components, and secondly, the velocity
ratios are more convenient for data input into analytical
procedures.

Taylor’s method.  In this characterization the concept
of ‘wake fraction’ is used. For axial velocities the
Taylor wake fraction is defined as

Vo— o YA
W= =1—(7) (5.1)

3.
that is, one minus the axial velocity ratio or, alternatively,
it can be considered as the loss of axial velocity at the
point of interest when compared to the ship speed and
expressed as a proportion of the ship speed. For the
other in-plane velocity componcnts we have the
following relationships:

The wahe lictd o3

v, i
wy =1— (_J) and wy =1 ( ! )
4 S
However, these forms are rarcly used today, ana
preference is generally given to expressing the tngenti
and radial components in terms of their veloaty ratio.
u/V, und v, /¥,. '
Notice that in the case of the axtal components th
subscript "a’ is omitted from w;,.

Froude method. This is similar o the Taslo
characterization, but instead of using the vehicle spec:
as the reference velocity the Froude notation uses thye
local velocity at the point of interest. For example, i
the axial direction we have

‘/l - vl Vl
wm = (5

For the sake of completeness it 1s worth noting that
the Froude and Taylor wake fractions can in
transformed as follows:
w. Wy

Wg = o and Wy =

Lt ow,

Mean velocity or wake fraction. The mean vt
velocity within the propeller disc is found by integrating
the wake ficld on 4 volumetric basis of the furm

Much debate has centred on the use of the volumetne
or tmpulsive integral form for the determination o
mean wake fraction, for example Refercnces 3 and +
however, modern analysis techniques generidly use
the volumetric basis as a standard.

Fourier analysis of wake field. Current propeller
analysis techniques rely on being uble to describe the
wake field encountered by the propeller ut cach radia!
location in a reasonably precisc mathematical way
Figure 5.3 shows a typical transformution of the wukc
field velocities at a particular radial location of a polis
wake field plot, similar to those shown in Figure 5.1,
into a mean and fluctuating component. Figure 5.3
then shows diagrammatically how the total fluctuating
component can then be decomposed into an infinie
set of sinusoidal components of various harmoni
orders. This follows from Fourier's theoreni, whicl
states that any periodic function can be cepresented by
an infinite set of sinusoidal functions. la practice
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A body, by virtue of its motion through the water,
causes a wake field in the sense of an uneven flow
velocity distribution to occur behind it; this is true
whether the body is a ship, a submarine, a remotely
operated vehicle or a torpedo. The wake field at the
propulsor plane arises from three principal causes; the
streamline flow around the body, the growth of the
boundary layer over the body and the influence of
any wave-making components. The latter effect naturally
is depandent upon the depth of immersion of the body
below the water surface. Additionally, and equally
important, is the effect that the propulsor has on
modifying the wake produced dy the propelled body.

5.1 General wake field
characteristics '

The wake field is strongly dependent on ship type and
50 euach vessel can be considered to have a unique
wake ficld. Figure 5.1 shows threc wake fields for
different ships. Figure 5.1(a) relates to a single-screw
bulk carrier form in which a bilge vortex can be seen
to be present and dominates the flow in the thwart-ship
plane of the propeller disc. The flow field demonstrated
by Figure 5.1(b) relates again to a single screw vessel,
but in this case to a fairly fast and fine lined vessel
having a ‘V" formed afterbody unlike the ‘U’ form of
the bulk carrier shown in Figure 5.1(1). In Figure
5.1(b) it is seen, in contrast to the wake field produced
by the ‘U’ form hull, that a high-speed axial flow field
exists for much of the propeller disc except for the
sector embracing the top dead centre location, where
the flow is relatively slow and in some cases may even
reverse in direction. Definitions of *U* and ‘V’ form
hulls are shown in Figure 5.2; however, there is no
‘clear-cut’ transition from one form to another and
Figures 5.1(a) and (b) represent extremes of the hull
form type. Both of the flow fields discussed so far
relate to single-screw hull forms and, therefore, might
be expected to exhibit a reflective symmetry about the
vertical centre plane of the vessel. For a twin-screw
vessel, however, no such symmetry naturally exists,
as seen by Figure 5.1(c), which shows the wake field
for a twin-screw ferry. In this figure the location of
the shaft supports, in this case ‘A’ brackets, is clearly
seen, but due to the position of the shaft lines relative
to the hull form, symmetry of the wake field across
the ‘A’ bracket centre line cannot be maintained.
Indeed, considerable attention needs to be paid to the
design of the shaft supports, whether these are ‘A’
brackets, bossings or gondolas, in order that the flow
does not become too disturbed or retarded in these
locations, otherwise vibration and noise may arise and
become difficult problems to solve satisfactorily. This
is also of equal importance for single-, twin- or
triple-screw ships.

It is of interest to note how the parameter ¢ tends
to influence the resulting wake ficld at the propeller

The wake held G

disc'of a single-screw ship. For the V-form bull it igur.

5.1(b)), one immediately notes the very hugh wae.

peik at the top dead centre position of the propeite,

disc and the comparatively rapid transiion hom

‘dead-water® region to the near free-sticamn condition

in the lower part of the disc. This is caused by th.

walter coming from undet the bottom of the ship an
flowing gently around the curvature of tic hull, ~
that the fluid elements which were Ciose to the haii
and thus within its boundary layer. also remam dos
to the hull around the bilge and flow o the propeile,
close to the centre plane. Consequently. w high waiie
peak is formed in the centre plane of the propelier dis

The alternative case of a wake nield assovtated wi
an extreme U-form hull is shown m tagure ~ Lo
here the flow pattern is completely dutcrent e wates
flowing from under the hull is i this case wable (-
follow the rapid change of curvature wounid the bilg.
and, therefore, separates from the hull suiface. $hos.
fluid clements then Bow upwards wite the vuter puai:

of the propeller disc, and the region above il

separated zone is then filled with warter lowing tro

above: this creates a downward tlow Uose 1o the hais
surfuce. The resultant downward flow close 1o ihe hali

and upward flow distant from the hull give rse to g

rotational motion of the flow into the propeller Jis.

which is termed the bilge vortex. The bilee varien

therefore, is a motion which allows water partiches i

the boundary layer to be transported away from the

hull and replaced with water from outside the boundar
layer: the effect of this is to reduce the wake peak at
the centre plane of the propeller disc

Over the years, in order 10 help destgners produce
acceptable wake fields for single-screw ships, severa
hull form criteria have been proposed. as outlined. fin
example, in References 1 and 2. Criteria of these 1y pes
basically reduce to a series of guide lines such as:

1. The angle of run of the water lines should be hept
to below 27--30” over the entire lenyth of cu.
Clearly it is useless to reduce the angle of run
toward the stern post if further forwusrd the angle-
increase to an extent which induces low separatio,

2. The stern post width should not exceed 3% of tie
propeller diameter in the ranges 0.2K 10 U.6R ubusc
the shaft centre-line.

3. The angle of the tangent to the hall surfuce in the
planc of the shaft centre line (see Figure 5.2)shoutd
lie within the range 11° to 37",

The detailed flow velocity ficlds of the 1y pe shown
Figure 5.1 and used in propeller design are almaost
without exception derived from model tests. Analytical
methods of wake field determination at this tine ure
not reliable for general ship forms.

5.2 Wake field definition

In order to make use of the wake fichd duta it necd-
to be defined in a suitable form. ‘There wic taee
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Total wake at x =7/R Steady or mean

component at x = r/A
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Fluctuating component at x = r/R (equal to sum of harmonics)
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(N.B. 0/360° indicates T.D.C. position in propeller disc)

Figure 5.3 Decomposition of wake field into mean and fluctuating components

however. only a limited set of harmonic components
are used, since these are suflicient to define the wake
field within both the bounds of calculation and
experimental accuracy: typically the first eight to ten
harmonics are those which might be used, the exact
number depending on the propeller blade number. A
convenient way, therefore, of describing the velocity
variations at a particular radius in the propeller disc
is to use Fourier analysis techniques and to define the
problem using the global reference frame discussed in
Chapter 3. Using this basis the general approximation
of the velocity distribution at a particular radius becomes

r, : k¢ . (k¢
I = lg:oa‘cos(i;) + b, sin (fx) (5.3)

Equation (5.3) relates 10 the axial velocily ratio;
similar equations can be defined for the tangential and
radial components of velocity.

5.3 The nominal wake field

The nominal wake field is the wake field that would
be measured at the propeller plane without the
preserce or influence of the propeller modifying the
80w at the stern of the ship. The nominal wake field
{w,} of a ship can be considered to effectively comprise
three components; the potential wake, the frictional
wake and the wave-induced wake, so that the total
pomsnal wake field {w,} is given by

-0.1
. 0 180 360
+
et
{wa) = {w,} + {w,} + {w,} + {Aw} (54)

where the suffixes denote the above components
respectively and the curly brackets denote the total
wake field rather than values at a particular point.
The component {Aw} is the correlation or relative
interaction component representing the non-linear
part of the wake field composition.

The potential wake field {w, } is the wake field that
would arise if the vessel were working in an ideal Auid,
that is one without viscous effects. As such the
potential wake field at a particular transverse plane
on the body is directly calculable using analytical
methods, and it matters not whether the body is
moving ahead or astern. Clearly, for underwater
bodics, and particularly for bodies of revolution, the
calculation procedures are comparatively simpler to
use than for surface ship forms. For calculations on
ship forms use is made of panel methods which today
form the basis of three-dimensional, inviscid, incom-
pressible flow calculations. The gencral idea behind
these methods is to cover the surface with three-
dimensional body panels over which there is an
unknown distribution of singularities; for example,
point sources, doublets or vortices. The unknowns are
then solved through a system of simultanecous linear
algebraic equations generated by cakculating the induced
velocity at control points on the pancls and applying
the flow tangency condition. In recent years many
such programs have been developed by various institutes

and software houses around the world. For axisymmetric

bodies in axial flow a distribution of sources and sinks
along the axis will prove sufficient for the calculation
of the potential wake.

In contrast to calculation methods an approximation
to the potential wake at the propeller plane can be
found by making a model of the vehicle and towing
it backwards in a towing tank, since in this case the
viscous effects at the propeller plane are minimal.

In general, the potential wake ficld can be expected
to be a small component of the total wake field, as
shown by Harvald (Reference 5). Furthermore, since
the effects of viscosity do not have any influence on
the potential wake, the shape of the forebody does
not have any influence on this wake component at
the stern.

The frictional wake field {i, } arises from the viscous
nature of the water passing over the hull surface. This
wake field component derives from the growth of the
boundary layer over the hull surface, which, for all
practical purposes, can be considered as being
predominantly turbulent in nature at full scale. To
define the velocity distribution within the boundary
layer it is normal, in the absence of separation, 1o use
a power law relationship of the form

()

where v is the local velocity at a distance y from the
boundary surface, ¥ is the free stream velocity and &
is the boundary layer thickness, which is normally
defined as the distance from the surface to where the
local velocity attains a value of 99% of the free stream
velocity. The exponent n for turbulent boundary layers
normally lies within the range 1/5 10 1/9.

A further complication within the ship boundary
layer problem is the onset of separation which will
occur if the correct conditions prevail in an adverse
pressure gradient; that is a pressure ficld in which the
pressure increases in the direction of flow. Consider,
for example, Figure 5.4(a), which shows the flow
around some part of the hull. At station 1 the normal
viscous boundary layer has developed; further along
the hull at station 2 the velocity of fluid elements close
to the surface is less than at station 1, due 10 the
steadily increasing pressure gradient. As the elements
continue further downstream they may come to a stop
under the action of the adverse pressure gradient, and
actually reverse in direction and start moving back
upstream as scen at station 3. The point of separation
occurs when the velocity gradient dv/dn = 0 at the
surface, and the consequence of this is that the flow
separates from the surface leaving a region of reversed
flow on the surface of the body. Re-attachment of the
flow to the surface can subsequently occur if the body
geometry and the pressure gradient become favourable.

The full prediction by analytical means of the
viscous boundary layer for a ship form is a very
complex procedure, and at the present time only

i
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partial success has been achieved using large cou.
putational codes. A typical calculation proceduc 1. .
a ship form divides the hull into three primuary urca
for computation: the potential low zone. the boundar .
layer zone and the stern flow and wake zone (F T
5.4(b)). Whilst much effort is being devoted to th.
enhancement of these Navier--Stokes computation.
codes to give accurate predictions for all ship furm

at present the most reliable practical and cost-clecun,
procedure for determining the total wake ficld is b,
model tests in a towing tank.

The wake component due to wave action {wo,
due to the movement of water particles in the Systet,
of gravity waves set up by the ship on the surface i
the water. Such conditions can also be induced by ..
vehicle operating just below the sutfuce of wate
Consequently, the wave wake field depends largety oi.
Froude number, and is generally presumed to be o
asmall order. Harvald, in Reference 6, has undertake:
experiments from which it would appear that (.
magnitudes of {w, } arc generally lesy than about 0.0
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5.4 Estimation of wake field
parameters

From the propelicr design viewpoint the determination
of the wake field in which the propeller operates is of
fundamental importance. The mean wake field deter-
mines, along with other parameters of power, revolutions
and ship speed, the overall design dimensions of the
propeller, and the variability of the wake field about
the mean wake influences the propeller blade section
design and local pitch. Clearly, the most effective way
of determining the detailed characteristics of the wake
field is from model tests; this, however, is not without
probiems in the areas of wake scaling and propelier
interaction. In the absence of model wake field data
the designer must resort to other methods of prediction;
these can be in the form of regression equations, the
plotting of historica! analysis data derived from model
or full-scale tnials, or from his own intuition and
experience, which in the case of an experienced
designer must never be underestimated. In the early
stages of design the methods cited above are likely to
be the ones used.

The determination of the mean wake has received
much attention over the years. Harvald (Reference 6)
discusses the merits of some two dozen methods
developed in the period from 1896 through to the late
19405 for single-screw vesscls. From this analysis he
concluded that the most reliable, on the basis of
calculated value versus value from model experiment,
was due to Schoenherr (Reference 7):

CoCoulB/L)
(71-C,)28—-18C,,)
+ 3(E/T — D/B ~ kn)

%, =010+45

where L = length of the ship
B = breadth of the ship
T = draught of the ship
D = propeller diameter
E = height of the propeller shaft above the
keel
€, = vertical prismatic cocfficient of the
vessel = "
Cf"" C,. = horizontal prismatic coefficient of the
vessel a ¥/ 1
n = angle of rake of the propeller in
radians

k = coefficient (0.3 for normal sterns and
0.5-0.6 for sterns having the
deadwood cut way.

In contrast, the more simple formula of Taylor
(Reference 8) was also found to give acceptable values
as a first approximation; this was

w, = 0.5C, — 0.05

where C, = block coefficient of the vessel.
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The danger with using formulae of this type and
vintage today is that hull form design has progressed
to a considerable extent in the intervening years.
Consequently, whilst they may be adequate for some
simple hull forms their use should be undertaken with
great caution and is, therefore, not to be recommended
as a general design tool.

Amongst the more modern methods the method
proposed by Harvald (Reference 9) and illustrated in
Figure 5.5 is useful. This method approximates the
mean axial wake fraction and thrust deduction by the
following relationships:

W= Wt Wy +w,y (5.5)
t=1t, 4+t + 1y ’
where

t,, w, is a function of B/L and block coefficient
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Figure 6.6 The wake and thrust deduction coelficient for
single-screw ships. (Reproduced from Reference 9, with
permission)
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t,, w, is a function of the hull forms
t;, wy is a propeller diameter correction.

Alternatively, the later work by Holtrop and Manen
and developed over a series of papers, resulted in the
following regression formulae for single- and twin-screw
vesscls (Reference 10):

Single screw:

L
w, = q?(l + 0.015C,,,,. )1 + k)Cg + CA]-?,—-
A

x (0.050776 + 0.93405C,,

{(1 + k)Ce + C,]
(1.315 — 1.45C, + 0.0225!cb)
+ 0.27915(1 + 0.015C,

siern )

B  (5.6)
) \/ L(1.315 — 1.45C, + 0.0225lcb)
+ Co(t +0015C,,,,.)
Twin screw: o
W, = 0.3095C, + 10C,[(1 + k)Cp + C, 1
—on-2
VBT /
where:
Co=Cy  (Cq<28)
=32-16/(Cy —24)  (C, > 28)
and
Cy = BS/LDT,)  (B/T,<5)

= S(7B/T, — 25)/(LD(B/T, — 3)) (B/T,>5)

Ch=T\D (TAD<2)
= 0.0833333(T,/D)* + 133333 (T,\/D > 2)
C,y = 0.12997/(095 - C,)
- 0.11056/(0.95 - C,)  (C, <0.7)

= 0.18567/(1.3571 — C,;) — 0.711276

+0.38648C,  (C,>0.7)

and
Single-screw afterbody form Coern
Pram with gondola —25
V-shaped sections -10
Normal section shape 0
U-shaped sections with Hogner stern 10

These latter formulac were developed from the
results of single- and twin-screw model tests over a
comparatively wide range of hull forms. The limits of
applicability are referred to in the papers and should
be carefully studied before the use of the formulac.

In the absence of model tests the radial distribution

The wake held 6

of the mean wake field, that is the average wake vahue
at each radial location, is difficult to ussess. Tradinonahi
this has been approximated by the usc of van
Lammeren’s diagrams (Reference 11)), which e
reproduced in Figure 5.6. Van Lamumcren’s data s
based on the single parameter of verucal prisminge
cocflicient, and is therefore unlikely to be uul
representative for all but first approximanons to the
radial distribution of mean wake. Harvald (Relerence
6) re-evaluated the data in which he corrected all the
data to a common value of D/L of OOU4 and then
arranged the data according to block cocthicient and
breadth-to-length ratio as shown in Figuie 5.7 {oi
single-screw models together with a correcuon ful
frame shape. In this study Harvald drew atteation to
the considerable scale effects that occurred betwecn
model and full scale. He extended his work (o
twin-screw vessels, showa in Figure S8, for o
diameter-to-length ratio of 0.03, in which certani
corrections were made to the model test data partly
to correct for the boundary layer of the shalt supporis
The twin-screw data shown in the diagram refers to
the use of bossings to support the shaft lines rathe
than the modern practice of ‘A’ and "P’ brackets.

It must be emphasized that all of these methods tod
the estimation of the wake field and its vanwu-
parameters are at best approximations 1o the el
situation and not a substitute for properly conducied
model tests.

5.5 Effective wake field

Propeller theories assume the flow ficld 1o be arrotstionai
and unbounded; however, because the propelic
normally operates behind the body which s beny
propelled these assumptions are rarely satsticd. Whew
the propeller is operating behind a ship the low ticld
in which the propeller is operating at the stern of the
ship is not simply the sum of the flow ticld in the
absence of the propeller together with the propellc
induced velocities calculated on the basis of the
nominal wake. In practice a very complicated wteraction
takes place which gives rise to noticeable etfects on
propeller performance. Figure 5.9 shows the compo-
sition of the velocities that make up the total veloony
at any point in the propeller disc. From the propelle
design viewpoint it is the effective velocity lield tha
is important since this is the velocity field that should
be input into propeller design and analysis procedures
The effective velocity field can be scen from the figure
to be defined in one of two ways:

effective velocity = nominal veloaity
+ interaction velocity
or
effective velocity = total velocity
— propeller induced
velocity
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I the latter of the two relationships is used, an iterative
procedure can be employed to determine the effective
waie fiedd of the 1l veloaity field is known from
measurements just ahead of the propetier. The procedure
used for this estimation is shown in Figure 5.10 and
has been shown to converge. However, this procedure
has the disadvantage of including within it all the
shortcomings of the particular propeller theory used
for the calculation of the induced velocities. As a
consequence this may lead to an incorrect assessment
of the interaction effects arising, for example, from the
differences 10 the theoretical treatment of the trailing
vorex system of the propeller.

An alternative procedure is 1o use the former of the
two formulations of effective velocity defined in
equations (5.7). This approach makes use of the
nominal wake field measured in the towing tank, this
being a considerably easier measurement than that of

measuring the total velocity, since for the nominal
velocity measurement the propeller is absent. Several
appoaches 1o this problem have been proposed,
including those known as the V-shaped segment and
force field approaches. The V-shaped segment method
finds its origins in the work of Huang and Groves
(Reference 12), which was based on investigations of
propeller-wake interaction for axisymmetric bodies.
This approach is perhaps the simplest of all effective
wake estimation procedures since it uses only the
nominal wake field and principal propeller dimensions
as input without undertaking detailed hydrodynamic
compulations. In the general case of a ship wake ficld,
which contrasts with the axisymmetric basis upon
which the method was first derived by being essentially
non-uniform, the velocity field is divided into a
number of V-shaped segments over which the general
non-uniformity is replaced with an equivalent uniform
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Figure 6.7 The radial variation of the waka coefficient of single screw ships (D/L = 0.04) (Reproduced frain Retorence 6

with permission)

flow. The basis of a V-shaped segment procedure is
actuator disc theory, and the computations normally
commence with an estimate of the average thrust
loading coefficient based on a mean effective wake
fraction; typically such an estimate comes from standard
scries open water data. From this estimate an iterative
algorithm commences in which an induced velocity
distribution is calculated, which then allows the
associated effective velocities and their radial locations
10 be computed. Procedures of this type do not take
into account any changes of flow structure caused by
the operating propeller since they are based on the
approximate interaction between a propeller and a
thick stern boundary layer.

An alternative, and somewhat more complex, effective
wake estimation procedure is the force-ficld method.
Such approaches usually rely for input on the nominal

wake ficld and the propelier thrust together with .
estimate of the thrust deduction factor. T hese method
calculate the total velocity field by solving the Fule
and continuity equations describing the tlow in the
vicinity of the propeller. The propeller action -
modelled by an actuator disc having only an ax
force component and a radial thruse distiibution,
which is assumed constant circumfercntially at cach:
radial station. The induced velocitics, which e
identified within the Euler equations, can then, upon
convergence, be subtracted from the total veloan,
estimates at each point of interest to give the effectiv.
wake distribution.

Clearly methods of effective wake ficld estimatio:.
such as the V-shaped segment, force-ticld and .
(T 1) approaches are an essential purt of the propetle;
design and analysis procedure. However, all ol these
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methods lack the wider justification from being subjected
to correlation, in open literature, between model and
full-scale measurements. Indeed the number of vesscls
upon which appropriate wake field measurements
have been undertaken is minimal for a variety of
reasons; typically cost, availability and difficulty of
measurement. The latter reason has at least been
partially removed with the advent of tascr-Doppler
techniques which allow effective wake ficld measure-
ment; nevertheless, this is still a complex procedure.

5.6 Wake field scaling

Since the model of the ship which is run in the towing
tank is tested at-Froude identity, that is equal Froude
numbers between the ship and model, a disparity in
Reynolds number exists which leads to a relative
difference in the boundary layer thickness between the
model and the full-scale ship; the mode! having the
relatively thicker boundary layer. Consequently, for
the purposes of propelier design it is necessary to scale,
or contract as it is frequently termed, the wake
measured on the model so that it becomes representative
of that on the full-size vessel. Figure 5.11 illustrates
the changes that can typically occur between the wake
fields measured at model and full scale and with and
without a propeller. The results shown in Figure 5.11
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relate to trials conducted on the research vessel Meteor
in 1967 and show respectively pitot measurements
made with a 1/14th scale model; the full-scale vessel
being towed without a propeller and measurements,
again at full scale, made in the presence of the working
propeller.

In order to contract nominal wake fields in order
to estimate full-scale characteristics two prinicipal
methods have been proposed in the literature and are
in comparatively wide use. The first method is due to
Sasajima et al. (Reference 13) and is applicable to
single-screw ships. In this method it is assumed that
the displacement wake is purely potential in origin
and as such is independent of scale effects, and the
frictional wake varies linearly with the skin friction
coeflicient. Consequently, the total wake at a point is
considered to comprige the sum of the frictional and
potential components. The total contraction of the
wake field is given by

C,, + AC,,
= ——— 1
C’m

where C,, and C,,, are the ship and model ITTC 1957
friction coefficients expressed by

_ 00715
* " (log,o R, ~ 2)?

and AC,, is the ship correlation altowance.
The contraction in Sasajima’s method is applied

with respect to the centre plane in the ubscnce ol any
potential wake data, this being the normal case
However, for the general case the contraction proceduiy
is shown in Figure 5.12 in which the ship frictiona:
wake (w,) is given by

_ =w)
Wi = wl.m“ — W)

The method was originally intended for tutl form shup
having block coefficients in the order of 08 and /. ii
values of around 5.7. Numerous attempts by a numbe:
of researchers have been made 0 generalize an:
improve the method. The basic idea behund Sasajima’s
method is (0 some extent based on the flat plate wake
idealization; however, to account for the full runge i
ship forms encountered in practice, thut is those with
bulbous sterns, flat afterbodies ubove the propelles
and so on, a more complete three-dimensional
contraction process needs to be adopted. Hoekstru
(Reference 14) developed such a procedure in the
mid-1970s in which he introduced, in addition to he
centre-plane contraction, a concentric contraction and
acontraction to a horizontal planc above the propeller

In this procedure the overall contraction factor (¢
is the same as that used in the Sasajima approach
However, this total contraction is split nto thiee
component parts:

c=ict+jctke (i+j+Ikl=1)



Z P R

EA RV T e R A PRI

72  Hydrodynamics

w; = frictional wake components /
& = frictional wake thickness
¢ = total wake contraction

} Potential wake components

(8/L)unip

! {8/L)moder

Transverse section through wake field l

Figure 6.12 Basic of Sasajima wake scaling method

where i is the concentric contraction, j is the centre-plane S;=1- 4,
contraction and k is the contraction to a horizontal R {Az + A, + Ag - 1S, if S, 25,
=85+ (A, + A, + A4,) if 5, <5,
S;=—[4,+4,+ 4,
+ |max(A4,cos2¢ + A cosd¢
+ Agcos¢l] (¢ #0, n, 2n)
S, =2A, + A, + 4,)

surface above the propeller.

In Hoekstra’s method the component contractions
are determined from the harmonic content of the wake
field; as such the method makes use of the first six
Fourier coefficients of the circumferential wake field
at each radius. The contraction factors are determined
from the following relationships:

F. F, where 4, (n = 0,1,...,6) arc the Fouricer coeflicicnts
- - j= and at the hub S, is taken as unity with §; = 5, = 0.
WL+ IF L+ R IFd+IF L+ IR The method as proposed by Hoekstra also makes
Fa an estimation of the scale effect on the wake peak

i

and k= Fl+1F |+ |F\ velocity in the centre plane and for the scale effect on
any bilge vortices that may be present. The method
in which has been shown to give reasonable agreement in a

limited number of cases of full scale to model corretation.
x n Hoy:e;:r, there hgyehbec% very fcwﬁsc(s of tr:ail .rcsultsr
available upon which to base any firm conclusions ol

Fi= J: S(ndr, Fy= J', 5,(rdr this or anyp:lher wake field scal)i!ng procedure.
- 21 Figure 5.13 essentially draws the discussions of
and F, = J S, (rydr effective wake and wake scaling together. In most
[ design or analysis situations the engincer is in
possession of the model nominal wake field and wishes
with to derive the ship or full-scale effective wake field

(1)
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Figure 5.13 Retationship between modet and ship wake
field

characteristics. There are essentially two routes to
achieve this. The most common is Lo scale the derived
nominal wake field from model to full scale and then
to derive the effective wake field at ship scale from
the derived nominal full-scale wake.

5.7 Wake quality assessment
t

The assessment of wake quality is of considerable
importance throughout the ship design process.
Available methods generally divide themselves into
two distinct categories: analytical methods and heuristic
methods. Analytical methods generally use a combi-
nation of all the available wake field data (axial,
tangential and radial components) to assess the flow
quality, whereas heuristic methods normally confine
themselves to the axial component only. Unfortunately
the use of analytical methods such as those proposed
by Truesdell (Reference 15), who introduced a vorticity
measure, Mockros (Reference 16), who attempted to
include the effects of turbulence into the vorticity
measurement and Oswatitsch (Reference 17), who
attempted a vorticity measure for perturbed unidirec-
tional flows, tend to be limited by commercial wake
measurement practices. As a consequence heuristic
assessment procedures are the ones most commonly
used at the present time.

Of the many methods proposed three have tended
to become reasonably widely used as an assessment
basis. In 1973 van Gunsteren and Pronk (Reference
18) proposed a method based on the diagrams shown
in Figure 5.14 in which the basis of the criterion is
the entrance speed cavitation number and the propeller
design thrust loading coefficient Cy for various values
of AJ/J, that is the ratio of the fluctuation in advance
coefficient to the design advance coefficient. The value
AJ is directly related to the variation in the wake field
at 0.7R, consequently, the diagram may be used as
both a propeller design and wake quality assessment

The wake heid 7

criteria. In using this diagram it miust. howeser b
remembered that it only takes into account the booa
parameters of propeller design and the wake nickd
characteristics and, therefore, must te used m rale
commensurate with that caveat.

Huse (Reference 1) developed a set ol cirteria bascd
on the characteristics of 'the axial veloaty tekd du
particular his criteria address the very unportant arca
of the wake peak in the upper part of the propelict
disc. His criteria are expressed as follows

1. For large tankers and other ships with high block
coeflicients w,,,,. the maximum wahe measured at
the centre plane in the range of 0. 4R 1o T ISR abon e
the shaft centre line, should preferably be loss than
0.75:

Woae < 0.75
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Figure 5.14 Van Gunsteren and Pronk assessment biasi
(Reproduced from Reference 18, with perinission)
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2. For fine ships (block coefficients below 0.60) the
We.. value should preferably be below 0.55:

W < 0.55 for C, <060

3. The maximum acceptable wake peak should satisfy
the following relationship with respect to the mean
wake at 0.7R, wg ,:

Waar < 1.TW, ,

4. The width of the wake peak should also be taken
into account. If the width is slightly smaller than
the distance between propeller blades, pressures on
the hull due to cavitation will be maximum.

From the above it is clear that Huse's criteria
addresses the quality of wake, largely in the absence
of the propeller. In practice, however, it is the propeller -
wake combination that gives rise to potential propulsion
and wibration problems. Odabasi and Fitzsimmons
(Reference 19) have extended Huse's work in an
attempt to advance wake quality assessment in this
arca. The criteria proposed in this latter work arc as
follows:

1. The maximum wake measured inside the angular
interval 0, = 10 + 360/Z degrees and in the range
0.4R to 1.15R around the top dead centre position
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of the propeller disc should satisfy the following:
W < 0.75 or Yo < Cy

whichever is smaller.

. The maximum acceptable wake peak should salisfy

the following relationship with respect to the mean
wake at 0.7R:

Woa < 179, 4

. The width of the wake peak should not be less

than 0. The definition of the wake peak for various
wake distributions is shown diagrammatically in
Figure 5.15.

- The cavitation number for the propeiler tip, defined

as

. _9903-D2-Z +T,
" 0.051(xnD)?
and the averaged non-dimensional wake gradicnt
at a characteristic radius, defined as
[AW/(1 = )
should lic above the dividing line of Figure 5.16.
In these relationships,

D is the propeller diameter (m);
z, isthe distance betwen the propeller shaft axis
and the base line (m);
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Figure 6.18 Wake non-uniformity criterion (Reproduced
from Ref: 19, with p ission)

T, is the ship’s draught at the aft-perpendicular
(m);
n is the propeller rotations speed (rev/s);
Aw is the wake variation defined in Figure 5.14.

5. For the propellers susceptible to cavitation, that
is near the grey area of Figure 5.16, the local wake
gradient per unit axial velocity for radii inside the
angular interval 0y in the range of 0.7R to 1.15R
should be less than unity; that is,

1| (dw/do)
(r/RY {1 —w)

where 0 is in radians.

The underlying reasoning behind the formulation of
these criteria has been the desire to avoid high
vibratory hull surface pressures, and Figure 5.16 was
developed in the basis of results obtained from existing
ships.

5.8 Wake field measurement

Mecasurements of the wake ficld are required chicfly
for the purposcs of propeller design and for rescarch
where the various aspects of wake ficld scaling are
being explored. Until comparatively recently methods
of measurement have been intrusive; for example, pitot
tubes, hot wire anemometry, tufts and so on. With
these methods the influence on the flow field of
locating the measurement apparatus in the flow has
always been the subject of much debate. In recent
years, however, the use of lascr-Doppler techniques
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have become available for both model and full-scile
studies and these require only that beams of Laser light
are passed into the fluid.

In the case of model scale measurements detailed
measurements of the wake field have larpely been
accomplished by using pitot rakes, which has ¢ in some
cases been placed on the shaft jn place of the model
propeller, Figure 5.17(a). In these cases the rubes hase
been rotated to different angular positions o detine
the wake field characteristics. Alternatively. some
experimental facilities have favoured the use of a fired
pitot rake, Figure 5.17¢(b), in which the ends of the
pitot rake are placed in the propeller planc. Such
measurements provide quantitative data detining the
nominal wake field and are based on the theory ot
pitot tubes which in turn is based on Bernouill’s
equation. For a general point in any flind tlow the
following relationship applies:

total head (h,) = static head (h,)
+ dynamic head (k)

-

Shaft system

Adjustable pitot rake

(a)

Fixed traverse
frame
Matrix of pitot tubes

[~

VY

L~

{b)

Figure 6.17 Types of wake field traversing methods using
pitot, 1otal and static head tubes: (a) rolating pitot rahe
located on shaft; (b) schematic fixed pitot rake
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Figure 5.18 Pitot-static probe layout

The pitot-static tube shown in Figure 5.18 essentially
comprises two tubes; a total head tube and a static
head tube. The opening A measures the total head in
the dirction Ox whilst the ports B, aligned in the Oy
direction, measure the static head of the fluid. As a
consequence from the above relationship, expressed
in terms of the corresponding pressures, we have

Pa=PpPr—p, (5.8)
from which

2 -
o [i—p) 59)
N .

Depending on the type of flow problem that requires
measurement, the probe is sclected based on the
information required and the physical space available.
As such total head, static head or pitot static tubes
may be used. Clearly the former two probes only
measure onc pressure component, whereas the latier
mceasures both values simultancously. Rakes comprising
combinations of total head and static head tubes are
sometimes constructed to enable complete measurement
10 be made, or alternatively, when space is very
limited, total head and static head tubes can be
inserted into the flow sequentially.

When directionality of the flow is important, since
the foregoing tubes are all unidirectional, special

-

T

|

Total pressure Py

measurement tubes can be used. These normally
comprise cither three- or five-hole total head tubes;
an example of the latter is shown in Figure 5.19. From
the figure it will be seen that the outer ring of tubes
are chamfered and this allows the system to become
directional, since opposite pairs of tubes measure
different pressures and, from previous calibration, the
differential pressures can be related to the angle of
incidence of flow relative to the probe axis. Refcrences
20 and 21 should be consulted for further detailed
discussion of flow measurement by total head and
static head tubes, which is a specialist subject in itself.

In the case of full-scale ship wake ficld measurement
the pitot tube principle has provided much of the data

View along 4

-~ B

Figure 6.19 Typical five-hole total head tube
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(a)

425

(b) s

Figure 5.20 Full-scale wake pitot probe: (a) the mounting
place of the test equipment; (b) exampie of one of tha six,
five hole pitot tubes (Reproduced from Reference 24, with
permission) ..R,
g
that we have at our disposal at this time. Pitot rakes
have cither been placed on the shaft in place of the
propeller, sec for example Canham (Reference 22), to
measure full-scale nominal wake or, alternatively,
fitted to the hull just in front of the propeller to
measure the inflow into the propeller (References 23
and 24); Figure 5.20 shows this type of layout together
with the five-hole tube used in this latter case. Clearly
in the former case of nominal wake measurement, the
ship has to be towed by another vessel, whilst in the
latter case it is self-propelled. The pitot rakes, whether
they be shaft or hull mounted, are made adjustable
in the angular sense so that they can provide as
comprehensive a picture as possible of the wake field.
An alternative to the measurement of flow. velocity
by pitot tube is to use hot-wire or hot-film anemometry
techniques. Such probes rely on the cooling effect of
the fluid passing qver either the heated wires or hot
film to determine ffue flow velocities. In their most
basic form the current passing through the wire is
maintained constant and the flow velocity is determined
by the voltage applied across the wire, since the wire
resistance is dependent upon the temperature of the
wire. A more complex, but widely used, mode of
operation is to employ a feed-back circuit which
maintains the wire at constant resistance and as a
consquence at constant temperature: the current
required to do this is a function of the fluid velocity:
Hot-wire anemometers, like pitot tubes, require
calibration.
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Figure 5.21 Hot X' wire anemometer

A typical hot-wire anemometer is shown tn Figure
5.21, where two wires are arranged in an X conligurstion
Il such an *X" wire is located such that the mean
velocity is in the plane of the *X’ wire it can be used
to measure both components of velocity tHuctuation
in that plane. The more robust hot-film ancmometer
comprises a heated clement of a thin mctallic film
placed on a wedge-shaped base which is both a thermial
and electric insulutor. When used in water, to which
itis ideally suited due o its greater robustness, the
hot film is covered with 4 thin fayer of insuleton to
prevent electrical shorting problems.

In many ways the hot-film or -wirc ancmumeter
extends the range of fluid measurement scenarios fnto
areas where pitot tubes tend to fail. In particular, since
they are small and rapidly responding, they are ideal
for measuring fluctuating flows; in particular the
phenomena of transition and the structure of tusbulent
flows. In acrodynamic work hot-wire and film technigues
have been used widely and very successfully for one-,
two- and three-dimensional flow studies. Lomus
(Reference 25) and Perry (Reference 26) discuss hot-wire
anemometry in considerable detail whilst Scragg and
Sandell (Reference 27) present an interesting comparison
between hot-wire and pitot techniques. For tull-scale
wake field measurements no application of hot-tilin
techniques is known to the author.

Laser-Doppler methods are advanced measurement
techniques which can be applied to fluid veloaity
measurement problems at either mode! or full scale.
The laser-Doppler anemometer measures flow velocit ¥
by measuring the Doppler shift of light scattered
withqugl_c moving fluid, and hence it is 4 non-intrusive
measurefent technique. The light scatter is caused by
the passage of finy' particles suspended in the fuid,
typically dust or fine sand grains, such thiat they
effectively trace the streamline paths of the Huid How.
In general there are usually sufficient particles within
the fluid and in many instances, at full scale, problems
of over-seeding can occur.

The operating principle of a laser-Doppler system
is essentially described in Figure 5.22. In the case of
a single laser beam, Figure 5.22(a), the Doppler shift
is dependent upon the velocity of the object and the
relative angles between the incident and scattered
light. I £ and f, are the frequencies of the incident
and scattered beams, then the Doppler shift is given

by (f, ~f):
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V Focusing
L-fi= 1 [cos 0, + cos 6,] lens
where 1 is the wavelength of the laser.

This expression can be made independent of the
position of the receiver, that is the angle {,, by using
two laser beams of the same frequency as shown in
Figure 5.22(b). This configuration leads to differcntial
Doppler shift seen by the receiver, at some angle ¢,
as follows:

14 0
differential Doppler shift = Z[sin(i) (5.10)

The use, as in this case, of two intersection laser beams Focusing

of the same frequency leads to the introduction of lens

beam splitting optical arrangements obtaining light Pm":‘
from a single laser. Goben
Equation (5.10) can be considered in the context of Laser = Photod,
the physically equivalent model of the interference L Stector
fringes that are formed when two laser beams intersect. Beam
If the two beams, Figure 5.22(c) are of cqual intensity *splitter g
and wavelength, the fringe pattern will appear as a ' - s o
series of flat elliptical discs of light separated by regions ‘ Prism : SEREELEE
of darkness. If a particle moves through these fringes (b) C '
it will scatter light each time it passes through a light
band at a frequency proportional to its speed. Since e ¢ rei-“oprotodetectof |
the separation of the fringes d is given by the expression pomdbt Coaobatie e R I B . b
4/(2sin 0/2) and if the particle moves with a velocity Co C st B lens... ‘"'"“‘”“-" Ry
V, it will move from one interference band to another (i Prism —
with a frequency

Laser Prism
2Vsin(0/2) In }
0 g =2 0R) — -
Beam Prism
The scattered light will, therefore, be modulated at splitter
this frequency, which is the same as the differential (c)

Doppler frequency above. Since the angle 0 and the
wavelength A can be precisely defined, a measurement
of the modulation frequency gives a direct measurc of Blue/oreen (L
the velocity of the particle crossing through the . 1. Bloe [ N Blue Flow |
intersection of the laser beams. Laser unit o m‘\gi L
In terms of practical measurement capabilities several = Blue/green green K

modes of operation exist. These, however, chiefly reen - 4 v|
divide themscives into forward and back scatter b
techniques. Forward scatter methods essentially place
the laser and phplodclef:tO( on opposite sides of the Receiving optics: Bl o |
measurement point, whilst in the back scatter mode 9reen scary "

both the laser and photodetector are on the same side. P Green || % ligh,, ! | :
For discussion purposes four methods are of interest 0 1 >I< Y -
in order to illustratc the basic principles of the Blue "j ered -Vl |
measurement procedure; these are: y ) an uel'l,“”" NG

Fiqure 8.2 Laser-Doppler principle: (a) Doppler shift of 1. reference beam method; ; vight Hovon
2 single nmpomhlp« beam; '('b) intersecting l’“.:.:.m 2. differential Doppler - forward scatter;
‘ 0 : {c) hinge pe om two W9 lsser boams 3. differential Doppler - backward scatter;

4. multi-colour differential Doppler.

Transmitting optics

Green Blue
photodetector photodetector

In the case of the reference beam method (Figure (d) o ) ) ‘
5.23(a)), the photodetector is mounted coaxially with Figure 6.23 Laser-Doppler modes of operation: (s) refa beam : (b) diff Doppler—torward scattr.
the reference laser beam in order to measure the (c) differential Doppler—back scatter; (d) multi-colour differential Doppler mode
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velocity within the fluid normal to the optical axis of
the instrument. In order to optimize the Doppler
signal quality an adjustable neutral density filter is
normally used to reduce the intensity of the reference
beam.

The differential Doppler, forward scatter mode of
measurement employs two laser beams of equal intensity
which are focused at a point of interest in the fluid
(Figure 5.23(b)). The scattered light can then be picked
up by the photodetector, which is inclined at a suitable
angle x to the optical axis of the instrument: the angle
a is not critical, since the detected Doppler frequency
is independent of the direction of detection. This
method is often employed when the intensity of the
scattered light is low. Furthermore, the method has
obvious advantages over the preceding one since the
photodetector does not have to be located on the
reference beam.

The backward scatter differential Doppler mode
(Figure 5.23(c)) permits the laser optics and the
measurement optics to lic on the same side of the flow
Measurement point — an essential feature if full-scale
ship wake measurements are contemplated. The
disadvantage of this type of system is that the intensity
of the back-scattered light is usually much lower than
that of the forward scattered light. This normally
requires cither a higher concentration of scattering
particles or a higher laser power to be used to
overcome this problem.

The three foregoing systems only measure velocities
in one component direction. To extend this into two
or more velocity components a multi-colour system
must be used. Figure 5.23(d) outlines a two-colour
back-scatter differential Doppler mode. In such a
system the transmitting optics splits a dual-colour
laser beam into converging single-colour beams with
a combined dual-colour central beam; that is, three
beams in total. The beams are then focused at the
point where the measurement is required and the
scattered light is returned through the receiving optics,
mounted coaxially with the transmitting optics, and
then diverted to photodetectors - one for each colour
light. The two views shown in Figure 5.23(d) are in
reality a single unit containing both sets of optics. The
ability of such systemns to detect two velocity components
can be visualized from Figure 5.24, in which the two
pairs of fringe patterns are made to intersect in
orthogonal planes and give a resultant fringe pattern
of the type shown in the measurement volume. In this
way the particles passing through this measurement
volume will scatter light from both orthogonal fringe
patterns. C

For shipboard measurements a laser system of
considerable power is required, and this requires both
a carefully designed mounting system to avoid vibration
problems and the provision of adequate cooling
arrangements. At model scale less powerful systems
are required and these can be of the forward scatter
type since the limitation of approaching the measure-

e X i, (RIS o D RPN M S s craad 5 N e P IL

Second colour
fringe pattern

First colour
fringe pattern

Combined fringe
pattern

Figure 6.24 Twao-colour frings model (Courtesy: DANTEC
Electronics Ltd)

ment from one side of the flow does not normally
apply. Reference 28 provides a very good introduction
to the subject of laser Doppler anemometry.
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For discussion purposes the performance characteristics
of a propeller can conveniently be divided into open
water and behind hull properties. In the case of open
water characteristics, these relate to the description of
the forces and moments acting on the propeller when
operating in a uniform fluid stream; hence the open
water characteristics, with the exception of inclined
flow problems, are steady loadings by definition. The
behind hull characteristics are those gencrated by the
propeller when operating in a mixed wake field behind
a body. Clearly these latter characteristics have both
a steady and unsteady component by the very nature
of the environment in which the propeller operates.
In this chapter both types of characteristics will be
treated separately: the discussion will initially centre
on the open water characteristics since these essentially
form the basic performance parameters about which
the behind hull characteristics are generated when the
ptopeller is working behind a body.

6.1 General open water
characteristics

The forces and moments produced by the propelier
are expressed in their most fundamental form in terims
of a series of non-dimensional characteristics: these
are completely general for a specific geometric
configuration. The non-dimensional terms used to
express the general performance characteristics are as
follows:

- T
thrust coeflicient Ky = ———
cien TS

. Q
torque coefficient Ko = —3--
rq efficie! Q= g
(6.1)
advance coeffficient J = -*
nD

cavitation number o = E,o—f

20V
where in the definition of cavitation number, V is a
representative velocity which can either be based on
free stream advance velocity or propeller rotational
speed. Whilst for generalized open water studies the
former is more likely to be encountered there are
exceptions when this is not the case, notably at the
bollard pull condition when ¥, = Oand hence s, — 0.
Consequently, care should be exercised when using
design charts or propeller characteristics for analysis
purposes.

To establish the non-dimensional groups involved
in the above expressions (equations (6.1)), the principle
of dimensional similarity can be applied to geometrically
similar propellers. The thrust of a marine propeller
when working sufficiently far away from the free
surface so as not to cause surface waves may be
expected to depend upon the following parameters:

PN S APANIR, SH
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(a) the diameter (D);
(b} the speed of advance (V)
(¢) the rotational speed (n),
(d) the density of the fluid (p);
(¢) the viscosity of the fluid (u);
(f) the static pressure of the fluid ut the propelles
station (p, — ¢).

Hence the thrust {7') can be assumed to be proporional
op, DV, nygand (p, — e}

To p* D Vn'n! (py — e
Since the above equation must be dunensionally
correct it follows that

MLT % = (ML PLE(LT '¥(T Y

x (ML'T YY(ML 'T 2y

and by equating indices for M, L and T we hasve

For mass M: l=utf+y

For length L: l=-3a+b+tc—1 y

Fortime T: 2= -¢c—d-/f - 2y
from which it can be shown that

a=1l—f—y

h=4-¢c—-2 -y

d=2—-c—f-2

Hence from the above we have
To I'(I “f- g)l)u ¢~ ij.n’:‘”q) < f .'4*,11 ”,., Sy

from which

r=pnpt (LN (Y (P Y
nD pnD? pn’ D?

These non-dimensional groups are known by the
following:

T
. flici G
Thrust coeflicient K i D
. Ve
Advance cocfficient  J = —
nD
pnD?
Reynolds number R, =
n
Py — ¢

Cavitation number 0, = T—5-5
° ipllJ D?

L Ky {J.R, 05}
that is

Ky=/f(J,R,,0,) 16.2)
The derivation for propeller torque Ky is an analogous
problem to that of the thrust coefficient just discussed.
The same dependencies in this case can be considered
to apply, and hence the torque (Q) of the propeller
can be considered by writing it as a function of the
following terms:

Q= p*D*Vn'n (p, — ey
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and hence by equating indices we arrive at

vV \¢ n s Po— € ’
= Ipst =2 N -
Q=pn’D (nD) (an’) (pn’D'

which reduces 10

K, =g, R, 0,) (6.3)
where the torque coefficient
Q
Ky=——
Q pn’D’

With the form of the analysis chosen the cavitation
number and Reynold's number have been non-
dimensionalized by the rotational speed. These numbers
could equally well be based on advance velocity, so that

Po— € pvD
9y = T—7 and R, =—

Furthermore, by selecting different groupings of indices
in the dimensional analysis it would be possible to
arrive at an alternative form for the thrust loading:

T = p¥V2D*(J,R,, 0,)

which gives rise to the alternative form of thrust
cocflicient C defined as

1.4
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Cy = O(J,R,.0,) (6.4)

Similarly it can be shown that the power coeflicient
C, can also be given by

Ce = ¢(J,R,.04) (6.5)

In cases where the propeller is sufficiently close to
the surface, so as to disturb the free surface or 10 draw
air, other dimensionless groups will apply. These will
principally be the Froude and Weber numbers, and
these can readily be shown to apply by introducing
gravity and surface tension into the foregoing dimen-
sional analysis equations for thrust and torque.

A typical open water diagram for a set of fixed pitch
propelier working in a non-cavitating environment at
forward, or positive, advance coefficient is shown in
Figure 6.1. This figure defines, for the particular
propeller, the complete set of operating conditions at
positive advance and rotational speed, since the
propeller under steady conditions can only operate
along the characteristic line defined by its pitch ratio
P/D. The diagram is general in the sense that, subject
to scale effects, it is applicable to any propeller having
the same geometric form as the one for which the
characteristic curves were derived, but the subject
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Figure 8.1 Open water diagram for Wageningen B5-75 screw series (Courtesy MARIN)

propeller may have a different diameter or scale ratio
and can work in any other fluid, subject to certain
Reynolds number effects. When, however, the K, K

versus J diagram is used for a particular propeller o
a given geometric size and working in a particular
fluid medium, the diagram, since the density of the
fluid and the diameter then become constants, effectively
reduces from general definitions of K, Kgand J to
a particular set of relationships defining torque, thrust,

revolutions and speed of advance as follows:
N

ERIEC N

Thealternative form of the thrust and torque coefficient
which stems from equations (6.4) and (6.5), and which
is based on the advance velocity rather than the
rotational speed, is defined as follows:

T
Cr=q1——y
L PV
c Py (6.6)
=2
’ iP“‘oV.I

From equation (6.6) it can be readily deduced that
these thrust loading and power loading coefficients
can be expressed in terms of the conventional thrust
and torque coefficient as follows:

_8K
"TTa s
and
8 K
Cp=--2 .
PER7 6.7

The open water efficiency of a propeller (7, ) is defined
as the ratio of the thrust horsepower to delivered
horsepower:

_ THP
" = Bhp
Now since THP = TV,
and DHP = 2anQ

where T is the propeller thrust, ¥,, the speed of
advance, n the rotational speed of the propeller and

- Q the torque. Conscquently, we may write

TV,
" 2nnQ
ie.
Ky J
n, = —K_o o (6.8)
The Kq, Ky versus J characteristic curves contain all
of the information necessary to define the propeller
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performance ata particular operating condition ideed.
the curves can be used for design purposes fn
particular basic geometry when the modet chasacternstios
are known for a series of pitch ratios. This. however.
is a cumbersome process and o overcome these
problems Admiral Taylor derived a set of desipn
coefficients termed B, and 8; these coctlicients, unhike
the K, K and J charactenstics, are dimcnsional
parameters and so considerable care nceds to be
exercised in their use. The terms B, and o are detined
as follows:

D V2
B =( HP)IN

3 '—7!_'

ND (.9)
& =

7

where DHP = the delivered horsepower in Butish oe
i metric units depending on the dats uswd,
N = the propeller RPM;
¥, = the speed of advance (knots);
D = the propeller diameter (f1).

From Figure 6.2, which shows & typical propelier
design diagram, it can be scen that it cssentially
comprises a plotting of B,. as abscissa, against patch
ratio as ordinate with lines of constant o and upen
water efficiency superimposed. This diagrani 15 the
busis of many design procedures for nrine propelices,
since the term B, is usually known from the cngine
and ship characteristics. From the Figure a line of
optimum propeller open water efficiency can be seen
as being the locus of the points on the diagram which
have the highest efficiency for a given value of 8,
Consequently, it is possible with this diagram to sclect
values of & and P/D to maximize the open water
efficiency n, for 4 given powering condition as defined
by the B_ parameter. Hence a basic propeller geometry
can be derived in terms of diameter D, since D = 54, N,
and P/D. Additionally this diagram can be used for
a variety of other design purposes, such as, lor
example, RPM selection; however, these aspects of
the design process will be discussed later in Chapier 21

It will be seen that the B versus d diagram is hmuted
to the representation of forward speeds of advance
only, thatis, where ¥, > 0, since B, — w when 4, = 0
This limitation is of particular importance when
considering the design of tugs and other similar craft,
which can be expected to spend an impoctant purt of
their service duty at zero ship speed, termed bollard
pull, whilst at the same time developing full power.
To overcome this problem, a different sort of design
diagram was developed from the fundamental A . K,
versus J characteristics, so that design and analysis
problems at or close to zero speed of advanve can be
considered. Thisdiagram is termed the ji — o diagram,
and a typical example of one is shown in Figuse 6.3
In this diagram the following relationships apply:
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2rQ

where D = propeller diameter (m);
Q = delivered torque (kgfm);
p = mass density of water (kgm™*s?);
T = propeller thrust (kgf);
n = propeller rotational speed (rev/s);
¥, = ship speed of advance (m/s).

(6.10)

Diagrams of the type shown in Figure 6.3 are
non-dimensional in the same sense as those of the
fundamental K, K, characteristics and it will be scen
that the problem of zero ship speed, that is when
¥, = 0, has been removed, since the function ¢ — 0
as ¥, -+ 0. Consequently, the line on the diagram
defined by ¢ = 0 represents the bollard pull condition
for the propeller. It is important, however, not to
confuse propeller thrust with bollard pull, as these
terms are quite distinct and mean different things.
Propeller thrust and bollard pull are exactly what the
terms imply; the former relates 10 the hydrodynamic
thrust produced by the propeller, whereas the latter
is the pull the vessel can exert through a towline on
some other stationary object. Bollard pull is always

Table 6.1 C. functional relati

hips (British units)

Po
N*D*

K = 9.5013 x IO‘(

FKQ
B, = 2377 ’—7;—

10833y, 10133
Jm .

) (salt water)

ND S5
! N3D?
Bom —— = 3.2442 x 1074 (salt water)
VKq V Py
J
¢=——=Jpy
VKq
oot K
J ¢ xK,
where:

Py = delivered horsepower in Imperial units;

Q = delivered torque at propeller in (Ib{ft);

T = propeller thrust (Ibf);

N = propelier rotational spoed in (rpm);

n = propeller rotational speed in (rev/s);

D = propeller diameter in (ft);

¥, = propeller speed of advance in (knots);

¢, = propeller speed of advance in (ft/s);

p = mass density of water (1.99 slug/it® sea water;

1.94 slug/ft? for fresh water)

less than the propelier thrust by a complex ratio, which
is dependent on the underwater hull form of the vessel,
the depth of water, the distance of the vessel from
other objects, and so on.

In the design process it is frequently necessary to
change between cocfficients, and to facilitate this
process. Tables 6.1 and 6.2 are produced in order to
show some of the more common relationships between
the parameters.

Note the term ¢ in Tables 6.1 and 6.2 and in
equations (6.10) should not be confused with cavitation
number, which is an entirely different concept. The
term o in the above Tables and equation (6.10) relates
to the u-o diagram, which is a non-cavitating diagram.

6.2 The effect of cavitation on open
water characteristics

Cavitation, which is a two-phase flow phenomenon,
is discussed more fully in Chapter 9; however, it is
pertinent here to recognize the effect that cavitation
development can have on the propeller open water
characteristics.

Cavitation for the purposes of generalized analysis
is defined by a free stream cavitation number o, which
is the ratio of the static to dynamic head of the flow.
For our purposes in this chapter we will consider a
cavitation number based on the static pressure at the

Table 6.2 C 1 ional relati

hips (Metric units)

P,
Kq = 2.4669 x 10* (N—,;’;) (salt water)

PKQ
B, =23.77 ’7;—

J 30.896¥, 101.33

ND '
1 . IN3D?
”-:/7-6.3668)(!0 —P—(ull water)
Q D
¢ ! J
- Jy
VKq
ek Ky
J ¢ K,

where:

Py = delivered horse power (metric units);

Q = delivered propeller torque (kpm);

T = propeller thrust (kp);

N = propeller rotational speed (RPM):

n = propelier rotational speed (rev/s);

D = propeller diameter (m);

V, = propelier speed of advance (knots);

v, = propeller speed of advance (m/s);

p = mass density of water (104.48 sca water)

(101.94 fresh water)

shaft centre line and the dynamic head of the free
stream flow ahead of the propeller:

_ _static head  p,— e
~ dynamic head ;;;V_’

gy

where p, is the absolute static pressure at the shaft
centre line and e is the vapour pressure at ambient
temperature. Consequently, a non-cavitating flow is
one where,(p, — e} » ;pV,, that is one where g is
large. As g, decreases in value cavitation takes more
effect as demonstrated in Figure 6.4. This figure
illustrates the effect that cavitation has on the K and
K, curves and, for guidance purposes only, shows a
typical percentage of cavitation on the blades experi-
enced at various cavitation numbers in uniform flow.
Itis immediately apparent from the figure that moderate
levels of cavitation do not affect the propulsion
performance of the propeller and significant cavitation
activity is necessary in order to get thrust and torque
breakdown. Furthermore, it will frequently be noted
that the K; and K, curves rise marginally above the
non-cavitating line just prior to their rapid decline
after thrust or torque breakdown.

It is, however, important not necessarily to associate
the other problems of cavitation, for example hull
induced vibration and erosion of the blade material,
with the extent of cavitation necessary to cause thrust
and torque performance breakdown. Relatively small
levels, in terms of the extent, of cavitation, given the
correct conditions, are sufficient to give rise to these
problems.

6.3 Propeller scale effects

Open water characteristics are frequently determined
from model experiments on propellers run at high
speed and having diameters of the order of 200-300 mm.
It is, therefore, reasonable to pose the question of how
the reduction in propeller speed and increase in
diameter at full scale will affect the propeller performance
characteristics. Figure 6.5 shows the principal features
of scale effect, from which it can be seen that whilst
the thrust characteristic is largely unaffected the
torque coefficient is somewhat reduced for a given
advance coeflicient.

The scale effects affecting performance characteristics
are cssentially viscous in nature, and as such are
primarily due to boundary layer phenomena dependent
on Reynolds number. Due to the methods of testing
model propellers and the consequent changes in
Reynolds number between model and full scale, or
indeed a smaller model and a larger model, there can
arise a different boundary layer structure to the flow
over the blades. Whilst it is generally recognized that
most full-scale propellers will have a primarily turbulent
flow over the blade surface this need not be the case
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for the model where characteristics related 1o bamina
flow can prevail over significant parts of the blade

In order to quanuly the effect of scule on the
performance characteristics of a propetler an analy tcal
procedure is clearly required. There s, however, no
common agreement as to which is the best procedure
In survey conducted by the 1987 ITTC it wis shown
that from a sample of 22 organizations, 1% used the
ITTC 1978 procedure; 23% made corrections based
on correlation factors developed from cxpenence;
13%, who dealt with vessels having open shatts and
struts, made no correction at all; a further 3%
endeavoured to scale each propulsion coctlicicnt whilst
the final 10% scaled the open water test duta and then
used the estimated full-scale advance cocthaien. tos
clear, therefore, that research is necded i thes drcain
order to bring a measure of unificution between
organizations.

At present the principal analytical tool avaatable s
the 1978 ITTC performance prediction method, which
is based on a simplification of Lerbs’ equivalent profile
procedure. Lerbs showed that a propeller can be
represented by the characteristics of an cquivalent
seclion at a non-dimensional radius of wound O.70R
or 0.75R, these being the two sections nornally
chosen. The method calculates the chunge in propetler
performance characteristics as follows.

The revised thrust and torque churactenstios arc
given by

Ky =K, —AK,
Ko, = Kq, —AKq

where the scale corrections AK p and AR, are given by

P\(c#
AK, = —043A(‘D(b><‘n~)

Z
AK, = 0.25AC, (fb’)

6.11)

and in equations (6.11) the suffixes » und m denote
the {ull-scale ship and model test values respectively.
The term ACy, relates to the change in dray coctlicient
introduced by the differing flow regimes at modet and
full scale, and is formally written as

ACp = Cpp — Cog
where

2\l 0.044 5
o210 ) g

and
' . 25
bs = 2(1 +g—‘><l,89 + l.62log,0(-(,— ))
¢ Ly,

In.these relationships (/¢ is the section thickness to
chord ratio; P/D is the pitch ratio; ¢ is the section
chord length and R, is the local Reynolds number,
all relating to the section located 0.75R. The blade
roughness K, is taken as 30 x 10" °m.
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Figure 8.8 Principal features of scale effect

In this method it-is assumed that the full-scale
propeller blade surface is hydrodynamically rough and
the scaling procedure considers only the effect of
Reynolds number on the drag coeflicient.

An alternative approach to the use of equation
(6.11) has been proposed by Varsarmov (Reference 1)
in which the correction for the Reynolds eflect on
propeller open water efliciency is given by

enerol G (]

where

v
o= ()
0

From the analysis of the function F(J) from open
water propeller data, it has been shown that J, can
be taken as the zero thrust advance coefticient for the
propeller. Consequently, if model tests are undertaken
at two Reynolds numbers and the results analysed
according to equation (6.12); then the function F(J)
can be uniquely determined.

Yet another approach has recently been proposed
(Reference 2) in which the scale effect is estimated
using open water performance calculations for propetlers
having similar geometric characteristics to the Wagenin-
gen B series.

The results of the analysis are presented in such a
way as

K
L= 5= SR, Ky)
K - (6.13)
]
1 —n—" =g(R,.Ky)

Oy
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where the suffix 1 represents the values of A and oy,
for an ideal flud. Consequently, d model values of
the thrust and torque at the appropraic wdvance
coeflicient are known, thatis Ky _, K, . toeciher with
the model Reynolds number, then from cyuanon
(6.13) we have

Kia s fR, . K,)
Ky, e e
.S USRS

Ky, T - fiR,_, KI_)= ) ~(l i l'\,w“)

Similarly

From which the tdeal values of K| and 5, can be
determined for the propeller in the dail flud Swace
the eflect of scale on the thrust coeflicicnt is usuully
small and the full-scale thrust coeflicient will he
between the mode! and ideal values the assumplion
is made that ‘

= (e )

that is the mean value, and since the fullsaale
Reynolds number R, is known, the functions

SRKy)  and (R, Ky,

can be determined from which the full-scude values of
Ky, and 1y, can be determined from equation (o 13y

Ky, =K [l~f(R,. K )]
Mo = o, [T — 9(R,,, Ky )]

from which the full-scale torque cocthicicnt can be
derived as follows:
J K
Kg =~ —H
&7 2 o,

The essential difference between these latter two
approaches is that the scale effect 15 assumed to bea
function of both Reynolds number and propeler
loading rather than just Reynolds number alone as 1
the case of the present ITTC procedure. It has been
shown that significant differences can ansc between
the results of the various procedures. Scale effect
correction of mode! propeller characteristics Is Pot
simple procedure and much attention needs 1o tx: puid
1o the effects of the flow structure in the borandary
layer and the variations of the lift and drag charu. ctenistics
within the flow regime. With regard to thy: general
question of scaling, the above methods were primanly
intended for non-ducted propellers opersking on ther
own. Clearly compound propeliers siich as contra-
rotating screws and ducted propriilers will present
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particular problems in scaling. In the case of the
ducted propeller the interactions between the propeller,
the duct and the hull are of particular concern and
importance. In addition there is also some evidence
1o suggest that vane wheels are particularly sensitive
to Reynolds number effects since both the section
chord lengths and the wheel rotational speed are low,
which can cause difficulty in interpreting model test data.

6.4 Specific propeller open water
characteristics

Before proceeding to outline the various standard
series available to the propelier designer or analyst,
itis helpful 10 briefly consider the types of characteristic
associated with each of the principal propeller types,
since there are important variants between, say, fixed
pitch and controllable pitch propellers or non-ducted
and ducted propellers.

6.4.1 Fixed pitch propellers

The preceding discussions in this chapter have used
as examples the characteristics relating to fixed pitch
propellers since these are the simplest form of propeller
characteristic. Figure 6.1 is typical of this type of
propeller in that the propeller, in the absence of
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significant amounts of cavitation, as already discussed,
is constrained to operate along a single set of
characteristic thrust and torque lines.

6.4.2 Controllable pitch propellers

With the controllable pitch propeller the additional
variable of pitch angle introduces a three-dimensional
nature to the propeller characteristics, since the total
characteristics comprise sets of Ky and K, versus J
curves for each pitch angle as scen in Figure 6.6.
Indeed, for analysis purposes the performance char-
acteristics can be considered as forming a surface, in
contrast 1o the single line for the fixed pitch propelicr.

When analysing the performance of a controllable
pitch propeller at off-design conditions use should not
be made of fixed pitch characteristics beyond say 5
or 10" from design pitch since the cffects of scction
distortion, discussed in Chapter 3, can ailect the
performance characleristics considerably.

A further set of paramelters arises with controllable
pitch propellers and these are the blade spindle
torques, a knowledge of which is of considerable
importance when designing the blade actuating
mechanism. The total spindle torque, which is the
torque acting about the spindle axis of the blade and
which requires cither 1o be balanced by the hub

-

-

mechanism in order to hold the blades in the required
pitch setting or, alternatively, to be overcome when
a pitch change is required, comprises three components
as follows:

041, 00) = Qu(J. A0) + Qyc(n, AD) + Qyr U, A0)
(6.14)

where Qg is the total spindle torque at a given value
of J and AU;

Qs the hydrodynamic component of spindle
torque due 1o the pressure field acting on the
blade surfaces; .

Qyc is the centrifugal component resulting
from the blade mass distribution;

Qse is the frictional component of spindie
torque resulting from the relative motion of
the surfaces within the blade hub.

The latter component due to friction is only partly in
the domain of the hydrodynamicist, since it depends
both on the geometry of the hub mechanism and the
system of forces and moments generated by the blade
pressure field and mass distribution acting on the
blade palm.

Figure 6.7 shows typical hydrodynumic and centri-
fugal blade spindle torque characteristics for a
controllable pitch propelier. In Figure 6.7 the spindle
torques are expressed in the coeflicient form of Koy
and K . These coefficients are similar in form to the
conventional propeller torque coefficient in so far as
they relate to the respective spindle torques as follows:

- Qs
asu pllzD’
(6.15)
Kose = “QSTC‘?
Pun"D

where p is the mass density of water and g, is the
mass density of the blade material. Clearly, since the
centrifugal component is a mechanical property of the
blade only, it is independent of advance coefficient.
Hence Ky is a function of A0 only.

6.4.3 Ducted propellers

Whilst the genera! aspects of the discussion relating
to non-ducted, fixed and controllable pitch propellers
apply to ducted propellers, the total ducted propulsor
thrust is split into two components: the algebraic sum
of the propeller and duct thrusts and any second-order
interaction effects. To a first approximation, therefore,
the total propulsor thrust T can be written as

T=T,+T,

where T, is the propeller thrust
and T, is the duct thrist.
In non-dimensional form this becomes

G
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Figure 8.7 Typical controtiable pitch propeller spindic turque
characteristic curves

Ky=Kyp+ Ky to.10)

where the non-dimensionalization factor is pn? D* us
before.

The results of model tests normally present values
of Ky and Ky plotted as a function of advance
coeflicient J as shown in Figure 6.8 for a tixed pitch
ducted propulsor. The torque characteristic 15, of
course, not split into components since the propelier
itself absorbs all of the torque of the engine. In general
the proportion of thrust generated by the duct to that
of the total propulsor thrust is a variable over the
range of advance coefficient. In merchant practice by
far the greater majority of ducted propellers are
designed with accelerating ducts, as discussed previously
in Chapter 2. For these duct forms the ratio of A ;. K
is of the order of 0.5 at the bollard pull, or zero advance
coefficient, condition, but this usually falls to around
0.05 or 0.10 at the design free-running condition.
Indeed, if the advance coefficient is increased to a
sufficiently high level, then the duct thrust wilt change
sign, as scen in Figure 6.8, and act as a drag; however,
this situation is unlikely to arisc in normal pructice.
When decelerating ducts are used, analogous conditions
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Figure 8.8 Open-water test resuits of K, 4-70 screw series with nozzle no. 19A (Courtesy: MARIN)

arise, but the use of these ducts is confined 10 certain
specialist cases, normally those having a low radiated
noise requirement.

6.4.4 High-speed propellers

With high-speed propellers much of what has been
said previously will apply depending upon the
application. However, the high-speed propeller will
be susceptible to two other factors. The first is that
cavitation is more likely to occur, and consequently
the propeller type and section blade form must be
carefully considered in so far as any supercavitating
blade section requirements need to be met. The second
factor is that many high-speed propeliers are fitted to
shafts with considerable rake angles. This rake angle,

when combined with the flow directions, gives rise to
two flow components acting at the propeller plane as
seen in Figure 6.9. The first of these is parallel 10 the
shaft and has a magnitude ¥, cos() and the second
is perpendicular to the shaft with a magnitude ¥, sin (1)
where 1 is the relative shaft angle as shown in the
figure. It will be appreciated that the second, or
perpendicular, component immediately presents an
asymmetry when viewed in terms of propeller relative
velocities, since on one side of the propeticr disc the
perpendicular velocity component is additive to the
propeller rotational velocity whilst on the other side
it is subtractive (sec Figure 6.9). This gives rise to a
differential loading of the blades as they rotate around
the propeller disc, which causes a thrust eccentricity
and side force components. Figure 6.10 demonsirates
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these features which of course will apply generally to
all propellers working in non-uniform flow but are
more noticeable with high-speed propellers due to the

charts, which will assist in selecting the most appropriate
dimensions of actual propellers to suit full-size ship
applications.
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Table 8.6 Geometry of the Wageningen B-screw series (taken from Reference 7)

Dimensions of four, five, six and seven bladed propellers

Position of generator line

speeds and inclinations involved. The magnitude of The purpose of this section is not to provide the R ¢ 2 afe bfe YD = A, - B,Z Position of maximum thickness
these cocentricities can be quite large; for example, in veader with an exhaustive catalogue of results but 10 D Ag/Ay .
the case of unity pitch ratio with a shaft rake of 20°, introduce the various model series in terms of their 4, B, -
the transverse thrust eccentricity indicated by Figure nature and extent and provide suitable references from 0.2 1.662 0.617 0.350 0.0526 0.0040 TE i E‘
6.10 may well reach 0.40R. Naturally due to the which the full details can be found. Table 6.3 summarizes 03 1.882 0.613 0.350 0.0364 0.0035 i
non-uniform tangential wake field the resulting the fixed pitch, non-ducted propeller series referenced 04 2050 0.601 0.351 0.0402 0.0030 l Pitch or reference Tine
cavitation pattern will also be anti-symmetric. here to enable rapid selection of the appropriate series 0.5 2.152 0.586 0.355 0.0340 0.0025 P=—1 P=0 P=s1
for a particular set of circumstances. 0.6 2.187 0.561 0.389 0.0278 0.0020
07 2.144 0.524 0.443 0.0216 0.0015 LE = leading edge
. 03 1.970 0463 - 0479 0.0154 0.0010 TE = wrailing edge ‘

6.5 Standard series data 6.5.1 Wageningen B-screw series 0.9 1.582 0.351 0.500 0.0092 0.0005 MT = location of maximum thickness

10 0.000 0.000 0.000 0.0030 0.0000 D1 = location of directrix

Over the years there have been a considerable number

This is ;ierhaps the most extensive and widely used

of standard serics propellers tested in many different  propeller series. The series was originally presented Dimeasions for three bluded propetlers Viace . Y1 lfman = f10) }lor PO
establishments around the world. To discuss them all in a sct of papers presented by Troost (References /R z j Yook = {1 +v2lltmax ~ tiud + 0.

in any detail would clearly be a large undertaking 3-5)in thelate 1940s and, amongst many practitioners, ' L. afe bfc 4D =4, -82 and

requiring considerable space; consequently, those most is still referred 10 as the *Troost series’. Over the yeirs D Ay/4o A B Yisce " Villmen — t14.) | .
commonly used today by propeller designers and  the model series has been added 10 $0 as to provide ! 4 Yoscn= Wy #Vad(tpau — b, 1+ 8, | 107 P20
analysts are referenced here. a comprehensive fixed pitch, non-ducted propeller 0.2 1.633 0.616 0.350 0.0526 0.0040 '

The principal aim in carrying out systematic propeller series. From analysis of the early results it was 0.3 1.832 0.611 0.350 0.0464 0.0035 Referring to the diagram, note the following:
tests is 1o provide a data base to help the designer  appreciated that a certain unfairness between the 04 2.000 0399 0350 00402 0.0030 Yiace. Yosck = vertica! ordinate of a point on 4
understand the factors which influence propeller  various design diagrams existed and this was considered 0.5 2.120 0.583 0.355 '0.0340- -~ 0.0025 blade section on the face and on
performance and the inception and form of cavitation to result from the scale effects resulting from the 06 2.186 0.558 0.389 0'0578 0.0020 the back with respect to the pitch
on the blades under various operating conditions. A different model tests. This led to a complete re-appraisal 07 2.168 0.526 0442 00216 0.0015 line. . i
sccondary purpose is to provide design diagrams, or  of the series in which the differences in test o8 212 damt oam8 20154 0010 tmax = maximum thickness of blade section.

¥ purpo P 8 8 ' ’ 09 1.657 0.400. 0.500 0.0092 0.0005 tie. ti.e. = extrapolated blade section thickness
1o 0.000 0.000" 0.000 00030 - 0.0000 - ~ at the trailing and leading edyes.
vi,v2 = tabulated functions dependunt on
Table 6.3 Fixed pitch, non-d d propeller series Y A,. B, = constants in equation for 1/D " r/R and P. s
a = distance between leading cdge and generator line at ¢ P = non-dimensional coordinate atony
Series No. of Range of parameiers D n/R Cavitation Notes b = distance between Icading gdgc and I9calion of maximum thickness pitch line from POsition of maximum
propellers (mm) data ¢ = chord length of blade section ar radius 4 thickness ta feading edge (where
in series VA Ae/*‘o P/D available t = maximum blade section thickness at radius r P = 1), and from position of
maximum thickness to railin
Wageningen 8 ~120 2-7 0.3-1.05 0.6-14 250 0.169 No Four bladed propeller edge (where P = —1). N
senies has non-constant pitch R .
dist. Values of ¥, for use in the equations
Au serics 34 4-7 0.4-0.758 0.5-1.2 250 0.180 No
Gawn series 3 3 0.2-1.1 04-20 508 0200 No /R Prlio —o9s —09  —08  -07 06 -05 04 —02 o
KCA series =30 3 0.5-1.25 0.6-2.0 406 0200 Yes —_
Ma series 32 Jand 5 0.75-1.20 1.0-1.45 250 0.190  Yes 0.7-10 0 0 0 0 0 0 0 0 0 U
] Neylon Radar 12 3 0.5-1.0 1.05-2.08 254 0.167  Yes 0.6 0 0 0 0 0 0 0 0 0 0
wKnes - . 0.5 00522 00420 00330 00190 00100 00040 00012 O [¢] 0
KCD series 24 3-6 0.587 Princ. 0.6-1.6 406 0200  Yes Propellers not geosyms 04 0.1467 01200 00972 00630 00395 00214 00116 00044 0O 0
" . (mainly 4)  0.44-0.8 ) 0.3 02306 02040  0.1790  0.1333 00943 00623 0.0376 00202 00033 0
Meridian series 20 6 045-105  04-12 305 0.185  Yes Propeliers not geosyms 025 02598 02372 02115  0.1651 0.1246 00899 0.0579 00350 0.0083 0
0.2 0.2826  0.2630 0.2400  0.1967 0.1570  0.1207 0.0880 0.0592 00172 0
. 0.15 03000 0.2824 02650 0.2300 0.1950 0.1610  0.1280 0.0955  0.0365 0
Table 6.4 Extent of the Wageningen B-screw series (taken from Reference 6) /R P +10 +0.95 +09 +08§ +08 +07 +06 +05 +04 +02 o
Blade Blade area ratio A./A, T
mumber (Z) . ] 0.7-10 0 0 0 0 0 0 0 0 0 0 0
0.6 00382 00169 00067 00022 00006 O 0 0 0 0 0
5 2 0.30 0.5 0.1278 00778 00500 00328 00211 00085 00034 00008 0 0 0
3 0.35 0.50 0.65 0.80 04 02181  0.1467  0.1088 00833 00637 00357 00189 0009 00033 0 0
! 4 0.40 0.55 0.70 0.85 1.00 03 0.2923 02186 0.1760 0.1445  0.1191 00790 00503 00300 00148 00027 ©
1 s 045 0.60 0.75 1.05 ‘ 0.25 03256 02513 02068 0.1747  0.1465 0.1008 00669 00417 00224 00031 ©
6 0.50 0.65 0.80 0.2 03560 02821 02353 02000 0.685 0.1180 00804 00520 00304 00049 0O
? 0.55 0.70 0.85 015 03860 03150 02642 02230  0.870 0.1320 00920 00615 00384 O0Or6 0
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Table 6.5 (Cont.) ; t Table 6.6 Cosfficients for the X, and K, palynomials representing the Wageningen B-screen series for a8 Reynolds number of
f 2 x 10* (taken from Reference 7)

! Thrust (K )

Propelier performance charactenisucs 101

Values of ¥, for use in the equations

Torque (Kg)
P .

i

rR -0  -095 -09 -08 -07 06 -05 -04 -02 © : " G, FERE W aewm Gt e s u .
09-1.0 ) 00975 019 036  0S1 064 075 084 09 | D _ED) ) @) W) BD) tede
0385 0 00975 0.19 0.36 0.51 0.64 075 0.84 096 I | +00088049%6 © o 0 0 I +00037938 0 0 ' o o
08 0 0.0975 0.19 0.36 0.51 0.64 0.75 0.84 096 i i 2 —0.204554 1,.1a.0 0 0 2 +0.00886523 - 2 < Q- 0 0
0.7 0 00975 0.19 0.36 0.51 0.64 0.75 084 096 1 3 40166351 0o ° o 30032241 1 1 o 0
0.6 0 0.0965 0.1885 0.3585 0.5110 ~ 0.6415 0.7530 08426 09613 | 4 +0.158114 0 ‘2 0 "0 4 +0.00344778 0 2 0 0
0s ] 0.0950 0.1865 0.3569 0.5140 06439 0.7580  0.8456 09639 1 5 —0.147581 2 0 1 0 s —0.0408811 0 1 1 o
04 (1] 00905 0.1810 03500 05040 06353 07525 08415 09645 6 —0.481497 1 1 1 0 6 ~0.108009 1 1 ' 0
03 0 00800 0.1670 03360 04885 06195 07335 08265 09583 | : 7 +0.415437 0 3 - 1 0 7 —0.0885381 2 1 1 P
0.25 0 0.0725 0.1567 0.3228 04740 0.6050 0.7184 0.8139 0.9519 1 { 8 +0.0144043 0 0 0 1 8 +0.188561 0 2 1 0
0.2 0 00640  0.1455 0.3060 0.4535 0.5842 0.6995 0.7984 09446 | 9 ~0.0530054 2 0 0 1 9 —0.00370871 1 o 0 1
0.15 0 00540  0.1325 02870 04280 0.5585 06770 ©0.7805 09360 1 10 +0.0143481 0 1 0 1 10 +0.00513696 0 i o 1
it +0.0606826 1 1 0 1 1] +0.0209449 1 1 0 {
r/R P e +095  +09 +085 408 +0.7 +06 +05 +04 +0.2 0 12 —0.0125894 0 [ | 1 12 +0.00474319 2 1 0 1
13 +0.0109689 i 0 ! i 13 —0.00723408 2 0 1 1
09-10 0 0097S  0.1900 02775 03600 0.5t 0.6400 0.75 0.8400 09600 1 ' 14 —0.133698 0 3 0 0 14 +0.00438388 1 ! 1 !
085 0 0.1000  0.1950 02830 03660 0.5160 06455 0.7550 08450 09615 | 15 +0.00638407 0 6 0 0 15 —0.0269403 0 2 1 !
08 0 0.1050  0.2028 0.2925 03765 0.5265 06545 0.7635 08520 0.9635 | 16 —000132718 2 [ 0 0 16 +0.0558082 3 0 1 v
0.7 0 0.1240 02337 03300 04140 0.5615 0.6840 07850 08660 09675 | 17 +0.168496 3 0 1 0 17 +00161886 0 3 1 9
06 0 0.1485 02720 03775 04620 06060 ° 07200 08090 08790 09690 | 18 -0.0507214 6 o 2 0 18 +0.00318086 | 3 1 0
0.5 0 0.1750  0.3056 04135 05039 06430 07478 08275 08880 09710 ! : 19 +0.0854559 2 0 2 0 19 +0.015896 0 0 2 0
04 0 01935 03235 04335 05220 06590 07593 08345 08933 09725 | ' 20 —0.0504475 3 0 2 0 20 +0.0471729 | 0 2 0
0.3 0 0.1890 03197 04265 05130 06505 0.7520 08315 08020 09750 1 21 +0.010465 ] 6 2 0 21 +0.0196283 3 0 2 0
0.25 0 0.1758  0.3042 04108 04982 06359 0.741S 05259 08899 09751 1| 22 -000648272 2 6 2 0 22 —0.0502782 0 ! 2 o
02 0 0.1560  0.2840 03905 04777 06190 07277 08170 08875 09750 | 23 -000841728 0O 3 0 1 23 -0.030055 3 ! 2 U
0.15 0 0.1300 02600 03665 04520 05995 0.7105 08055 08825 09760 1 24 +0.0168424 1 3 0 ! 24 +00417122 2 2 2 Y
25 -0.00102296 k} 3 0 | 25 -0.0397722 0 3 2 0
¢ 26 ~0.0317791 0 3 1 1 26 —0.00350024 0 6 2 0
27 +0.018604 1 4] 2 1 27 —0.0106854 3 0 1] 1
procedures were taken into account and the results bladed propellers. For completencss purposes Figure 28 -0.00410798 0 2 2 | 28 +0.00110903 3 3 0 !
of this work were pr d by van 1 en et al. 6.11 shows the geometric outline of the BS propelier 29 —0.000606848 0 0 0 2 29 —0.000313912 0 6 0 |
(Reference 6). set. Note that the propellers of this series are generally 30 —-0.0049819 ! 0 0 2 30 +0.0035985 3 0 1 [
The extent of the series in terms of a blade number  referred to by the notation B Z - y, where the B denotes 31 +0.0025983 2 0 0 f it 000142121 0 6 1 !
versus blade area ratio matrix is shown in Table 64 the ‘B’ serics, Z is the blade number and y is the blade 3 ool 3 0 0 33 renhemy b9 2 :
from which it may be scen that the series numbers expanded area. The face pitch ratio for the series is 34 —0.000328787 i 6 0 2 3 t0'003|8278 2 3 3 )
some 20 blade area-blade number configurations. The in the range 0.6-1.4. 35 +0.0001 16502 2 6 0 2 35 +0.00334268 0 5 3 )
goometry of the series is shown in Table 6.5, from The results of the fairing exercise reported by 36 +0.000690904 0 0 1 2 36 —000183491 1 1 0 A
which it can be seen that a reasonably consistent Oosterveld paved the way for detailed regression 37 +0.00421749 0 3 1 2 37 +0000112451 3 2 0 2
geometry is maintained between the members of the studies on the performance characteristics given by 38 +0.0000565229 3 6 1 2 38 ~0.0000297228 3 6 0 2
series with only a few anomalies; notably the non- this mode! series. Oosterveld and van Oossanen 39 —0.00146564 0 3 2 2 39 +0.000269551 1 0 1 2
constant nature of the face pitch near the root of the (Reference 7) reported the findings of this work in 40 +0.00083265 2 0 1 2
four-blade scries and the blade outline of the three-  which the open water characteristics of the series are 41 +000155334 O 2 1 -
42 +0.000302683 © 6 1 2
43 —0.0001843 0 0 2 2
4“4 —0.000425399 0 3 2 2
R
1.0/ ' . . ] Pitch distribution :z tg.nggm (3) (3) g 2
P e e e e 47 +00000554194 1 6 2 2
0.7A L W ! - N ! Y
8gﬁ A Wl O — PO st S M v ——
.58 L\ [N Sy [ — ) A ——l
0.4A 1\ 0 = = t . .
S ——) T Wy
4. | Bs5-46  es5-80’ 8575/ . \ B5-106 *
0.167DQ
0.040
Figure 6.11  Genersl plsn of B 5 screw series (Reprod from Rel. 8, with )
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represented at a Reynolds number 2 x 10° by an
equation of the following form:

47
Ko = Y CUP(P/IDY*(A¢/Ao)(Z)"

" (6.17)
K, =Y C,UJp(PIDy*(Ag/AoY=(Z)*"

a=1

where the cocfficients are reproduced in Table 6.6.

To extend this work further so that propeller
characteristics can be predicted for other Reynolds
numbers within the range 2 x 10° to 2 x 10° a set of
corrections of the following form was derived:

Ky(R)] _ [Ky(R =2x10°)]  fAK,(R,)
Ko(R)f — |Ko(R, =2 x10°) AK4(R,)

(6.18)
where
AK; = 0.000353485
~0.00333758(A /A, N?
—0.00478125(A /A, (P/DY
+0.000257792(log R, — 0.301)* - (A /A, W}
+0.0000643192(log R, — 0.301)(P/D)*J?
~0.0000110636(log R, — 0.301)*(P/D)*J?
—0.0000276305(log R, — 0.301)2Z(A /Ao M2
+0.0000954(log R, — 0.301)Z(A./A,(P/D)W
+0.0000032049(log R, — 0.301)Z% (A /A,)
x (PID)*J
AK, = —0.000591412
+0.00696898(P/D)
—0.0000666654Z(P/D)®
+0.0160818(A; /A4, )

—0.000938091(log R, — 0.301)(P/D)
—0.00059593(log R, — 0.301)(P/D)?
+0.0000782099(log R, — 0.301)2(P/D)?
+0.0000052199(log R, — 0.301)Z(Ag/Ag)?
—0.00000088528(log R, — 0.301)2Z(A./Aq)
x (P/D)
+0.0000230171(log R, — 0.301)Z(P/D)*
—0.00000184341(log R, ~ 0.301)*Z(P/D)®
~0.00400252(log R, — 0.301)(Ag/Ag)?
+0.000220915(log R, — 0.301)* (Ag/Ag)?

Table 6.7 Members of the AU series (taken from Reference 8)

The Wageningen series is a general purpose, fixed
pitch, non-ducted propeller series which is used
extensively for design and analysis purposes. A variant
of the series, designated the BB-series, was introduced,
since it was felt that the B-series had tip chord lengths
that were not entirely representative of modern practice.
Accordingly the BB-scries had a re-defined blade
outline with wider tips than the parent form. However,
the BB-series, of which only a few members cxist, has
not been widely used.

6.5.2 Japanese AU series

This propeller series is in many ways a complementary
series to the Wageningen B series; however, outside
of Japan it has not gained the widespread popularity
of the B-series. The series reported by Refcrence 8
comprises some propellers having a range of blade
numbers from four to seven and blade area ratios in
the range 0.40 to 0.758. Table 6.7 details the nembers
of the series and Table 6.8 the blade geometry. The
propeller series, as its name implies, has AU type
aerofoil sections and was developed from an earlier
series having Unken-type sections.

6.5.3 Gawn series

This series of propellers whose results were presented
by Gawn (Reference 9) comprised a set of 37 three-bladed
propellers  covering a range of pitch
ratios from 0.4 to 2.0 and blade area ratios from 0.2
to 1.1.

The propellers of this series each had a diameter of
503mm (20in), and by this means many of the scale
cffects associated with smaller diameter propetier
series have been avoided. Each of the propellers has
a uniform face pitch; segmental blade sections; constant
blade thickness ratio, namely 0.060, and a boss
diameter of 0.20. The developed blade outline was of
clliptical form with the inner and outer vertices at
0.1R and the blade tip respectively. Figure 6.12 shows
the outline of the propellers in this serics. The entire

No. bludes P 5 6 7
Model prop No. 1305- 1310- 1128- 1133- 1189~ 1193-  1197- 1144 1147
1309 1314 1132 1»” 1192 1196 1200

Puch ratio 05,06,08,10.12 04,06,08,10,12 05,07 09, 1.1 08
Blade section AU AU AU AU, AU, AU
Dumeter (m) 0.2%0 0.250 0.250 0.250
Exp. area ratio 0.40 0.55 0.50 0.65 0.70 0.70 0.55 065 0758
Boss rato 0.180 0.180 0.180 0.180
Blade thickpess 0.050 0.050 0.050 0.050

rat»o
Rake angle 10° ” 10° o 10° o 100 o

Table 6.8 Blade geometry of the AU series (taken from Reference 8)
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0.66 0.7

08 09 095

10

r/R 02 03 04 05 06
{8 From generator 2796 3345 3876 43.54 47.96
3 line to trailing
§§ From generator 38.58 14.25 48.32 50.80 51.15
*5? line to lcading
£ 2| cdge
E2

Total lflade width  66.54 77.70 87.08 94.34 99.11

Blade thickness as % 406 359 312 265 218
of D .
Distance of the point of 320 320 320 325 349

max. thickness {rom the
leading edge as % of
blade width ‘

49.74 51.33 52.39

50.26 48.31 40.53

100.00 96.64 92.92

1.90

379 402

[}

454

25.13 1355

73.62
0

55.62
1.24

489 500

atvbor K
(0.220D tors
A

48.49 4207 17.29 Maux. blade widih

U 40

0.54 030 Mux blade thickness

at prop. anis

00500

Offsets of AU-type propeller

(1) Ordinates of X-valuc are given as % of blade width

(2) Ordinates of Y-value are given as % of ¥,

YR X 0 200 4.00 6.00 10.00 1500 20.00 30.00 32.00
0.20 Yo 3500 51.85 59.75 66.15 76.05 85.25 92.20 89.80 100.00
’ Yy 24.25 19.05 15.00 10.00 540 235

X 0 200 400 6.00 10.00 15.00 20.00 30.00 32.00
030 ¥, 3500 51.85 59.75 66.15 76.05 §5.25 92.20 99.50 100.00

Y, 24.25 19.05 15.00 10.00 540 2.35

X 0 200 4.00 6.00 10.00 1500 2000 3000 32.00
040 Y, 3500 51.85 59.75 66.15 76.05 85.25 92.20 99.80 100.00

Y, 24.25 19.05 15.00 1000 540 235

X 0 203 406 6.09 10.16 1523 20.31 3047 32.50
050 Y, 3500 51.85 59.75 66.15 76.05 85.25 92.20 99.50 100.00

Yo 24.25 19.05 1500 10.00 540 235

X 0 218 436 6.54 1091 1636 21.81 32.72 34.%0
0.60 Y, 34.00 49.60 58.00 64.75 75.20 84.50 91.80 99.80 1(0.00

Yy 23.60 18.10 14.25 945 500 225

X 0 251 503 7.54 12.56 18.84 25.12 37.69 40.20
0.70 Y, 30.00 4290 52.20 59.90 71.65 82.35 90.60 99.80 100.00

Yy 20.50 1545 11.95 770 4.10 1.75

X 0 284 568 B8.51 14.19 21.28 28.38 42.56 45.40
080 Y, 21.00 32.45 41.70 50.10 64.60 78.45 88.90 99.50 100.00

Yy 1400 1045 805 505 270 1.15

X 0 306 6.1 9.17 1528 2292 30.56 45.85 48.90
090 Y, 8.30 21.10 31.50 40.90 57.45 74.70 87.45 99.70 10000

Yy 400 270 205 120 0.70 030

X 0 313 625 9.38 15.6) 23.44 31.25 46.87 50.00
095 Y, 6.00 19.65 30.00 39.60 56.75 74.30 §7.30 99.65 100,00

40.00
91.75

40.00
97.75

40.00
97.75

40.44
9175

42.56
91.75

47.23
91.75

51.82
97.75

54.914
98.65

5588
99.00

50.00 60.00 70.00 30.00 90.00 950 1K) K)

89.95 78.15 63.15

50.00 60.00 70.00
89.95 78.15 61.15

50.00 60.00 70.00
89.95 78.15 63.15

50.37 60.29 70.22
89.95 78.15 63.15

52.13 61.70 71.28
8995 78.15 63.15

56.03 64.82 73.62
89.95 78.15 63.15

59.85 67.88 7591
89.95 78.15 63.15

62.42 69.94 77.46
92.75 83.00 69.35

63.23 70.59 77.94
9385 846571 65

45.25 25.30 tS )

80.00 90.00 93 10
45.25 25.30 1500

80.00 90.00 935 1)
45.25 25.30 t5.00

€07 9504
2530 1500

80.15
45.25

80.85
45.25

Y4 9s 2
25.30 1500

8241
45.25

91.21 950
25.30 1500

8394
45.25

9197 9599
2530 15.00

84.97 92.49 9624
51.85 30.50 19 30

85.30 92.65 vo 12
54.30 3350 2150

450

[y
450

Xt
B

100 .t
4.50

YY)
<450

1m0
430

10N
450

1O )
645

1ex ()
RN1 Y
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Table 6.9 Blount and Hubbis coefficients for Gawn propeller series

- equation (6.17) (taken from Reference 10)

—=i=—0.02 in
Thrust (K+) Torque (Ky)
n C, s t u v n  C, s 1 u v
J) (P/D) {EAR) (Z) J) (P/m) {EA4R) (V4]
1 —00558636300 0 0 0 0 1 00051589800 ©0 o0 ' ¢ 1
2 —0.2173010900 1 0 0 0 2 0.0160666800 2 0 0 {]
k] 0.2605314000 0 ] 0 0 3 —0.0441153000 1 ] 0 Q
4 0.1581140000 0 2 [} 0 4 0.0068222300 0 2 0 U
5 —01475810000 2 0 ! 0 5 —00408811000 0 1 1 [
£ 6 —0.4814970000 ] [ 1 0 6 —0.0773296700 t i ! 0
= 7 0.3781227800 0 2 1 0 7 —0.0885381000 2 1 I QO
8 0.0144043000 0 0 0 i 8 0.1693750200 0 2 1 0
9  —0.0530054000 2 0 0 1 9  -0.0037087100 t 0 0 t
10 0.0143481000 0 1 0 ! 10 0.0051 369600 0 I 0 !
1 0.0606826000 1 ! 0 1 1t 0.0209449000 ! 1 ] I
12 ~0.0125894000 0 o 1 1 12 0.0047431900 2 ! 0 t
13 0.0109689000 1 0 H 1 13 —0.0072340800 2 0 1 1
. 14 —0.1336980000 0 3 0 0 14 0.0043838300 1 I 1 !
. &g Dlade ares ratio 15 00024115700 0 6 0 0 1S —00269403000 O 2 | l
- s 0:80 16 ~0.0005300200 2 6 0 0 i6 0.0558082000 3 0 t U
'g _ e 0.65 17 0.1684960000 3 [V} 1 0 17 0.0161886000 0 3 1 o
- w '50 18 0.0263454200 0 0 2 0 18 0.0031808600 | 3 t 8
i a1.20in ; :35 19 0.0436013600 2 Q 2 0 19 0.0129043500 0 0 2 0
: 20 20 -0.0311849300 3 0 2 0 20 0.0244508400 1 0 2 0
= 21 0.0124921500 1 6 2 0 2l 0.0070064300 3 0 2 [}]
[ - 22 —0.0064827200 2 6 2 0 22 -0.0271904600 0 t 2 t
s 25 26 ) 23 —-0.0084172800 0 3 0 t 23 —0.0166458600 3 | 2 U
24 0.0168424000 1 3 0 1 24 0.0300449000 2 2 2 Q
Figure 6.12 Blade outline of the Gawn series (Reproduced from Ref 9. with permission) %Z :882:?;;?% 3 ; ? : . g'; :ggg;gg;;:g g (:: g t:
scries were tested in the No. 2 towing rank at A.E.W. above. The KCA series comprise 30 threc-bladed, ;; _38&5%% (l) (2) § : %Z g&??g;g% ; 2 3 :
Haslar within range of slip from zero to 100%: to 406mm (16in) models embracing a range of pitch 29  —0.0006068480 0 o0 0 2 29 —0.0003139120 0 6 0 1
achieve this the propeller rotationa! speed was in the ratios from 0.6 to 2.0 and blade area ratios from 0.5 30 -0.0049819000 t 0 0 2 30 0.0035895000 30 1 1
range 250-500 RPM. No cavitation characteristics to 1.1. Thus the propellers can be seen to cover a 31 0.0025963000 2 0 0 2 31 -0.0014212100 0 6 t 1
are given for the series. similar range of parameters to the Gawn series in that 32 -00005605280 3 0 0 2 32 00038363700 "1 0 2 t
The propeller series represents a valubale data set,  they have the same upper limits for P/D and Ag/A,, 33 -00016365200 1 -2 0 200 v 330 0012680300044 0 2 2 1
despite the somewhat dated propelicr geometry, for but slightly curtailed lower limits. The propellers of ;‘; A"g'%?zﬂg;g ; - g 0 - 3 -o0omis2800 2 3 Z !
undertaking preliminary design studies for ‘warships the KCA series all had uniform face pitch, segmental 36 0.0006‘;09040 0 ° ? ; ;g g%i:ﬁ% ? ? 6 1
and other high-performance craft duc to the wide  sections over the outer half of the blade, and in the 37 00042174900 0 3 1 2 37 _0'000“24510 3 2 0 5
range of P/D and A, /A, values covered. Blount and inner half, the flat faces of the segmental sections were 38 0.0000565229 3 6 5 2 38 —0.0000297228 3 6 0 3
Hubble (Reference 10) in considering methods for the lifted at the leading and trailing cdges. The blade 39 —0.0014656400 0 3 2 2 39 0.0002695510 1 0 1 2
sizing of small craft propellers developed a st of  thickness fraction of the parent screw, shown in Figure 40 00008326500 2 0 \ 3
regression cocfficients of the form of equation (6.17)  6.13, was 0.045 and the blade outline was clliptical. 4t 0.0015533400 o 2 1 2
to represent the Gawn series. The cocfficients for this ~ The boss diameter of the serics was 0.2D. 42 00003026830 0 6 1 2
scries arc given in Table 6.9 and it is suggested that This propeller series was tested in the cavitation 43 ~00001843000 0 0 2 2
the range of applicability of the regression study tunnel at The University of Newcastle upon Tyne, 4 ~0.0004253990 o 3 2 f
should be for pitch ratio values from 0.8 to 1.4, England and consequently, since the cavitation tunnel :2 _g'wgggégg 3 g ; 3
although the study was based on the wider range of  was used rather ‘than the towing tank, the propeller 47 0.0000554194 1 6 2 3

0.6 to 1.6. Incvitably, however, some regression
formulations of mode! test data tend to deteriorate
towards the outer limits of the data set, and this is
the cause of the above restriction.

6.54 KCA series

The KCA series, or as it is sometimes known, the
Gawn-Burrill series (Reference 11) is in many ways
a compiementary series to the Gawn series introduced

serics was tested at a range of different cavitation
numbers, The range used gave a series of six cavitation
numbers, based on the free stream advance velocity, as
follows: 5.3, 2.0, 1.5, 0.75 and 0.50. As a consequence
using this serics it is possible to study the effects of
the global cavitation performance of a proposed
propeller design.

_In order to assist in design studies using the KCA
scries, Emerson and Sinclair (Reference 12) have
presented B -6 diagrams for the series both at
non-cavitating and cavitating conditions, together with

- o———
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Table of chord lengths

Non-dimensional radius

0.25 10375 | 050 | 0.625 | 0.750 0.875 10.9375

0604|0819} 1.00 | 1.140 {1.292 [1.139 0.946

Parent Propeller

Diameter 16.0in

Blade thickness fraction 0.045

Boss diameter ratio 0.20

Number of blades 3 c/c.
Direction of rotation RH 080
Blade ares ratio 0.80

Sections symmetrical about directrix

Figure 8.13 KCA Blade outline

additional thrust and torque data for a BAR of 1.25
and P/D of unity.

Despite a lack of data at very low advance coefficients
duc to the experimental limitation of the cavitation of
the cavitation tunnel, the KCA series of propellers,
when used in conjunction with the Gawn ' series,
provides an immensely valuable set of data upon
which to base design studies of high-speed or naval craft.

Table 6.10 Propellers of the Ma-series
Three-bladed propellers

P/D Ag/Ay 0.75 0.90 1.05 120
1.000 . . . .
1.15%0 . L . .
l.m L4 . L] .
1.450 hd . . hd
Five-bladed propellers

P/D Ag/Ay 0.7% 0.90 1.0 1.20
1.000 . . . .
1.152 . . b .
1.309 . . - .
1.454 . . . .

6.5.5 Lindgren series (Ma-series)

Lindgren, working at SSPA in the 1950s, tested a
series of three- and five-bladed propellers embracing a
range of P/D ratios from 1.00 to 1.45 and developed
arca ratios from 0.75 to 1.20 (Reference 13). The series,
designated the Ma-series, is shown in Table 6.10 from
whichitis seen that a total of 32 propellers were tested.

The propetlers are all constant pitch with modified
elliptical blade forms and sections of approximately
circular black profiles. The diameter of the propellers
is 250 mm, which is smaller than cither of the two
previous series and the boss diameter of the series is
0.19D. The thickness fraction of this propeller series
varies between the members of the series, and is shown
in Table 6.11.

.

Table 6.11 Newton-Rader series

Ap/Ag Blade thickness fraction
Z=) Z=35
0.75 0.063 0.054
0.90 0.058 0.050
1.05 0.053 0.046
1.20 0.053 0.042

The propellers of this series were tested in both a
towing tank and cavitation tunnel and, consequently,

provide a reasonably comprehensive set of data for
preliminary study purposes. The data is presented in
both Ky, Kq versus J form and also in design
diagram form. Although the basic design of the
Ma-series propellers can be considered to be somewhat
dated, it does provide a further complementary set of
data to the Gawn and Gawn- Burrill results for the
design of high-performance and naval craft,

"
6.5.6 Newton—-Rader series

The Newton-Rader series embraces a relatively limited
set of twelve, three-bladed propellers intended for
high-speed craft. The series (Reference 14) was designed
to cover pitch ratios in the range 1.0-2.0 and blade
arca ratios from about 0.5 t0'1.0.

The parent model of the series, based on a design
for a particular vessel, had a diameter of 254 mm
(10in). The principal features of the parent design were
a constant face pitch ratio of 1.2 and a blade area
ratio of 0.750, together with a non-lincar blade
thickness distribution having a blade thickness fraction
of 0.06. The blade section form was based on the
NACA a = 1.0 mean line with aquasi-elliptic thickness
form superimposed. The series was designed in such
a way that the propellers in the series should have the
same camber ratio distribution as the parent propeller.
Since previous data and experience was limited with
this type of propeller it was fully expected that the
section form would need to be modified during the
tests. This expectation proved correct and the section
form was modified twice on the parent screw to avoid
the onset of face cavitation; the modification essentially
involved the cutting back and ‘lifting’ of the leading
edge. These modifications were carried over onto the
other propellers of the series, which resulted in the
serics having the characteristics shown in Table 6.12
and the blade form shown in Figure 6.14.

Table 6.12 Extent of the Newton-Rader saries

BAR Face pitch ratio

0.48 1.05 1.26 1.67 2.08
0.7 1.05 1.25 1.66 2,06
0.95 1.04 1.24 1.65 204

Note: Box indicates resultant parent form.

Each of the propellers of the series was tested in a
- Cavitation tunnel at nine different cavitation numbers;
0.25, 0.30, 0.40, 0.50, 0.60, 0.75, 1.00, 2.50 and S.5.
For the tests the Reynolds number ranged from about
7.1 % 10° for the narrow-bladed propeller through to
4.5 x 10® for the wide-bladed design at 0.7R. The
results of the series are presented largely in tabular
form by the authors.
This serics is of considerable importance for the
design of propellers, usually for relatively small craft,
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where significant cavitation is likely to be encouniered

6.5.7 Other fixed pitch series and data

Apart from the major fixed pitch propeller series there
have been numerous smaller studics which provide
uscful data, either for design purposes or for rescarch
or correlation studies. Amongst these other works,
the KCD propeller series (References 15, 16). the
Meridian series (Reference 12), the conira rotating
serics of MARIN and SSPA (References 17, t5) and
the DTMB research skewed propeller series (Reference
19) are worthy of specific mention.

The KCD series originally comprised a series of
models for which ‘interesting’ full-scale results were
available, and the purpose of the series was (o 1 y and
correlute the observed phenomena in the tunncl with
the results of particular cxperience on ships. All the
model propellers in this series had diameters of
406.4mm (16in) and the first three members of the
series KCD 3, 4 and $ had a blade arca ratio of .6
in association ‘with three, four and five biudes
respectively. These propellers were tested at a range
of cavitation numbers in the Newcastle Universuy
tunnelin order to study the open water pedormance of
the propellers under cavitating conditions. The results
shown in Figure 6.4 relate to the KCD4 propellers of
this series. After a further nine years of testing various
designs (Reference 16) the series had Brown (o cncompuss
some 17 members. Of these members six, including the
parent KCD4R, had a common blade arca ratio und
blade number of 0.587 and four respectively, and a
range of pitch ratios from 0.6 to 1.6. These propetlers
were used to define a set of K, K versus J diagrams
and B versus 8 charts for a series of cavitation
numbers of 8.0, 6.0, 4.0 and 2.0. The remaining
propellers of the series were used to explore the etfects
of geometric changes such as moderate amounts of
skew, radial pitch variations and blade outhne changes
on cavitation performance. Hence the series prescnts
an interesting collection of cavitation data for merchant
ship propelier designs.

The Meridian series (Reference 12), so called since
it was derived from the proprictary design of Stone
Manganese Marine Ltd, comprised four parcat models
having BARs of 0.45, 0.65, 0.85 and 1.05. For cach
parent model five mean pitch ratios 0.4, 0.6, 08, 1.0
and 1.2 were tested so as to cover the useful range of
pitch ratios for each blade area ratio. All the propellers
had a diameter of 304.8 mm (12in) and six blades with
a boss diameter of 0.185R. The parent propeliers are
not geosims of each other and consequently nterpo-
lation between propellers of different blade arca ratios
for general usc becomes rather more complicated than
for a completely geometrically similar series. As with
the KCD series this series was tested at a range of
cavitation numbers resulting in the presentation of
open waler data in the form of Ky, K, diagrams and
B,-8 charts under cavitating conditions.
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Leading edge detail for model propellers

Figure 6.14 Newton-Rader series blade form (Reproduced from Retf. 14, with

tOv.er the yel?rs interest has fluctuated in contra-
rotaung propellers as a means of ship propulsion. This
has led to model tests being undengl?enr;t variety of
establishments around the world. Two examples of
this are the MARIN series (Reference 17) and the
SSPA bseries (Reference 18). The MARIN series
comprised five sets of propulsors with a four-bladed
forward propeller and a five-bladed aft propeller. The
after propeller was designed with smaller diameter
than the forward screw, the diameter reduction being
consistent with the expected slip stream contraction
at the design condition. The range of pitch ratios of

)

the forward propeller at 0.7R spanned the range
0.627-1.235 with a constant expaﬁded area ratio %f
0.4}2, and clearly the after-propeller dimensions
varied with respect to the flow conditions leaving the
!‘o§ward screw. Non-cavitating open water character-
1stics were presented for the series.

The SSPA series (Reference 18) comprised a family
of contra-rotating propellers having a forward propeller
of four blades with a developed area ratio of 0.40 and
an 'aft propeller of five blades with a developed area
ratio of 0.5. The forward propellers all had diameters
of 250 mm and used section forms constructed from

Original design

NACA 16 profiles-ajd a = 0.8 mean lines. The pitch
ratios of the leading propeller ranged from 0.8 to 1.4
and the tests were conducted in the SSPA No. 1
cavitation tunnel. Consequently, open water data is
presented along with design diagrams, together with
some cavitation data in homogeneous flow.

Boswell (Reference 19) presented cavitation tunnel
and open water results for a serics of skewed propellers.
The series comprised four propellers having maximum
projected skew angles of 0°, 36°, 72° and 108° at the
propeller tip. The propellers each had a diameter of
304.8 mm (12in), five blades, an A./A, of 0.725, and
NACA a = 0.8 mean lines with"66 modified profiles,
similar chordal and thickness distributions and the
same design conditions; they were given the NSRDC
designation of propellers 4381 (0° skew), 4382 (36°
skew), 4383 (72° skew) and 4384 (108” skew). The
geometry of this series of propellers, in view of their
importance in propeller research, is given in Table
6.13. For each of these propellers open water K, Ko
versus J results are presented together with cavitation
inception speed. These propellers, although giving
certain useful information about the effects of skew,
find their greatest use as research propellers for
comparing the results of theoretical methods and
studies. Indeed these propellers have found widespread
application in many areas of propeller technology.

Table 6.13 Blade geometry ot DTNSRDC propeliers 4381,
4382, 4383 and 4384 (taken from Reference 43,
Chapter 8)

Characteristics of DTNSRDC propeller 4381

Number of blades, Z: §

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: N a=08

Section thickness distrfBUtion: NACA 66 (modified)
Design advance coefficient, J, : 0.889

r/R  ¢/D P/D 0, (deg) X,/D 1,/D Jolc

02 0174 1332 o 0 00434 00351
025 0202 1.338 0.0396  0.0369
03 0229 1345 0.0358  0.0368
04 0275 1358 00294  0.0348
05 0312 133 0.0240  0.0307
06 0337 1.280 00191  0.0245
0.7 0347 1.210 00146 00191
08 0334 1137 00105  0.0148

COOCODOOOOOO
cCoOOoCoCOoOODCO

0.9 0280 1.066 0.0067 00123
095 0210 103t 0.0048  0.0128
10 0 0.995 00029 -

Characteristics of DTNSRDC propeller 4382

Number of blades, Z: §

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a = 0.8

Section thickness disttibution: NACA 66 (modified)
Design advance cocfficient, J, : 0.889
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/R ¢/D  PID 0, (deg) XD 1, D I

02 0174 1455 O i} D33 Wik
025 0202 1444 2328 00093 006 U
03 0229 1433 4655 OOI8S 0018 Bk
04 0275 1412 9363 00367 00294  ouldd
05 0312 1361 13948 00527 0020  yuls
0.6 0337 1.285 18378 00656 00191 (o247
07 0347 1200 22747 00758 00146 Goiw
08 0334 1112 27045 00838 00K 0ulol

09 0.280 1.027 31.575 00901 LG0o7 [TXTIRE
095 0210 0985 33.788 00924 O.Hx [UUEH]
10 0 0942 36000  0.0942 0wy

Churacteristics of DINSRDC propeller 4353

Number of blades, Z: §

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a = 0.8

Section thickness distribution: NACA 66 (moditicd )
Design advance coelficient, J,: 0.889

/R /D P/D 0, (deg) XD 1,D fo v
02 0174 1.566 O 0 034 [FRTSOM
025 0202 153 4647 00199 00396 O
03 0229 1512 9293 00390 00358 Qo7
04 0275 1459 18816 00763 00294 00N
0.5 0312 1386 27991 01078 00240 vu34?
06 0337 1296 36770  0.1324 00191 00231
0.7 0.347  1.198 45453 0.1512 00146 [UXVASY]

0.8 0334 109 54245 01651 00105 00lsy
09 0280 0996 63.102 01745 00067 00l
0.95 0210 0945 67531 01773 0048 G uley
10 0 0.895 72000  0.1790 002y

Characteristics of DTNSRDC propeller 4354

Number of blades, Z: §

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA g = 0.8

Section thickness distribution: NACA 66 (moditicd )
Design advance coelficient, J,.:0.889

r/R /D P/D U, (deg) XD ¢, 0 I
0

02 0173 1675 0 [{R1SRE) [N RES
0.25 0202 1629 6961 0.0315 00390 00506
03 0229 1584 13921 00612 00ISS 004y
04 0275 1496 28426 0.1181 00294 Oumsd
0.5 0312 1406 42152 0.1646 00241 vl
0.6 . 0337 1305 55199 02001 00191 [IRSRRE)

0.7 0347 1199  68.098 02269 00l46 0027
08 0334 1086 B1.283 0.2453 00105 00232
09 0280 0973  94.624 0.2557 0.0007 (XU EA]
095 0210 0916 101300 0.2578 0.5  0.0201
10 0 0.859 108.000 0.2578 0.0029

[T ‘..4;;‘ (RPN
6.5.8 Tests with propellers having significant
shaft incidence. :

As discussed earlier in this chapter, the effects of

operating a propeller at an obligue angle to the inci-
dent flow introduce significant side forces and thrust
eccentricity. Several experimental studies into this of-
fect have been undertaken, and notable in this 1espent
are those by Gutsche (Reference 20), Taniguchi er wl.
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(Reference 21), Bednarzik (Reference 22), Meyne and
Nolte (Reference 23) and Peck and Moore (Reference
24).

Gutsche worked with a series of six three-bladed
propellers: three having developed area ratios of 0.35
and the others 0.80 each in association with three
pitch ratios: 0.5, 1.0 and 1.5. The propellers, all hav-
ing a diameter of 200 mm, were tested at shaft angle
inclinations of 07, 10°, 20° and 30° over a range of
approximately 0-100% slip in the non-inclined shaft
angle position.

Taniguchi et al. (Reference 21) used a series of five
three-bladed propeliers having a diameter of 230 mm.

e e -

Three of the propellers had a pitch ratio of 1.286
whilst the remaining two had pitch ratios at 0.7R of
1.000 and 1.600. For the three propellers embracing
the range of pitch ratios the expanded area ratio was
held constant at 0.619, whilst for the three propellers
having the same pitch ratio the expanded area ratio
was varied as follows: 0.619, 0.514 and 0.411. All of
the propetlers had Tulin supercavitating sections. Re-
sults of Ko and K are presented for six cavitation
numbers, each at three angles of incidence: 0", 4” and
8°. No side force or eccentricity data is given.
Bednarzik (Reference 22) uses a similar test series
arrangement to Taniguchi in that three of his propel-

Table 6.14 Ducted propelier configurations tested at MARIN forming the ducted propeiter

series (taken from Reference 28)

Nozile no. LD S/L Open water  Multi-quadrant Azimuth
test
2Q meas. 4Q meas. (¢]
2 0.67 0.15 B 4-55
3 0.50 0.15 B 4-55
4 083 0.15 B 4-55
5 0.50 0.15 B 4-55
6 0.50 0.15 B 4-55
7 0.50 0.15 B 4-55
7 0.50 0.15 B 4-40
7 0.50 0.15 B 4-70
7 0.50 0.15 B 2-3%
7 0.50 0.15 B 3-50
7 0.50 0.15 B 5-60
8 0.50 0.1 B 4-55
10 0.40 0.15 B 4-55
11 0.30 0.15 B 4-55
18 0.50 0.15 K 4-55
19 0.50 0.15 K 4-55
20 0.50 0.15 K 4-55
19A 0.50 0.15 Ka 3-50*
19A 0.50 015 Ka 3-65*
19A 0.50 0.15 Ka 4-55¢
19A 0.50 0.15 Ka4-70* Kad4-70* Ka4-70* Kad-70
19A 0.50 0.15 Ka 5-75¢
19A 0.50 0.15 B 4-70*
21 0.70 0.15 Ka 4-70°
2 080 0.15 Ka 4-70*
pa 0.90 0.15 Ka 4-70°
U 1.00 0.15 Ka 4-70* .
37 0.50 0.15 Ka4-70* Ka4-70* Ka 4-70°
30 0.60 0.15 Kd 5-100
3 0.60 0.15 Kd 5-100
32 0.60 0.15 Kd 5-100
33 0.60 0.15 Kd 5-100
M 0.60 0.09 Kd 5-100
35 0.9 0.1125  Kd 5-100
36 12 00750 Kd 5-100

* Mathematical representation of test data available.
Tests at dufferent incidence angles.

el dila PR G

Nozzie No. 19A (L/D = 0.5}
No.21 (L/D=0.7)
No.22 (L/D=08) ‘
No.23 (L/D=09)

No.24 (L/D=1.0) ’
é"
Nozzle No. 37 @‘
i

Nozzle No. 30 @
Nozzle No. 31
Nozzle No. 32
k*_/r
Nozzle No. 33 %
TS
Nozzle No. 34
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Nozzle No. 2 {L/D = 0.67}
Nozzle No. 3 {L/D = 0.50)
Nozzie No. 4 (L/D = 0.83)

Nozzle No. 5

Nozzle No.

Nozzle No. 7
Nozzle No. 8 (L/D = 0.50}

Nozzle No. 10 (L/D = 0.40)—
Nozzle No. 11 (L/D = 0,30)

Nozzle No. 18

Nozzle No. 35%

Nozzle No. 36 '

Figure 6.16 Duct outlines described in Table 6.14 (Reproduced from Relerence 28, with permission)

ler series have the same pitch ratio of 0.60 with vary-
ing developed area ratios of 0.35, 0.55 and 0.75. Each
of the remaining two propellers has a developed arca
ratio of 0.55, but pitch ratios of 1.00 and 1.40 respect-
ively. The propeller diameters are all 260 mm and
cach has threc blades with a hub-to-tip diameter ratio
of 0.3. The propellers are tested over a range of shaft
inclinations of 0°, 5°, 15° and 25° with side force and
eccentricity data being presented in addition to con-
ventional K, and K %oefficients.

Meyne and Nolte (Reference 23) considered a
355.46mm diameter, four-bladed propeller having a
hub ratio of 0.328R and an expanded blade area
ratio of 0.566. The pitch ratio of the propeller was
varied from 1.0 to 1.6 in a single step and tests were
made with shaft inclination of 0*, 6°, 9° and 12°. Re-
sults of Ko, Ky, side force and eccentricity are given
by the auﬁxors.

Peck and Moore (Reference 24) used four 254 mm
(10in) diameter, four-bladed propellers having nomi-

nal pitch ratios of 0.8, 1.0, 1.2 and 1.4 respectivety
Measurements were made over a range of cavitatiin
numbers at 0°, 7.5° and 15° shaft inclinations and sile
force data is presented in addition 10 the other e
formance data.

6.5.9 Wageningen ducted propeller series

A very extensive set of ducted propeller standard
serics tests has been conducted at MARIN in the
Netherlands over the years and these have been re-
ported in several publications. The best source ma-
terial for this series can be found in References 25 and
26.

The extent of the series can be judged from Table
6.14 which itemizes the tests conducted within this
series, whilst Figure 6.15 shows the profiles of the
various duct forms tested. In general it can be con-
sidered that ducts No. 2 through No. 24 und No. 37
represent accelerating ducts whilst those numbered
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Table 6.15 Duct ordinates for 18A and 37 duct forms

Duct profile No. 194

LE. T.E.
L 0 00125 0025 0050 0075 0100 0.150 0200 o025 030 040 0.50 060 0.70 080 0% 09s Lo
yul 01825 0.1466 0.1280 01087 0.0800 0.0634 0.0387 0.0217 00110 0.0048 O 0 0 0.0029 00082 0.0145 00186 00236
Y.L 0.2072 0.2i07 0.2080 Straight line 00636
Duct profile No. 37

LE. TE.
xL 0 00125 0025 0050 0075 0100 0.150 0200 025 0.30 040 050 060 070

080 090 095 0

3L 01833 0.1500 ©0.1310 0.5000 0.0790 0.0611 0:0360 00200 0.0100 0.0040 0 0 (4] 0.0020 00110 00380 0.0660 0.1242
y./L 01833 02130 02170 0.2160 Straight line D.1600 0.1242
Duct upper ordinate = propelier radius + clearance + 28
Duct inner ordinate = propelier radius + 1ip clearance + Y
Table 8.18 Details of the K, series propellers (taken trom Reference 26)
Dimensions of the K -screw series
/R 02 03 04 0.5 0.6 0.7 08 0.9 1.0

Length of the  |from centre line 3021 36.17 41.45 4599 4987 5293 5504 56.33  56.44 Length of blude
blade sections |10 trailing edge section at 0.6R
in percentages " 1 4

. from centre line {36.94 4042 43.74 4702 50.13 5293 SSO4  56.33 5644 1 _ 969 .. “E
of the maximum leading od e

* o
length of the ‘o "8 odge
blade section  [total length 67.15 76.59 85.19 9301 10000 10586 11008 11266 122.88
at 0.6R
Max. blade thickness in 400 352 300 245 1.90 1.38 0.92 0.61 0.50 | Maximum
percentages of the diam. thickness at
Distance of maximum thickness |34.98 39.76 46.02 49.13 4998 _ — — — ceatre of
from leading edge in percent- shaft = 0.049p
ages of the length of the sections
Ordinates of the K ,-screw series
Distance of the ordinates from the maximum thickness

From maximum thickness 10 trailing edge From maximum thickness to leading edgye

rR 100%  80% 60% 40% 20% 20% 40% 60% 80% 90% 95% 100%
Ordinates for the back
02 — 3823 6365 8240 9500 9792 9083 77.19 5500 38.75 27.40 -
03 - 3905 6663 8414 9586 97.63 90.06 7562 53.02 37.87 27.57 -—
04 — 40.56 6694 8569 9625 97.22 88.89 73.61 50.00 34.72 25.83 —
0.5 — 4177 6859  86.42 96.60 9677  87.10 7046 45.84 30.22 22.24 -
0.6 — 4358  68.26 8589 9647 96.47 8589 6826 4358 28.59 20.44 —
0.7 — 45.31 69.24  86.33 96.58 9658  86.33  69.24 4531 3079 2288 —
08 - 48.16 70.84  B7.04 9676  96.76 87.04 7084  48.16 34.39 26.90 —
0.9 — 5175 7294 8809  97.17 97.17  88.09 7294 . 5175 38.87 31.87 —
1.0 — 5200 7300 88.00 97.00 9700 8800 7300 5200 3925 3231 -
Ordinates for the face ’

0.2 20.21 729 177 0.1 — 0.21 1.46 437 10.52 1604 2062 kXXX
03 13.85 4.62 .07 — — 0.12 0.83 2 6.15 8.28 10.30 21.18
04 9.17 2.36 056 — — — 0.42 1.39 292 3.89 4.44 13.47
0.5 6.62 0.68 0.17 — — — 0.17 0.51 1.02 1.36 1.53 741
Note: The perceatages of the ordinates refate (o the hick of the ponding section.

oA e i Ll Caride al el

30-36 represent decelerating duct forms. In merchant
practice the ducts most commonly encountered are
the 19A and 37 since they are both relatively easy to
fabricate and have many desirable hydrodynamic feat-
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K1, Kyy and K, as functions of P/D and J. The form
of the polynomials is as follows:

L
ures. Ease of fabrication of the duct is essential; the Ki=4do, Ao, T, . /
feature which helps thissignificantly is the use of straight iy <f A (f) Tt A ( ! ) e

. - N . . 1,0 1.1 i
lines, wherever possible, in the profiles shown in Figure “\D “A\D/, D
6.15. The profile ordinates of Ducts No. 19A and No. P\2 P\2 s p\2
37 are given in Table 6.15. Three principal propeller + Aw(b-) + A’-'(B) JHo+ A, ,,( l)\) J°
types have been used; the B series propeller in ducts ’
Nos. 2-11, the K, series propellersin ducts Nos. 1-24 oo T
and No. 37 with limitedgvork using the B series propeller 6 U  P\°
for duct 19A, and tWK, seried propeller for ducts +4, °<5 + Ao.l(D> S+t 4""’([’)) J®
Nos. 30-36. The details of the K « series propellers are ’
reproduced in Table 6.16, and Figure 6.16 shows the Kin=B,, + By, J+
general forms of the propellers for this series. These Py
propellers have a diameter of 240 mm,. e ! t8,, D ) J
Typical of the results derived from this series are .
the characteristics shown in Figure 6.8. However, Ko=Cop +Co, J+
regression polynomials have been developed to express ¢ ( l’)” o
" " o" 'V.D/
(6.19)
) [N B
1.0R Ters e e
09R i ! r ]
0.8R ! ! N H
0.8 \ ! \ .
0.6R \ g - !
054 — ! ——t——
0.4R \ —F / ¥ — '
0.34 { N U e
0.2R 1 N Y \ ;
N [ == v —t—
. o '
- - —— - - § - b ————
K, 3-65 i K, 4-55
1.0”R
0.9AR ! T T ]
0.8R - \ M ! 7
0.7R l \ | i _
0.68 \ em—— | " .
05R | U — | U
0.47 l \eee—] N l ‘\.,,—-—"'. N
0.3R 1 \ T I — ;
0.2# | e ) 1 AT
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. 5 — T —
b K, 4-70 sl «, 578
P = uniform

Figure 6.16 General outline of the K, series propelter (Reproduced from Reference 26, with permission)
) N i
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Table 6.17 Coefficients for duct nos. 19A and 37 tor equation (6.19) - K, propeller 4-70 (taken

from Reference 26)

Nozzle no. 194 Nozzle no. 37

Xy Axy Bxy Cxy Axy Bxy Cxy
6 00 +0030550 +0076594 +0.006735 —00162557 —0.016806 +0.016729
1 1 —0.148687 +0.075223
2 2 —0.061881 —0.016306
3 3 -0391137  —0.135094
4 4 —0.007244
5 s —0.370620
6 6 +0.323447 ~0.099544  +0.030559
7 10 -0.271337 —0.598107 0.048424
8 1 -0432612 -0.687921 —1.009030 —0.548253 —0.011118
9 2 +0.225189  —0.024012 +0.230675  -0.056199
10 3
1 4
12 b
13 6 -0.081101
14 20 +0667657 +0.666028 +0.085087 +0.460206 +0.083476
15 1 +0.425585
16 2 +0285100 +0.734285 +0.005193 +0.045637
17 3 ~0.042003
18 4
19 5
20 6
2l 30 —0.172529 -0.202467 +0.046605 —0.216246 —-0.008652
22 1
23 2 ~0.542490
24 3
25 4
26 s —0.021044
27 6 —0.016149
28 40 —0.007366 +0.042997
29 1
30 2
3 3 +0.099819
32 4
33 ]
34 6
35 5o
36 1 +0.030084 —0.038383
37 2
38 3
39 4
40 5
41 6
42 60 ~0.001730
43 1 ~0017283 ~0.000337 -0.001176
44 2 ~0.001876  +0.000861 +0.014992 « +0.002441
45 3
46 4
47 S
48 6
49 07 +0.036998  +0.051753 —0.012160

B . T T U SECr B S

where the cocfficients A, B and C are given in Table
6.17 for the 19A and 37 duct profiles with the K, 4-70
propeller.

6.5.10 Gutsche and Schroeder controllable pitch
propeller series

The Gutsche and Schréeder propeller series (Reference
27) comprises a set of five three-bladed controllable
pitch propelfers. The propellers were designed according
to the Gawn series (Reference 9) with certain modi-
fications; these were that the blade thickness fraction
was reduced to 0.05 and the inner blade chord lengths
were restricted to allow the blades to be fully reversing.
Additionally the boss radius was increased to 0.25D
in order to accommodate the boss actuating mechanism.

The propelicr series was designed to have a diameter
of 200mm and three of the propellers were produced
with a design P/D of0.7 and having varying developed
area ratios of 0.48, 0.62 and 0.77. The remaining two
propellers of the series had blade area ratios of 0.62
with design pitch ratios of 0.5 and 0.9. The three
propellers with a design P/D of 0.7 were tested for
both positive and negative advance speed over a range
of pitch ratios at 0.7R of 1.5, 1.25, 1.0, 0.75, 0.5, 0,
~0.5, —0.7Sand —1.00. The remaining two propellers
of the scries were tested at the limited P/D runge of
1.00, 0.50, —0.50 and — 1.00.

6.5.11 The JD~CPP series

The JD-CPP series is also a three-bladed controllable
pitch series comprising 15 model propellers each
having a diameter of 267.9 mm. The propellers are
split into three groups of five having expanded area
ratios of 0.35, 0.50 and 0.65. The propellers all have
a boss diameter of 0.28D and each of the members of
the expanded area groups have design pitch ratios of
0.4,0.5, 08, 1.0 and 1.2 respectively. As in the case
of the Gutsche series the blade thickness fraction is
0.05. The blade design pitch distribution is constant
from the tip to 0.6R but is reduced in the inner region
of the blade near the root,

The propeller scries, presented by Chueet al. (Reference
28), was tested at the Shanghai Jiao Tong University
and measurements were made over a range of 50° of
pitch change distributed about the design pitch setting.
Results are presented for thrust, torque and hy-
drodynamic spindle torque cocfficient for the series in

“non-cavitating conditions. The range of conditions

tested extend 10 both positive and negative advance
cocflicicnts. Hence, by including spindie torque data
this series is one of the most complete for controllable
pitch propeller hydrodynamic study purposes and to
aid studics polynomial regression coefficients have
also been given by the authors,
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6.5.12 Other controlluble pitch propeller series
tests

In general the open water characteristics of controllable
pitch propeller series have been very largehy
neglected in the open literature. This is patticularly
true of the spindle torque characteristics. Apart from
the two series mentioned abave which lorm the
greatest open literature data source for controttable
pitch propellers in of-design conditions. there have
been other limited amounts of test data presented
Amongst these are Yazaki (Reference 293, Hansen
(Reference 30) and Miller (Reference 31). Model tests
with controllable pitch propellers in the Waginingen
duct forms 19A, 22, 24, 37 and 38 are presented
Reference 40.

6.6 Multi-quadrant series data

So far in this chapter discussion has centred on the
first quadrant performance of propeliers. That 1s for
propellers working with positive rotational speed and
forward or zero advance velocity. This clearly is the
conventional way of operating 3 propeller, but for
studying manocuvering situations or astern performunce
of vessels other data is required.

In the case of the fixed pitch propeller 1t 15 possible
to define four quadrants based on an advance angle

V.
B=tan | 2 10.20)
0.7nnD

as follows:

Ist quadrant: Advance speed —ahead
Rotational speed —ahead
This implies that the advan.e
angle B varies within the range
V< B <900

2nd quadrant: Advance speed  -—ahead
Rotational speed —astern
In this case # lies in the ranye
90° < § < 180°

3rd quadrant: Advance speed —astern
Rotational speed —astern
Here f lies in the range of
180° < B < 270°

4th quadrant: Advance speed —astern
Rotational speed —aheud
Where f is within the range
270" < B < 360°

Provided sufficient experimentat data is avuilable it
becomes possible to define a peniodic function bascd
on the advance angle £ 1o define the thrust and torque
characteristics of the propeller in each of the quadrunts
In this context it should be noted that whea g8 = 0
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Forward
advance
V, (+ve)

2nd quadrant
(V, rve;n —vel

1st quadrant
{V, +ve;n +ve)

8
{~ve} 0.7xn0 (+ve)
astern rotation ahead rotation
3rd quadrant 4th quadrant
(V, —ve;n —ve) {V, —ve; n +ve)
{—ve)
Astern
advance

Figure 8.17 Four-quadrant notation

or 360° then this defines the ahead bollard puil
condition and when f = 180° this corresponds to the
astern bollard pull situation. For § = 90° and 270°,
these positions relate to the condition when the
propelier is not rotating and is being dragged ahead
or astern through the water respectively. Figure 6.17
assists in clanfying this notation for fixed pitch
propellers.

For multi-quadrant studies the advance angle
notation offers a constderably more flexible represen-
tation than the conventional advance cocfficient J;
since when the propeller RPM is 0, such as when
B = 907 or 270%, then J -+ o0. Similarly, the thrust and
torque coefficients need to be modified in order to
prevent similar problems from occurring and the
following are derived:

T
C=r—
! 1PV Ao
and
C'=T—r——Q
? 2PV AgD

where V, is the relative advance velocity at the 0.7R
blade section. Consequently, the above equations can
be written explicitly as

Cy T

T (w/8)p[ V] + (0.7xnD)*1D?
and (6.21)

cr = 0
7 (x/8)p[ V] + (0.7anD)*ID?

Note the asterisks in equations (6.21) are used to

NS SIS S-S NI

avoid confusion with the free stream velocity based
thrust and torque coeflicients C; and C, defined in
equations (6.4)-(6.6).

Results plotted using these coeflicients take the form
shown in Figures 6.18 -6.20 for the Wageningen B4-70
screw propeller series. These curves, as can be secn,
are periodic over the range 0° < f# < 360° and, therefore,
lend themselves readily to a Fourier type representation.
Van Lammeren et al. (Reference 6) suggests a form:

20
Ct = ¥ [A,cos(kp) + B,sin(kfi)]
k=0

20
Ch= ¥ [A,coskf) + B,sin(kp)]

=0

(6.22)

When evaluating the off-design characteristics by
open water data it is important to endeavour o find
data from a model which is close to the design under
consideration. From the Wageningen data it will be
seen that blade area ratio has an important influence
on the magnitude of C§ and C3 in the two regions
40° < f < 140" and 230" < ff < 340". In these regions
the magnitude of C3 can vary by as much as a factor
of 3, a1 mode! scale, for a blade area ratio change
from 0.40 10 1.00. Similarly, the effect of pitch ratio
will have a considerable influence on CJ) over almost
the entire range of f as seen in Figure 6.18. Blade
number does not appear to have such pronounced
cffects as pitch ratio or expanded area ratio and,
therefore, can be treated as a less significant variable.

Apart from the Wageningen B screw series there
have over the years been other studies, undertaken
on propellers operating in off-design conditions. Notable
amongst these are Conn (Reference 32) and Nordstrom
(Reference 33); these latter works, however, are
considerably less extensive than the Wageningen data
cited above.

With regard to ducted propellers a twenty-term
Fourier representation has been undertaken (Reference
25) for the 19A and 37 ducted systems when using the
K, 4.70 propeller and has been shown to give a
satisfactory correlation with the model test data.
Consequently, as with the case of the non-
ducted propellers the coefficients C3, Cg and Cjy are
defined as follows:

C; 20
C Y= Y [A,cos(kp) + B,sin(kf)) (6.23)
) '

The corresponding tables of coefficients are reproduced
from (Reference 25) in Tables 6.18 and 6.19 for the
19A and 37 ducts respectively.

As might be expected the propeller, in this case the
K, = 4-70, still shows the same level of sensitivity to
P/D, and almost certainly to AgAg, with f as did the
non-ducted propetlers; however, the duct is compara-
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Figure 8.18 Open water test results with B 4-70 screw series in four quadrants (Reproduced from Refsrence 6)

uve_ly insensitive to variations in P/D except in the
region —20° < < 20°.

Full details of the Wageningen propeller series can
be fm.m_d in Reference 40 which includes a diskette
containing the data and computer programs to perform
calculations based on the various propeller series,

In the case of the controllable pitch propeller the
number of quadrants reduces to two since this type
of propeller is unidirectional in terms of rotational
speed. Usnng the fixed pitch definition of quadrants the
two of interest for controllable pitch propeller work
are the first and fourth, since the advance angle lies
in the range 90° < f < —90°. As discussed carlier, the
amount of standard serics data for controllable pitch
propellers in the public domain is comparatively
small; the work of Gutsche and Schroeder {Reference
27), Yazaki (Reference 29) being perhaps the most
prominent. Strom-Tejsen and Porter (Reference 34)

undertook an analysis of the Gutsche Schroeder
three-bladed ¢.p.p. series, and by applying tegression
methods to the data derived equations of the form

.

C"} }L: R S! ;
= z P g
Ca =0 I.Z( )n":D .'“)())ng()
X |y, COS (1) + b, ., sin(nf)] (0.23)
where y = {[P,,/D],., + 1.0}/0.25
and z = (Ap/Ay — 0.50)/0.15

and R, ,(z) and P, ,,(y) are orthogonal poly nomi:
efinei e aely gonal poly nomials

P _ o N m\{m+ k A_"i’
matt)= 5 nr(k)( ; )

The coefficients @ and b of equation (6 24) are
defined in Table 6.20 for use in the equations; howeser,
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it has been found that it is unncccssary for most  the thrust produced by the propeller for a given speed 2ub- - EEREN - _4__4_: »r _I_ __I__I__l ' L
purposcs to use the entire table of coefficients and that of advance, the more the slipstream will contract. 0 4“0 80° 120° 160° 3 200° 20° 280° 320° 160°
fairing based on L =2, M = 4 and N = 14 provides Nagamatsu and Sasajima studied the effect of /
sufficient accuracy. contraction through the propeller disc (Reference 35)
and concluded that the contraction could be represented
. . to a first approximation by the simple momentum
6.7 Slipstream contraction and theory relationship: .
flow velocities in the wake
Do 12y18/2
. When a propeller is operating in open water the - (050 + (1 + G)*) (6.25)
slipstream will contract uniformly as shown in Figure .
6.2§(2). This contraction is due to the acceleration of  ‘where D, is diameter of the slipstream far upstrcam
the Buid by the propeller and, consequently, is dependent D is diameter of the propelier disc Fl 6.20 O i i 1 iabl b imateh i
upon the thrust exerted by the propeller. The greater C; is the propeller thrust coefficient. m?tu;/.c -10 (::;&zz;o;:;s:l:::::&ﬂa;mu e of blade - 4P similar bisde area ratio




