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Preface to the second edition

It is now rather over a decade since much of the material was written for the rst edition of this book. During that time
advances have been made in the understanding of several branches of the subject and it is now time to incorporate much
of that material into the text. These advances in understanding together with the natural progression of the subject relate
particularly to cavitation dynamics, theoretical methods including the growing development of computational uid
dynamics in many parts of the subject and the use of carbon  bre materials for certain propeller types. Moreover, podded
propulsors have emerged in the intervening years since the rst edition was written and have become a propulsion
option for certain types of ship, particularly cruise ships and ice breakers but with a potential to embrace other ship
types in the future.

Some other aspects of the subject were not included in the original publication for a number of reasons. In this
new edition | have attempted to rectify some of these omissions by the inclusion of material on high-speed propellers,
propeller rudder interaction as well as a new chapter dealing with azimuthing and podded propulsors and a substantial
revision to the chapter on cavitation. These additions together with a reasonably extensive updating of the material and
the removal of the inevitable typographical errors in the rst edition form the basis of this new addition. Furthermore,
experience in using the book over the last 10 years or so has shown that the arrangement of some of the material could
be improved. As a consequence it will be seen that a certain amount of re-grouping of the subject matter has taken
place in the hope that this will make the text easier to use.

Finally, thanks are once again due to many colleagues around the world who have made very valuable suggestions
and comments as well as providing me with further material for inclusion from their own libraries and achieves.
Furthermore, the normal day-to-day discussions that are held on various aspects of the subject frequently trigger
thought processes which have found their way into various parts of the narrative. In particular, my thanks are due to
Mrs W. Ball, Mr P.A. Fitzsimmons, Mr M. Johansen, Mr J. Th. Ligtelijn, Dr D. Radosavljevic , Prof. Dr T. van Terwisga
and Mr J. Wiltshire. Thanks are also due to Dr P. Helmore who, having read the book some 10 years ago, kindly
supplied me with a list of errata for this edition. Finally, thanks are also due to Jane, my wife, for her encouragement
and support in undertaking this revision to the book in a relatively short-time frame.

J.S. Carlton
Hythe, Kent
December 2006
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Preface to the rst edition

Although the propeller normally 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, metallurgy, naval architecture and
mechanical and marine engineering. Clearly, the dependence of the subject on such a wide set of basic disciplines intro-
duces the possibility of con icting requirements within the design process, necessitating some degree of compromise
between opposing constraints. It is the attainment of this compromise that typi es 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 propellers, little has been published dealing with the subject as an entity since the early 1960s. Over the
last 30 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 eld of propeller technology up to the present time in each of the areas 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 towards practising marine engineers and naval architects, principally within the marine
industry but also in academic and research institutions. In particular when writing this book | have kept in mind the
range of questions about propeller technology that are frequently posed by designers, ship operators and surveyors and
I 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 developments 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 vortex lattice techniques of propeller analysis. As
a consequence a knowledge of mathematics, uid mechanics and engineering science is assumed commensurate with
these premises. Notwithstanding this, it is to be hoped that students at both undergraduate and post-graduate levels
will nd the book of value to their studies.

The rst two chapters of the book are essentially an introduction to the subject: rst, a brief history of the early
development of propellers and, secondly, an introduction to the different propeller types that are either of topical interest
or, alternatively, will not be considered further in the book; for example, paddle wheels or superconducting electric
propulsion. Chapter 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 5 concern themselves with the environment in which the propeller operates and the wake

eld in particular. The wake eld and its various methods of prediction and transformation, particularly from nominal
to effective, are again fundamental to the understanding of the design and analysis of propellers.

Chapters 6 15 deal with propulsion hydrodynamics, rst in the context of model results and theoretical methods
relating to propellers xed to line shafting, then moving on to ship resistance and propulsion, including the important
subjects of propeller hull interaction and thrust augmentation devices, and nally to consideration of the speci ¢
aspects of xed 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.



xiv  Preface to the rst edition

Chapters 17 20 deal with the mechanical aspects of propellers. Materials, manufacture, blade strength and vibration
are the principal subjects of these four chapters, and the techniques discussed are generally applicable to all types of
propulsors. The nal ve chapters, 21 25, discuss various practical aspects of propeller technology, starting with
design, then continuing to operational problems, service performance and, nally, to propeller inspection, repair and
maintenance.

In each of the chapters of the book the attainment of a fair balance between theoretical and practical considerations
has been attempted, so that the information presented will be of value to the practitioner in marine science. For more
advanced studies, particularly of a theoretical nature, the data presented here will act as a starting point for further
research: in the case of the theoretical hydrodynamic aspects of the subjects, 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 throughout 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, indeed, in subject of propeller technology could not have developed so far. | hope
that | have done justice to their efforts in this book. At the end of each chapter a series of references is given so that,
if necessary, the reader may refer to the original work, which will contain full details of the speci c research topic
under consideration. | am also considerably indebted to my colleagues, both within Lloyd s Register 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 PA. 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. | would also like to thank
Mr A.W.0. 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 in uenced much of
the text of Chapters 17 and 25. Also, | am particularly grateful to Mr J.Th. Ligtelijn 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 due 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 coef cient
Ap Developed area

Ae Expanded area

Am Mid-ship section area
Ao Disc area

Ap Projected area

AR Aspect ratio

B Moulded breadth of ship
Bp Propeller power coef cient
BAR Blade area ratio

Ca Correlation factor
Section area coef cient
Cp Ship block coef cient
Co Drag coef cient
Ck Frictional resistance coef cient
CL Lift coef cient
Cwm Moment coef cient
Section modulus coef cient
Cp Pressure coef cient
Ship prismatic coef cient
Propeller power coef cient
Cr Thrust loading coef cient
Total resistance coef cient
Cw  Wavemaking resistance coef cient

D Drag force
Propeller diameter
Dy Behind diameter
Do Diameter of slipstream far upstream
Ds Shaft diameter

F Force

Fetch of sea
Fs Bollard pull
Fn Froude number



xvi  General nomenclature
G Boundary layer unique shape function
Non-dimensional circulation coef cient
H Hydraulic head
Hp Pump head
| Dry inertia
le Polar entrained inertia
IVR Inlet velocity ratio
J Advance coef cient
Jp Ship polar moment of inertia
K Prandtl or Goldstein factor
Kn Knapp s similarity parameter
Kp Pressure coef cient
Ko Propeller torque coef cient
Kaos Spindle torque coef cient
Kt Thrust coef cient
Kn, Ko Duct thrust coef cient
Ktp Propeller thrust coef cient
Ky Side force coef cient
L Length of ship or duct
Lift force
Section centrifugal bending moment arm
Lp Sound pressure level
Lpp Length of ship between perpendiculars
Lr Length of run
LwL Length of ship along waterline
M Moment of force
M, Mach number
N Rotational speed (RPM)
Number of cycles
Number of fatigue cycles
Ns Speci ¢ speed
P Propeller pitch
Ps Brake power
Pp Delivered power
Pe Effective power
P Generator power
Ps Shaft power
Q Flow quantity
Propeller torque
QPC Quasi-propulsive coef cient
Qs Total spindle torque
Qsc Centrifugal spindle torque
Qsr Frictional spindle torque
QsH Hydrodynamic spindle torque
R Radius of propeller, paddle wheel or bubble
Speci ¢ gas constant
Rar Air resistance of ship
Rapp Appendage resistance

Re Real part



Re Frictional resistance
Rn Reynolds number
Rt Total resistance
Ry Viscous resistance
Rw Wavemaking resistance
S Surface tension
Ship wetted surface area
Sa Additional load scale factor
Sa Apparent slip
SBF Solid boundary factor
Sc Camber scale factor
T Temperature
Draught of ship
Propulsor thrust
Ta Draught aft
Tk Draught forward
Tn, To  Duct thrust
Tp Propeller thrust
Ur Propeller tip speed
Y \Volume
Velocity
Va, Speed of advance
Vs Ship speed
X Distance along coordinate axis
Y Distance along coordinate axis
W Resultant velocity
Width of channel
We Weber number
VA Blade number
Distance along coordinate axis
Znm Section modulus
Lower case
a Propeller axial in ow factor
a Propeller tangential in ow factor
ac Crack length
ar Resistance augmentation factor
b Span of wing
c Wake contraction factor
Section chord length
Cq Section drag coef cient
C Section lift coef cient
Cji Ideal section lift coef cient
Cm Section moment coef cient
Cmax Limiting chord length
f Frequency
Function of . ..
g Acceleration due to gravity

Function of . ..
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xviii

h

Pc
Po

Pv

tmax

to

General nomenclature

Fluid enthalpy

Height

Hydraulic head

Height of bulbous bow centroid from base line in transverse plane

Counter

Section generator line rake
Propeller rake

Section skew-induced rake
Total rake of propeller section

Counter

Counter

Lifting surface camber correction factor

Mean 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
Speci ¢ mass ow

Rotational speed (rps)

Section pitch

Pressure

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

Pitch of reference section
Hull-induced vibratory pressure
Vapour pressure
Apparent-induced pressure

Dynamic ow pressure

Radius of a propeller section
Hub or boss radius

Length parameter

Time

Thrust deduction factor

Section thickness

Thickness fraction

Maximum thickness

Notional blade thickness at shaft centre line

Local velocity
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v Local velocity
Va Axial velocity
Vy Radial velocity

Vi Tangential velocity
VT Tide speed

w Downwash velocity
Mean wake fraction
WE Froude wake fraction
Wnmax  Maximum value of wake fraction in propeller disc
W Nominal wake fraction
wp  Potential wake fraction
Wt Taylor wake fraction
Wy Viscous wake fraction
Wiy Wave-induced wake fraction

X Distance along a coordinate axis
Non-dimensional radius (r/R)
Xe Distance along chord

Radial position of centroid
Xep Centre of pressure measured along chord

Xo Reference section

y Distance along coordinate axis
Ye Camber ordinate

YL Section lower surface ordinate
Vi Thickness ordinate

Yu Section upper surface ordinate

N

Distance along coordinate axis

Suf xes

Model

Ship

Upper

Lower

Bound, behind
Free

Reference value
Reference radius

XQomorce s

Greek and other symbols

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
i Hydrodynamic pitch angle
Circulation
Local vortex strength
Length parameter
Ratio of drag to lift coef cient (C4/Ce)
g Correction to angle of attack due to cascade effects
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Change in parameter
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Boundary layer thickness
Linear displacement

Propeller speed coef cient
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Transformation parameter
Bendemann static thrust factor
Damping factor
Transformation parameter
Propeller behind hull ef ciency
Hull ef ciency

Ideal ef ciency

Mechanical ef ciency
Propeller open water ef ciency
Pump ef ciency

Relative rotative ef ciency
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
Wavelength

Source sink strength

Ship model scale factor

Coef cient of dynamic viscosity
Density of water

Density of air

Leading edge radius

Density of blade material
Cavitation number

Stress on section

Alternating stress

Corrosion fatigue strength
Inception cavitation number
Local cavitation number

Mean design stress
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Relative shaft angle

Free steam cavitation number
Residual stress

Blade solidity factor
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Shear stress

Thrust loading coef cient

Coef cient of kinematic viscosity
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\elocity potential
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Gas content number
Energy transfer coef cient
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Angular velocity
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Abbreviations
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CAD
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HMS
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VTOL
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Design
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Both Archimedes (c. 250 BC) and Leonardo da Vinci
(c. 1500) can be credited with having considered designs
and ideas which would subsequently be explored by ship
propulsion engineers many years later. 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 nineteenth century engi-
neers involved in marine propulsion. Unfortunately,
however, it also gave rise to several subsequent mis-
conceptions about the basis of propeller action by
comparing it to that of a screw thread. In contrast
Leonardo da Vinci, in his sketchbooks which were pro-
duced some 1700 years after Archimedes, shows an
alternative form of screw propulsion based 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 recog-
nize it today 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 Philosophi-
cal Collections, presented to the Royal Society in 1681,
explained the design of a horizontal watermill which
was remarkably similar in its principle of operation to
the Kirsten-Boeing vertical axis propeller developed
two and a half centuries later. Returning however to
Hooke s watermill, it comprised six wooden vanes,
geared to a central shaft and pinned vertically to a hori-
zontal 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 sub-
ject of metrology and in the course of his work he
developed an air ow meter based on the principle of
a windmill. He successfully modi ed 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 Hookes screw propeller (1683)

The early development of the screw propeller 3

Figure 1.2 Bernoullis propeller wheel (1752)

four, atrectangular blades located on radial arms with
the blades inclined to the plane of rotation.

Some years later in 1752, the Acad@mie des Sciences
in Paris offered a series of prizes for research into the-
oretical methods leading to signi cant developments in
naval architecture. As might be expected, the famous
mathematicians and scientists of Europe were attracted
by this offer and names such as d Alembert, Euler and
Bernoulli appear in the contributions. Bernoulli s con-
tribution, for which he won a prize, introduced the
propeller wheel, shown in Figure 1.2, which he intended
to be driven by a Newcomen steam engine. With this
arrangement he calculated that a particular ship could
be propelled at just under 21 knots by the applica-
tion of some 20 to 25hp. Opinion, however, was still
divided as to the most suitable propulsor con gura-
tion, as indeed it was to be for many years to come.
For example, the French mathematician Paucton, work-
ing at about the same time as Bernoulli, suggested a
different approach illustrated in Figure 1.3 which was
based on the Archimedean screw.

Thirty-three years after the Paris invitation Joseph
Bramah in England proposed an arrangement for a
screw propeller located at the stern of a vessel which,
as may be seen from Figure 1.4, contains most of the

Figure 1.3 Archimedean screw of Paucton
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Figure 1.4 Bramah's screw propeller design (1785)
(Reproduced with permission from Reference 3)

Figure 1.5 Shorter s propulsion system (1802)
(Reproduced with permission from Reference 3)

features that we associate with screw propulsion today.
It comprises a propeller with a small number of blades
driven by a horizontal shaft which passes into the hull
below the waterline. There appears, however, to be no
evidence of any trials of a propeller of this kind being

tted to a ship and driven by a steam engine. Sub-
sequently, in 1802 Edward Shorter used a variation
of Bramahs idea to assist sailing vessels that were
becalmed to make some headway. In Shorters pro-
posal, Figure 1.5, the shaft was designed to pass into
the vessel s hull above the waterline and consequently
eliminated the need for seals; the motive power for this
propulsion arrangement was provided by eight men at a
capstan. Using this technique Shorter managed to pro-
pel the transport ship Doncaster in Gibraltar and again
at Malta at a speed of 1.5mph in calm conditions: per-
haps understandably, in view of the means of providing
power, no further application of Shorter s propeller was
recorded but he recognized that this propulsion concept
could be driven by a steam engine. Nevertheless, it is
interesting to note the enthusiasm with which this pro-
peller was received from Admiral Sir Richard Rickerton
and his Captains (Figure 1.6).

Colonel John Stevens, who was a lawyer in the USA
and a man of substantial nancial means, experimented
with screw propulsion in the year following Shorter s
proposal. As a basis for his work he built a 25 ft long
boat into which he installed a rotary steam engine and
coupled this directly to a four-bladed propeller. The

blades of this propeller were at iron plates riveted to
forgings which formed a spider-like boss attachment
to the shaft. Stevens later replaced the rotary engine
with a steam engine of the Watt type and managed to
attain a steady cruising speed of four mph with some
occasional surges of up to eight mph. However, he was
not impressed with the overall performance of his craft
and decided to turn his attention and energies to other
means of marine propulsion.

In 1824 contra-rotating propellers made their appear-
ance in France in a design produced by Monsieur
Dollman. He used a two-bladed set of windmill type
propellers rotating in opposite directions on the same
shaft axis to propel a small craft. Following on from
this French development the scene turned once again to
England, where John Ericsson, a former Swedish army
of cer residing at that time in London, designed and
patented in 1836 a propulsion system comprising two
contra-rotating propeller wheels. His design is shown in
Figure 1.7 from which it can be seen that the individual
wheels were not dissimilar in outline to Bernoulli s earl-
ier proposal. Each wheel comprised eight short, wide
blades ofa helical con guration mounted onablade ring
with the blades tied at their tips by a peripheral strap. In
this arrangement the two wheels were allowed to rotate
at different speeds, probably to overcome the problem of
the different ow con gurations induced in the forward
and after wheels. Ericsson conducted his early trials on
a 3 ft model, and the results proved successful enough
to encourage him to construct a 45 ft vessel which he
named the Francis B. Ogden. This vessel was tted with
his propulsion system and had blade wheels with adiam-
eter of 5ft 2in. Trials were conducted on the Thames
in the presence of representatives from the Admiralty
and the vessel was observed to be capable of a speed
of some ten mph. However, in his rst design Ericsson
placed the propeller astern of the rudder and this had
an adverse effect both on the steerability of the ship
and also on the ow into the propeller. The Admiralty
Board expressed disappointment with the trial although
the propulsion results were good when judged by the
standards of the day. However, it was said that one rea-
son was their concern over a vessel s ability to steer
reliably when propelled from the stern. Following this
rebuff Ericsson left England for the USA and in 1843
designed the US Navys rst screw propelled vessel,
the Princeton. It has been suggested that by around this
time the US merchant marine had some forty-one screw
propelled vessels in operation.

The development of the screw propeller depended not
only on technical development but also upon the avail-
ability of nance, politics and the likely return on the
investment made by the inventor or his backers. Smith
was rather more successful in these respects than his
contemporary Ericsson. Francis Petit Smith took out a
patent in which a different form of propeller was used,
more akin to an Archimedean screw, but, more impor-
tantly, based on a different location of the propeller
with respect to the rudder. This happened just a few
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CERTIFICATES
From
ADMIRAL SIR RICHARD RICKERTON
and the
CAPTAINS of His MAJESTY S Ships DRAGON, SUPERB, &c.&c.&c.

. GIBRALTER BAY, July 4, 1802
ir,

I Arrived here on the 1st after a Passage of Ten Days from England, and at the Time of my Arrival had a
fresh breeze S.W. in consequence of which, had not an Opportunity of making use of the PROPELLER, but
Yesterday being Calm, | got the DONCASTER under-way by Desire of some Captains in the Navy and several
others when it was exhibited to the great Surprise and Satisfaction of every Spectator, at the same Time the Log
was hove, and found the Ship, although deep loaded, went one-Knot and a Half through the Water, entirely by
the Use of your new invented PROPELLER.

The inclosed Certi cate | have received from the Captains of His Majesty s Ships DRAGON, and SUPERB
in order that the Utility of the grand Machine may be made known to all Persons concerned in Shipping especially
Ships coming up the Mediterranean where we are so much subject to Calms.

I have received Orders to go to Malta, and shall sail this Afternoon, if Wind permits.
Your s JOHN SHOUT,
Master of the DONCASTER Transport.
To Mr. SHORTER,
No0.83, Wapping-Wall.

We, the under-mentioned Captains of His Majesty s ships DRAGON and SUPERB, have seen the
DONCASTER moved in a Calm, the Distance of Two Miles, in GIBRALTER BAY, and with suf cient Velocity,
by the sole Use of Mr. SHORTER s PROPELLER, to give her Steerage-way.

GIBRALTER BAY, July 4, 1902.
S. AYLMER, Captain of H.M.S. DRAGON
R. KEATS, Captain of H.M.S. SUPERB

Figure 1.6 Certi cate of performance for Mr Shorter s propeller arrangement (Courtesy: Mr J. Wiltshire, Qinetiq)

weeks prior to Ericsson establishing his patent and the
British Admiralty modi ed their view of screw propul-
sion shortly after Ericsson s trials due to Smith s work.
Smith, despite being frequently referred to as a farmer
had had a sound classical education, explored the con-
cepts of marine propulsion by making model boats and
testing them on a pond. From one such model which
was propelled by an Archimedean screw he was suf-

ciently encouraged to build a six ton prototype boat,
the F P Smith, powered by a sixhp steam engine to
which he tted a wooden Archimedean screw of two
turns. The vessel underwent trials on the Paddington
Canal in 1837; however, by one of those fortunate acci-
dents which sometimes occur in the history of science
and technology, the propeller was damaged during the
trials and about half of it broke off, whereupon the vessel
immediately increased its speed. Smith recognized the
implications of this accident and modi ed the propeller
accordingly. After completing the calm water trials he
Figure 1.7 Ericssons contra-rotating screw propeller took the vessel on a voyage down the River Thames
(1836) from Blackwall in a series of stages to Folkestone and




6  Marine propellers and propulsion

eventually on to Hythe on the Kentish coast between
these last two ports the vessel averaged a speed of some
sevenmph. On the return voyage to London, Smith
encountered a storm in the Thames Estuary and the
little craft apparently performed excellently in these
adverse conditions. In March 1830 Smith and his back-
ers, Wright and the Rennie brothers, made an approach
to the Admiralty, who then requested a special trial for
their inspection. The Navy s response to these trials
was suf ciently encouraging to motivate Smith and his
backers into constructing a larger ship of 237 tonnes
displacement which he called Archimedes. This ves-
sel which was laid down by Henry Wilmshurst and
engined by George Rennie was completed in 1839. It
had a length of 125 ft and was rigged as a three masted
schooner. The Archimedes was completed just as the
ill-fated Screw Propeller Company was incorporated as
a joint stock company whose objectives were to pur-
chase Smith s patents, transfer the nancial interest to
the company and sell licences to use the location for
the propeller within the deadwood of a ship as sug-
gested by Smith, but not the propeller design itself.
The Archimedes was powered by two 45hp engines
and nally tted with a single turn Archimedean screw
which had a diameter of 5 ft 9 in., a pitch of 10 ft and was
about 5 ftin length. This propeller was the last of a series
tried on the ship, the rst having a diameter of 7 ft with a
pitch of 8 ft with a helix making one complete turn. This
propeller was subsequently replaced by a modi cation
inwhich double threaded screws each of half a turn were
employed in accordance with Smith s amended patent
of 1839. The propeller is shown in Figure 1.8. After
undergoing a series of proving trials in which the speed
achieved was in excess of nine knots the ship arrived at
Dover in 1840 to undertake a series of races against the
cross-channel packets which at that time were operated
by the Royal Navy. The Admiralty was duly impressed
with the results of these races and agreed to the adop-
tion of screw propulsion in the Navy. In the meantime,
the Archimedes was lent to Brunel, who tted her with
a series of propellers having different forms.

Figure 1.8 Propeller tted to the Archimedes (1839)

Concurrent with these developments other inventors
had introduced novel features into propeller design.
Lowes in 1838 patented a propeller comprising one or
more blades where each blade was a portion of a curve
which if continued would produce a screw. The arrange-
ment was equivalent to a pair of tandem propellers on
a single shaft with each blade being mounted on a sep-
arate boss. Subsequently, the s.s. Novelty was built at
Blackwall by Mr Wilmshurst between 1839 and 1840
to test the principle of screw propulsion. Indeed, this
ship can be considered to be the rst screw propelled
cargo ship. Also in 1839 Rennie patented a conoidal
design in which he proposed increases in pitch from
forward to aft of the blade; three-bladed helices and the
use of skewback in the design. Taylor and Napier, a
year later, experimented with tandem propellers, some
of which were partially submerged. Also by 1842 the
windmill propeller, as opposed to the Archimedean
screw, had developed to a fairly advanced state as wit-
nessed by Figure 1.9, which depicts the propeller tted
to the Napoleon, a ship having a displacement of 376
tonnes. This propeller is particularly interesting since it
was developed to its nal form from a series of model
tests in which diameter, pitch, blade area and blade num-
ber were all varied. The rst propeller in the series was
designed with three blades each having a length of a
third of a turn of a screw thread thereby giving a high
blade area ratio. Nevertheless, as the design evolved
better results were achieved with shorter-length blades
of around 22 per cent of a full thread turn. The ship was
built by Augustin Normand at Havre and the propellers
were designed and manufactured in Manchester by John
Barnes who also built the engines. Although the ship
was originally destined for postal service duties in the
Mediterranean Sea, she was later acquired by the French
Navy and deployed as a dispatch boat. The eventual pro-
peller was manufactured from cast iron and rotated at
126 rpm giving the ship a speed of 10 to 12 knots.

Figure 1.9 Propeller of the Napoleon (1842)

The result of Brunels trials with the Archimedes
was that the design of the Great Britain, which is
now preserved at Bristol in England and was orig-
inally intended for paddle propulsion, was adapted
for screw propulsion. It is, however, interesting to
note that the general form of the propeller adopted by



Brunel for the Great Britain did not follow the type of
propellers used by Smith but was similar to that pro-
posed by Ericsson, except that in the case of the Great
Britain the propeller was not of the contra-rotating type
(Figure 1.10). Indeed, the original propeller designed
by Brunel was subsequently modi ed since it had a
tendency to break in service. Nevertheless, the pitch
chosen was not dissimilar, in effective pitch terms, from
that which would have been chosen today. Although the
original propeller was 16 ft in diameter, had six blades
and was made from a single casting the propeller which
was nally adopted was a built-up wrought iron pro-
peller, also with six blades but having a diameter of
15.5ft and a pitch of 25 ft.

Figure 1.10 Replica of Brunels propeller for the Great
Britain

As a direct result of the Royal Navy s commitment to
screw propulsion HMS Rattler was laid down in 1841
at Sheerness Dockyard and underwent initial sea trials
in the latter part of 1843 when she achieved a speed of
some 83 knots. HMS Rattler was a sloop of approxi-
mately 800 tonnes and was powered by a steam engine of
about 200 hp. Subsequently, she ran a race against her
paddle half-sister, HMS Polyphemus. A design study
was commissioned in an attempt to study the vari-
ous facets of propeller design and also to 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 nine knots.
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This propeller was a two-bladed design with a diam-
eter of 10ft 1in., a pitch of 11 ft and weighed 26 cwt
2qrs (1.68 tonnes). During the spring of 1845 the Rat-
tler 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,
steam 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 scienti c trial.

In 1846 Joseph Maudsley patented a two-bladed pro-
peller design in which the propeller could be lifted by
a rope and tackle connected to a cross-head and which
permitted the propeller to be raised to deck level. One
year later HMS Blenheim, which had been builtin 1813,
was tted with a similar arrangement to that proposed
by Maudsley when she was converted from sail to screw
propulsion. The following year, 1848, he patented a fur-
ther design in which the blades of a two-bladed propeller
when not working could be turned into the plane of the
shaft to reduce sailing resistance. This theme of raising
the propeller and thereby reducing the resistance of the
ship when under sail was continued by Seaward who
also in 1848 developed a folding propeller in which the
blades were cut into ve radial segments which could
be folded so as to be contained within the projection
of the ships deadwood. Indeed, the con guration of
the propeller blades resembled, to some extent, a lady s
fan in its form and operation. Later in 1865 the Rev.
PA. Fothergill patented a self-feathering propeller
which removed the need to raise the propeller when
under sail. In this design the blades were so arranged as
to take up a position of least resistance when not being
rotated.

In 1853 John Fisher patented a two-bladed design
with perforated blades. These perforations were in the
form of slots to disperse any air that may have been
entrained on the blades. A year later Walduck patented
a design which was intended to attenuate the centrifugal
motion of water over the blade surfaces by introducing
a series of terraces, concentric with the shaft, but each
being greater in pitch than its inner neighbour. This
theme was returned to many times during the subse-
quent development of the propeller, one of the later
developments being in 1924 where chordal plates were
introduced into the blade design.

Peacock in 1855 patented an auxiliary propeller
in which each blade was built from iron plate and
supported by a stay rod projecting radially from the boss.
Interestingly each blade was shaped to correspond to the
general form of a bee s wing and the working surfaces
of the blade given a parabolic form.

Although accepted by the Navy, screw propulsion
had not been universally accepted for seagoing ships
in preference to paddle propulsion as witnessed by the
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relatively late general introduction of screw propulsion
by the North Atlantic Steamship companies. However,
the latter part of the nineteenth century saw a consid-
erable 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 Hirsch
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 pos-
sessed a considerable amount of forward skew on the
blades.

A type of propeller known as the Common Screw
emerged and this was the most successful type of pro-
peller in use before 1860. The working surfaces of the
blades were portions of helices cut-off by parallel lines
about %th of the pitch apart together and located on a
small cylindrical boss. With these propellers the blade
chord lengths increase from root to tip, however, Robert
Grif ths modi ed a blade of this type to have rounded
tips and this was particularly successful. Indeed, the
Admiralty which had a number of Common Screws
reduced their broad tips by cutting away the leading
corners and this resulted in signi cant reductions in
vibration.

During this period of rapid development the compe-
tition between rival designers was great. In 1865 Hirsch
designed a four-bladed propeller for the s.s. Pdriere
which had originally been tted with a Grif ths pro-
peller design. In this case a one knot improvement
was recorded on trial and similar results were noted
when Hirsch propellers replaced other designs. At the
same time a four bladed, 22.8 ft diameter, 21.37 ft pitch,
11.7ft long propeller was constructed for HMS Lord
Warden. This propeller was a built-up design with the
blades bolted through slots to permit adjustments to the
blade pitch. The ship attained a speed of 13.5 knots dur-
ing trials. In the 1890s Hirsch also introduced the idea
of bolted-on blades, thereby providing another early
example of built-up propellers which achieved con-
siderable popularity in the rst half of the twentieth
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 ow. Zeise
carried the ideas of the development of the radial pitch
distribution a stage further in 1886 when he increased
the pitch of the inner sections of the blade in an attempt
to make better use of the inner part of the blades.

In parallel with the development of what might be
termed xed pitch propeller designs in the period 1844
through to about 1911 a number of inventors turned
their attention to the potential for controllable pitch
propellers. In reality, however, a number of these
designs would be better termed adjustable rather than
controllable pitch propellers. Bennett Woodcroft in
1844 patented a design with adjustable blades and this
design had blades with increasing pitch from forward to

Figure 1.11 de Bays contra-rotating propeller design

the after edge in keeping with his earlier patent of 1832.
Later in 1844 he patented a further modi cation where
short links to the blade stems replaced his earlier idea
of grooves on a collar to actuate the blades. In order to

x the blades in the desired position a similar collar was
provided aft with two wedge-shaped arms that acted on
small sliding pieces. In 1868 Mr H.B. Young patented
a method of altering pitch by which the shanks of two
blades are inserted in a hollow boss and extend through
it. These shanks were then retained in position by arms
projecting from them and the arms were controlled by
anuton ascrewed rod which extended through the main
boss and was turned by a key which was manipulated
from within the ship. In the same year R. Grif ths intro-
duced his concept of an adjustable pitch propeller. In
this design, within the boss the shank of a blade was
provided with an arm, connected to a link with a collar,
and screwed on a sleeve that was loose on the propeller
shaft. The after end of the sleeve turned in a groove
in which tted a brake and could be tightened on a
collar by actuation from on deck of a tab on a screw.
The movement for this pitch actuation was achieved by
slowly rotating the propeller shaft thereby screwing the
collar along and in the process setting the blades to the
desired position or indeed feathering them. In a second
arrangement, patented in 1858, Young designed a sys-
tem with a cotter which passed through the stem of the
blades and rested in a sector-shaped recess in the boss.
The alteration of pitch was effected varying a number
of packing pieces. The Bevis Gibson reversible pro-
peller was patented in 1911 and was a development of
an earlier feathering propeller patentin 1869 by Mr R.R.
Bevis which had been used extensively. This new patent
provided a means of reversing a small vessel driven by
an internal combustion engine. In this design the roots
of two blades were provided with toothed pinions which
mated with a rack. The racks were yoked together and
were actuated parallel to the shaft by means of a central
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Figure 1.12 Various early propeller developments (Reproduced with permission partly from References 2 and 3)
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rod which passed through a hollow propeller shaft. This
rod was then operated by a lever at the control position
in the craft so as to adjust the pitch into a forward, astern
or feathering position.

The contra-rotating propeller received further atten-
tion in 1876 when Mr C.S. de Bay designed a propulsion
system for the steam yacht lolair, a 40.4 gross ton
schooner rigged vessel having a length of 81.5 ft. His
design, a model of which is located in The Science
Museum in London and is shown in Figure 1.11 (seen
on page no. 8), comprised two propellers of equal and
opposite pitch mounted on the same shaft but revolving
in opposite directions. The diameters of the propellers
differed slightly with the larger having three blades and
the smaller four blades. The blade shapes were of con-
siderable complexity with portions of the blades being
cut out so that the remainder of the blades could revolve
in an interlocking manner. This complexity was intro-
duced to try and prevent energy losses caused by the
centrifugal and other motions of the water. Compara-
tive trials in 1879 were made between this propeller and
aGrif ths design, of asimilar type to that used on HMS
Lord Warden, and it was stated that the de Bays design
achieved an ef ciency at least 40 per cent greater than
that of the competing design which represented a speed
increase of around one knot.

In 1878 Col. W.H. Mallory in the USA introduced the
concept of the azimuthing propeller. In this design the
propeller was carried in a frame which rather resembled
a rudder and was rotated by a bevel gear driven by an
engine mounted on the deck.

Other developments worthy of note in the context of
this introductory review are those by Mangin, Zeise and
Taylor. Mangin in 1851 attempted to increase the thrust
of a propeller by dividing the blades radially into two
portions. Grif ths also used this idea in 1871 but he
used only a partial division of the blades in their centre
regions. Zeise in 1901 experimented with the idea of

exible blades, in which the trailing part of the blade
was constructed from lamellae, and Taylor some six
years later introduced air injection on the blade suction
surface in order to control the erosive effects of cavi-
tation. Figure 1.12 (seen on page no. 9) shows a collage
of some of these propellers together with their novel
features during the period 1838 to 1907.

The latter part of the nineteenth century also saw the
introduction of theoretical methods which attempted to
explain the action of the screw propeller. Notable among
these theoretical treatments were the works of Rankin
and Froude; these, together with subsequent develop-
ments which occurred during the twentieth century,
will, however, be introduced in the appropriate later
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 twentieth century and
the subject as we know it and practise it today. With the

exception of ducted propellers, propeller design after
the turn of the nineteenth century advanced principally
in matters of detail aimed at improving ef ciency or
controlling cavitation in the context of either vibration
or erosion. For example, the steam turbine driven liner
Mauritania in 1907, just ten years after Sir Charles
Parsons had introduced the steam turbine into marine
practice in the eet review on the 26 June 1897 with
the 2000 hp Turbinia, absorbed 70 000 shp on four pro-
pellers rotating 180 rpm and achieved a speed of 26.3
knots. These propellers, weighing 18.7 tonnes, had a
diameter of 16.75 ft, a pitch of 15.5ft and a blade area
ratio of 0.467. This ship held the Blue Riband for the
North Atlantic from 1910 to 1929. Then some years
later the Queen Mary powered by four single reduction
geared turbine sets aggregating 160 000 shp on four pro-
pellers achieved speeds of 30 to 32 knots. In her case
the propeller blade area ratios had increased signi -
cantly from those of the Mauritania and the propellers
weighed around 35 tonnes each. Her rst series of pro-
pellers suffered from cavitation erosion and also the
cavitation excited vibration in the ship. This was cured
by a redesign of the propellers particularly with respect
to blade shape and section form. This again is in con-
trast to a 380000 dwt VLCC in the early 1970s which
was propelled by a six bladed, single propeller which
required the casting of 93 tonnes of nickel aluminium
bronze to yield a propeller of 70 tonnes nished weight.
Today some of the major propulsion challenges are con-
tainer ships and LNG ships. In the former case a 25 knot
12500 teu container ship will absorb on a single, six-
bladed propeller some 67.3 MW at a rotational speed of
90 rpm. This propeller will have a diameter of 9600 mm,
a pitch ratio of 1.04, a blade area ratio of 0.85 and will
weigh around 128 tonnes.
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The previous chapter gave an outline of the early devel-
opment of the propeller up to around 1900 together
with a few insights into its subsequent progress. In
this chapter we move forward to the present day and
consider, again in outline, the range of propulsion sys-
tems that are either currently in use or have been under
development. The majority of the topical concepts and
systems discussed in this chapter are considered in
greater detail in later chapters; however, it is impor-
tant to gain an overview of the subject prior to dis-
cussing the various facets of propulsion technology in
more depth. Accordingly, the principal propeller types
are brie y reviewed by outlining their major features
and characteristics together with their general areas of
application.

2.1 Fixed pitch propellers

The xed pitch propeller has traditionally formed the
basis of propeller production over the years in either its
mono-block or built-up forms. Whilst the mono-block
propeller iscommonly 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 since in the early years of this
century built-up propellers were very common, partly
due to the inability to achieve good quality large cast-
ings at that time and partly to dif culties inde ning the
correct blade pitch. In both these respects the built-up
propeller has obvious advantages. Nevertheless, built-
up propellers generally have a larger boss radius than its

xed pitch counterpart and this can cause dif culty with
cavitation problems in the blade root section regions in
some cases.

Mono-block propellers cover a broad spectrum of
design types and sizes, ranging from those weighing
only a few kilograms for use on small power-boats to
those, for example, destined for large container ships
which can weigh around 130 tonnes and require the
simultaneous casting of signi cantly more metal in
order to produce the casting. Figure 2.1 shows a collage
of various types of xed pitch propeller in use today.
These types range from a large four-bladed propeller t-
ted to a bulk carrier and is seen in the gure in contrast
to a man standing on the dock bottom, through highly
skewed propellers for merchant and naval applications,
to small high-speed patrol craft and surface piercing
propellers.

As might be expected, the materials of manufac-
ture vary considerably over such a wide range of
designs and sizes. For the larger propellers, over
300mm in diameter, the non-ferrous materials pre-
dominate: high-tensile brass together with the man-
ganese and nickel aluminium bronzes are the most
favoured types of materials. However, stainless steel
has also gained limited use as will be seen in Chap-
ter 18. Cast iron, once a favourite material for the

Propulsion systems 13

production of spare propellers, has now virtually dis-
appeared from use. Alternatively, for small propellers,
use is frequently made of materials such as the poly-
mers, aluminium, nylon and more recently carbon bre
composites.

For xed pitch propellers the choice of blade number,
notwithstanding considerations of blade-to-blade clear-
ances at the blade root to boss interface, is largely an
independent variable and is normally chosen to give
a mismatch to the range of hull, superstructure and
machinery vibration frequencies which are considered
likely to cause concern. Additionally, blade number is
also a useful parameter in controlling unwelcome cavi-
tation characteristics. Blade numbers generally range
from two to seven, although in some naval applica-
tions, where considerations of radiated noise become
important, blade numbers greater than these have been
researched and used to solve a variety of propulsion
problems. For merchant vessels, however, four, veand
six blades are generally favoured, although many tugs
and shing vessels frequently use three-blade designs.
In the case of small work or pleasure power-boats
two-and three-bladed propellers tend to predominate.

The early propeller design philosophies centred on
the optimization of the ef ciency from the propeller.
Whilst today this aspect is no less important, and, in
some respects associated with energy conservation, has
assumed a greater importance, other constraints on
design have emerged. These are in response to calls for
the reduction of vibration excitation and radiated noise
from the propeller. This latter aspect has of course been
a prime concern of naval ship and torpedo propeller
designers for many years; however, pressure to intro-
duce these constraints, albeitinagenerally less stringent
form, into merchant ship design practice has grown
in recent years. This has been brought about by the
increases in power transmitted per shaft; the use of after
deckhouses; the maximization of the cargo carrying
capacity, which imposes constraints on the hull lines;
ship structural failure and international legislation.

For the majority of vessels of over 100 tonnes dis-
placement it is possible to design propellers on whose
blades it is possible to control, although not elimi-
nate, the effects of cavitation in terms of its erosive
effect on the material, its ability to impair hydrodynamic
performance and it being the source of vibration exci-
tation. In this latter context it must be remembered that
there are very few propellers which are free from cav-
itation since the greater majority experience cavitation
at some position in the propeller disc: submarine pro-
pellers when operating at depth, the propellers of towed
array frigates and research vessels when operating under
part load conditions are notable exceptions, since these
propellers are normally designed to be subcavitating
to meet stringent noise emission requirements to min-
imize either detection or interference with their own
instruments. Additionally, in the case of propellers oper-
ating at signi cant water depths such as in the case of
asubmarine, due account must be taken of the additional
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Figure 2.1 Typical xed pitch propellers: (a) large four-bladed propeller for a bulk carrier; (b) high-speed patrol craft
propeller; (c) seven-bladed balanced high-screw design; (d) surface piercing propeller and (e) biased high-skew,
low-blade-area ratio propeller



hydrostatic pressure-induced thrust which will have to
be reacted by the ship s thrust block.

For some small, high-speed vessels where both the
propeller advance and rotational speeds are high and
the immersion low, a point is reached where it is not
possible to control the effects of cavitation acceptably
within the other constraints of the propeller design. To
overcome this problem, all or some of the blade sec-
tions are 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 propellers are termed super-
cavitating propellers and frequently nd application
on high-speed naval and pleasure craft. Figure 2.2(c)
illustrates schematically this design philosophy in con-
trast to non-cavitating and partially cavitating propeller
sections, shown in Figure 2.2(a) and (b), respectively.

(a)

Cavitation

(c)

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

When design conditions dictate a speci ¢ hydro-
dynamic loading together with a very susceptible cavi-
tation environment, typi ed by a low cavitation number,
there comes a point when even the supercavitating pro-
peller will not perform satisfactorily: for example, if
the propeller tip immersion becomes so small that the
propeller tends to draw air from the surface, termed ven-
tilation, along some convenient path such as along the
hull surface or down a shaft bracket. Eventually, if the
immersion is reduced suf ciently by either the design
or operational constraints the propeller tips will break
surface. Although this condition is well known on cargo
vessels when operating in ballast conditions and may,
in these cases, 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

Propulsion systems 15

propellers are termed surface piercing propellers and
their design immersion, measured from the free surface
to the shaft centre line, can be reduced to zero; that is,
the propeller operates half in and half 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 remains fully wetted and the suction
side is fully ventilated or dry. This is an analogous oper-
ating regime to the supercavitating propeller, but in this
case the blade surface suction pressure is at atmospheric
conditions and not the vapour pressure of water.

2.2 Ducted propellers

Ducted propellers, as their name implies, generally
comprise two principal components: the rstisanannu-
lar duct having an aerofoil cross-section which may be
either of uniform shape around the duct and, therefore,
symmetric with respect to the shaft centre line, or have
certain asymmetric features to accommodate the wake

eld ow variations. The second component, the pro-
peller, is a special case of a non-ducted propeller in
which the design of the blades has been modi ed to take
account of the ow interactions caused by the presence
of theductinits ow eld. The propeller for these units
can be either of the xed or controllable pitch type and
in some special applications, such as torpedo propul-
sion, may be a contra-rotating pair. Ducted propellers,
sometimes referred to as Kort nozzles by way of recog-
nition of the Kort Propulsion Company s initial patents
and long association with this type of propeller, have
found application for many years where high thrust at
low speed is required; typically in towing and trawling
situations. In such cases, the duct generally contributes
some 50 per cent of the propulsor s total thrust at zero
ship speed, termed the bollard pull condition. However,
this relative contribution of the duct falls to more mod-
est amounts with increasing ship speed and it is also
possible for a duct to give a negative contribution to
the propulsor thrust at high advance speeds. This latter
situation would nevertheless be a most unusual design
condition to encounter.

There are nominally two principal types of duct form,
the accelerating and decelerating duct, and these are
shown in Figure 2.3(a), (b), (c) and (d), respectively. The
underlying reason for this somewhat arti cial designa-
tion can be appreciated, in global terms by considering
their general form in relation to the continuity equation
of uid mechanics. This can be expressed for incom-
pressible ow in a closed conduit between two stations
a-a and b-b as,

Ag a =

Ab b (2.1)

where  ; is the velocity at station a-a;
p is the velocity at station b-b;
Aq is the cross-section area at station a-a;
Ay is the cross-section area at station b-b and

is the density of the uid.



16  Marine propellers and propulsion

G,

(c)

J257220077,,

“

(d)

Figure 2.3 Duct types: (a) accelerating duct; (b) pull push duct; (c) Hannan slotted duct and (d) decelerating duct

Within this context station b-b can be chosen in way
of the propeller disc whilst a-a is some way forward
although not necessarily at the leading edge. In the case
of Figure 2.3(a), which shows the accelerating duct, it
can be seen that A, is greater than Ay, since the internal
diameter of the duct is greater at station a-a. Hence,
from equation (2.1) and since water is incompressible,

a must be less than |, 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 to be taken into account in the
velocity distribution throughout the duct.

By undertaking a detailed hydrodynamic analysis
it is possible to design complex duct forms intended
for speci c application and duties. Indeed, attempts at
producing non-symmetric duct forms to suit varying
wake eld conditions have been made which result in
a duct with both varying aerofoil section shape and
incidence, relative to the shaft centre line, around its
circumference. However, with duct forms it must be
appreciated that the hydrodynamic desirability for a
particular form must be balanced against the practi-
cal manufacturing problem of producing the desired
shape if an economic, structurally sound and competi-
tive duct is to result. This tenet is rmly underlined by
appreciating that ducts have been produced for a range
of propeller diameters from 0.5 m or less up to around
8.0 m. For these larger sizes, fabrication problems can
be dif cult, not least in maintaining the circularity of the

duct and providing reasonable engineering clearances
between the blade tips and the duct: recognizing that
from the hydrodynamic viewpoint that the clearance
should be as small as possible.

Many standard duct forms are in use today but those
most commonly used are shown in Figure 2.3. While
the duct shown in Figure 2.3(a), the Wageningen 19A
form, is probably the most widely used and has a good
ahead performance, its astern performance is less good
due to the aerofoil form of the duct having to work in
reverse: that is, the trailing edge effectively 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 they are essentially
unidirectional ships. However, this is not true for all
vessels since some, such as tugs, are expected to have
broadly equal capabilities in both directions. In cases
where a bidirectional capability is required a duct form
of the type illustrated in Figure 2.3(b), the Wageningen
No. 37 form, might be selected since its trailing edge
represents a compromise between a conventional trail-
ing and leading edge of, for example, the 19A form. For
this type of duct the astern performance is improved
but at the expense of the ahead performance, thereby
introducing an element of compromise in the design
process. Several other methods of overcoming the dis-
advantages of the classical accelerating duct form in
astern operations have been patented over the years.
One such method is the Hannan slot , shown in Fig-
ure 2.3(c). This approach, whilst attempting to preserve
the aerodynamic form of the duct in the ahead condi-
tion 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
ef ciency of the unit.

When the control of cavitation and more particularly
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 pass-
ing through the propeller. Most applications of this duct
form are found in naval situations, for example, with
submarines and torpedoes. Nevertheless, some special-
ist research ships also have needs which can be partially
satis ed 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, Figure 2.4.
The pump jet sometimes comprises a row of inlet guide
vanes, which double as duct supports, followed by a row
of rotor blades which are nally followed by a stator
blade row. Typically, rotor and stator blade numbers
might lay between 15 and 20, respectively, each row
having a different blade number. Naturally there are
variants of this basic design in which the blade numbers
may be reduced or the inlet guide vanes dispensed with.
The ef ciency achievable from the unit is dependent
upon the design of the rotor, the rotor stator interaction,
the nal stator row in converting the swirl component
of the ow generated by the rotor into useful thrust and
the reduction of the guide vane size in order to limit skin
friction losses: hence, the desirability of not using them
if possible. The pump jet in this form is largely restricted
to military applications and should not be confused with
a type of directional thruster discussed in Chapter 14.

Inlet Guides

Figure 2.4 Outline of a pump jet

The ducts of ducted propellers, in addition to being
xed structures rigidly attached to the hull, are in some
cases found to be steerable. The steerable duct, which
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obviates the need for a rudder, is mounted on pintles
whose axes lie on the vertical diameter of the propeller
disc. This then allows the duct to be rotated about
the pintle axes by an inboard steering motor and con-
sequently the thrust of the propeller can be directed
towards a desired direction for navigation purposes.
Clearly, however, the arc through which the thrust can
be directed is limited by geometric constraints. Appli-
cations of this type can range from small craft, such as
harbour tugs, to comparatively large commercial ves-
sels as shown by Figure 2.5. A further application of
the steerable ducted propeller which has gained con-
siderable popularity in recent years, particularly in the
offshore eld, is the azimuthing thruster where in many
cases these units can be trained around a full 360 .

Figure 2.5 Steerable ducted propeller

2.3 Podded and azimuthing
propulsors

Azimuthing thrusters have been in common use for
many years and can have either non-ducted or ducted
propeller arrangements. They can be further classi ed
into pusher or tractor units as seen in Figure 2.6. The
essential difference between the azimuthing and podded
propellers lies in where the engine or motor driving the
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Tractor

Pusher

Figure 2.6 Pusher and tractor thruster units

propeller is sited. If the motor is sited in the ship s hull
then the system would be termed an azimuthing propul-
sor and most commonly the mechanical drive would be
of a Z or L type to the propeller shaft. Frequently, the
drive between the vertical and horizontal shafts is via
spiral bevel gears.

In the case of a podded propulsor the drive system
normally comprises an electric motor directly coupled
to a propeller shaft which is supported on two rolling
element bearing systems: one frequently being a radial
bearing closest to the propeller while the other is spher-
ical roller bearing at the opposite end of the shaft line.
Nevertheless, variants of this arrangement do exist. The
propellers associated with these propulsors have been of
the xed pitch type and are commonly built-up although
their size is not particularly large. Currently, the largest
size of unit is around the 23 MW capacity and the use
of podded propulsors has been mainly in the context of
cruise ships and ice breakers where their manoeuvring
potential have been fully realized. Clearly, however,
there are a number of other ship types which might
bene tfromtheirapplication. Figure 2.7 showsatypical
example of a large podded propulsor unit.

Tractor arrangements of podded and azimuthing
propulsors generally have an improved in ow velocity
eld since they do not have a shafting and A-bracket
system ahead of them to cause a disturbance to the
in ow. This tends to help suppress the blade rate har-
monic pressures since the relatively undisturbed wake
eld close to zero azimuthing angles is more conducive
to maintaining low rates of growth and collapse of cavi-
ties. However, there is a tendency for these propellers to
exhibit broadband excitation characteristics and during
the design process care has to be exercised to minimize
these effects. At high azimuthing angles then the ow
eld is more disturbed.

Each of these systems posses signi cant manoeuvra-
bility advantages, however, when used in combinations
of two or more care has to be exercised in preventing
the existence of sets of azimuthing angle where the
propulsors can mutually interfere with each other. If
this occurs large uctuating forces and moments can be
induced on the shaft system and signi cant vibration
can be encountered.

2.4 Contra-rotating propellers

The contra-rotating propeller principle, comprising
two coaxial propellers sited one behind the other and
rotating in opposite directions, has traditionally been
associated with the propulsion of aircraft, although
Ericsson s original proposal of 1836, Figure 1.7, used
this method as did de Bay s design for the lolair shown
in Figure 1.11.

Contra-rotating propulsion systems have the hydro-
dynamic advantage of recovering part of the slip-
stream rotational energy which would otherwise be lost

Figure 2.7 Typical podded propulsor unit



to a conventional single screw system. Furthermore,
because of the two propeller con guration, contra-
rotating propellers possess a capability for balancing
the torque reaction from the propulsor which is an
important matter for torpedo and other similar propul-
sion problems. In marine applications of contra-rotating
propulsion it is normal for the aftermost propeller to
have a smaller diameter than the forward propeller and,
in this way, accommodate the slipstream contraction
effects. Similarly, the blade numbers of the forward and
aft propellers are usually different; typically, four and
ve for the forward and aft propellers, respectively.

Contra-rotating propeller systems have been the
subject of considerable theoretical and experimental
research as well as some practical development exer-
cises. Whilst they have found a signi cant number
of applications, particularly in small high-speed out-
board units, operating for example at around 1500 to
2000 rpm, the mechanical problems associated with
the longer line shafting systems of larger vessels have
generally precluded them from use on merchant ships.
Interest in the concept has had a cyclic nature: interest
growing and then waning. A recent upsurge in interest in
1988, however, has resulted in a system being ttedtoa
37000 dwt bulk carrier (Reference 1) and subsequently
to a 258 000 dwt VLCC in 1993.

2.5 Overlapping propellers

This again is a two-propeller concept. In this case
the propellers are not mounted coaxially but are each
located on separate shaft systems with the distance
between the shaft centre lines being less than the
diameter of the propellers. Figure 2.8 shows a typical
arrangement of such a system; again this is not a recent
idea and references may be found dating back over
a hundred years: for example, Figure 1.12 showing
Taylor s design of 1830.

As in the case of the contra-rotating propeller prin-
ciple, recent work on this concept has been largely
con ned to research 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 ef ciency inthe
context of particular hull forms (References 2 and 3).
The principal aim of this type of propulsion arrangement
is to gain as much bene t as possible from the low-
velocity portion of the wake eld and, thereby, increase
propulsion ef ciency. Consequently, the bene ts
derived from this propulsion concept are intimately
related to the propeller and hull propulsion coef cients.

Despite one propeller working partially in the wake of
the other, cavitation problems are not currently thought
to pose insurmountable design problems. However, sig-
ni cant increases in the levels of uctuating thrust and
torque have been identi ed when compared to single-
screw applications. In comparison to the twin-screw
alternative, research has indicated that the overlapping

Propulsion systems 19

Figure 2.8 Overlapping propellers

arrangement may be associated with lower building
costs, and this is portrayed as one further advantage
for the concept.

When designing this type of propulsion system sev-
eral additional variables are presented to the designer.
These are the direction of propeller rotation, the dis-
tance between the shafts, the longitudinal clearance
between the propellers and the stern shape. At the
present time there are only partial answers to these ques-
tions. Research tends to suggest that the best direction of
rotation is outward, relative to the top-dead-centre pos-
ition and that the optimum distance between the shafts
lies below 0.8 D. In addition there are indications that
the principal effect of the longitudinal spacing of the
propellers is to be found in vibration excitation and
that propulsion ef ciency is comparatively insensitive
to this variable.

2.6 Tandem propellers

Tandem propeller arrangements are again not a new
propulsion concept. Perhaps the best-known example
is that of Parson s Turbinia where three propellers were
mounted on each of the three propellers in order to
overcome the effects of cavitation induced thrust break-
down, Figure 2.9. Indeed, the principal reason for the
employment of tandem propellers has been to ease
dif cult propeller loading situations; however, these
occasions have been relatively few. The disadvantage of
the tandem propeller arrangement when applied to con-
ventional single and twin-screw ships is that the weights
and axial distribution of the propellers create large
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Figure 2.9 Tandem propeller arrangement on a shaft line of Turbinia

bending moments which have to be reacted principally
by the stern tube bearings.

Some azimuthing and podded propulsor arrange-
ments, however, employ this arrangement by having
a propeller located at each end of the propulsion shaft,
either side of the pod body. In this way the load is shared
by the tractor and pusher propellers and the weight
induced shaft moments controlled.

2.7 Controllable pitch propellers

Unlike xed pitch propellers whose only operational
variable is rotational speed, the controllable pitch pro-
peller provides an extra degree of freedom 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 redu-
cing the number of operating variables again to one.
While this latter arrangement is very convenient for
electrical power generation it can cause dif culties in
terms of the cavitation characteristics of the propeller by
inducing back and face cavitation at different propulsion
conditions.

The controllable pitch propeller 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 and tandem propellers, although
even in this extreme example of mechanical complexity
some development work has been undertaken for certain
specialist propulsion problems. In the last forty years
the controllable pitch propeller has grown in popularity

from representing a small proportion of the propellers
produced to its current position of having a very sub-
stantial market share. This growth is illustrated by
Figure 2.10 which shows the proportion of control-
lable pitch propeller systems when compared to the total
number of propulsion systems classed with Lloyd s Reg-
ister during the period 1960 to 2004, taken at ve-year
intervals. From this gure it can be seen that currently
the controllable pitch propeller has about a 35 per cent
market share when compared to  xed pitch propulsion
systems, whilst Table 2.1 shows the relative distribution
of controllable pitch propellers within certain classes of
ship type. From the table it is seen that the controllable
pitch propeller is currently most favoured in the pas-
senger ship and ferry, general cargo, 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 neces-
sity possessing a greater degree of complexity than
the xed pitch alternative, does possess a humber of
important advantages. Clearly, manoeuvring isone such
advantage in that ne thrust control can be achieved
without necessarily the need to accelerate and deceler-
ate the propulsion machinery. Furthermore, ne 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 sea route ferry operations. Moreover, the basic
controllable pitch propeller hub design can in many
instances be modi ed to accommodate the feathering
of the propeller blades. The feathering position is the
position where the blades are aligned approximately
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Figure 2.10 Market share of controllable pitch propellers
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Table 2.1 Percentage relative distribution of controllable pitch propellers to the total number of propellers by ship type
classed with Lloyd s Register and having installed powers greater than 2000 bhp

Ship type 1960 1965 1970 1975 1980 1985 1990 1995 2000
1964 1969 1974 1979 1984 1989 1994 1999 2004
Tankers 1 7 15 14 23 13 21 17 10
Bulk carriers 1 9 10 5 5 12 0 1 1
Container ships 0 13 24 3 1 13 18 10 9
General cargo 2 12 20 29 42 43 45 55 80
Passenger ships and ferries 24 64 82 100 94 100 88 78 63
Tugs and offshore vessels 29 50 44 76 85 100 77 73 78
Fishing vessels 48 54 87 90 93 92 100 90 89

fore and aft and in the position in which they present
least resistance to forward motion when not rotating.
Such arrangements nd applications on double-ended
ferries or in small warships. In this latter application,
the vessel could, typically, have three propellers; the
two wing screws being used when cruising with centre
screw not rotating implying, therefore, that it would
bene t from being feathered in order to produce min-
imum resistance to forward motion in this condition.
Then when the sprint condition is required all three pro-
pellers could be used at their appropriate pitch settings
to develop maximum speed.

The details and design of controllable pitch propeller
hub mechanisms are outside the scope of this book
since this text is primarily concerned with the hydro-
dynamic aspects of ship propulsion. It will suf ce to
say, therefore, that each manufacturer has an indi-
vidual design of pitch actuating mechanism, but that
these designs can be broadly grouped into two princi-
pal types; those with inboard and those with outboard
hydraulic actuation. Figure 2.11 shows these principal
types in schematic form. For further discussion and

development of these matters reference can be made to
the works of Plumb, Smith and Brownlie (References
4, 5 and 6), respectively, which provide introductions
to this subject. Alternatively, propeller manufacturers
catalogues frequently provide a source of outline infor-
mation on this aspect of controllable pitch propeller
design.

The hub boss, in addition to providing housing for the
blade actuation mechanism, must also be suf ciently
strong to withstand the propulsive forces supplied to
and transmitted from the propeller blades to the shaft. In
general, therefore, controllable pitch propellers tend to
have larger hub diameters than those for equivalent xed
pitch propellers. Typically the controllable pitch pro-
peller hub has a diameter in the range 0.24 t0 0.32 D, but
for some applications this may rise to as high as 0.4 or
even 0.5D. In contrast, xed pitch propeller boss diam-
eters are generally within the range 0.16 to 0.25D. The
large boss diameters may give rise to complex hydro-
dynamic problems, often cavitation related, but for the
majority of normal applications the larger diameter of
the controllable pitch propeller hub does not generally
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pose problems that cannot be either directly or indirectly
solved by known design practices.

Certain specialist types of controllable pitch pro-
peller have been designed and patented in the past. Two
examples are the self-pitching propeller and the Pinnate
propeller, both of which are modern versions of much
earlier designs. Self-pitching propellers are a modern
development of Grif ths work in 1849. The blades are
sited on an external crank which is pinned to the hub
and they are free to take up any pitch position. The
actual blade 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 nite 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  xed pitch propeller hybrid. It has a blade acti-
vation mechanism which allows the blades to change
pitch about a mean position by varying angular amounts
during one revolution of the propeller. The purpose of
the concept is to reduce both the magnitude of the blade
cyclical forces and cavitation by attempting to adjust the
blades for the varying in ow 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).



2.8 Waterjet propulsion

The origin of the waterjet principle can be traced back to
1661, when Toogood and Hayes produced a description
of aship having a central water channel in which either a
plunger or centrifugal pump was installed to provide the
motive power. In more recent times waterjet propulsion
has found considerable application on a wide range of
small high-speed craft while its application to larger
craft is growing with tunnel diameters of upwards of
2 m being considered.

The principle of operation of the present-day waterjet
is that in which water is drawn through a ducting system
by an internal pump which adds energy after which the
water is expelled aft at high velocity. The units thrust
is primarily generated as a result of the momentum
increase imparted to the water. Figure 2.12 shows, in
outline form, the main features of the waterjet system
and this method of propulsion is further discussed in
Chapter 16.

Figure 2.12 Waterjet con guration
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The pumpcon guration adopted for use with a water-
jet system depends on the speci ¢ speed of the pump;
speci ¢ speed Ns being de ned in normal hydraulic
terms as

N 172
Ns = % (2.2)
where Q is the quantity of uid discharged, N is the
rotational speed and H is the head.

For low values of speci ¢ speed centrifugal pumps
are usually adopted whereas for intermediate and high
values of Ns axial pumps and inducers are normally
used, respectively. The prime movers usually associated
with these various pumps are either gas turbines or high-
speed diesel engines.

Waterjet propulsion offers a further dimension to the
range of propulsion alternatives and tends to be used
where other propulsion forms are rejected for some
reason: typically for reasons of ef ciency, 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, 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
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surface piercing propellers and waterjet systems are to
some extent competitors for some similar applications.
Waterjet units, however, tend to be heavier than conven-
tional propeller-based systems and, therefore, might be
expected to nd favour with larger craft; for example,
large wave-piercing ferries.
In terms of manoeuvrability the waterjet system is
potentially very good, since de ector units are normally
tted to the jet outlet pipe which then direct the water
ow and hence introduce turning forces by changing the
direction of the jet momentum. Similarly for stopping
manoeuvres, apsora bucket can be introduced over
the jet outlet to redirect the ow forward and hence
apply an effective reactive retarding force to the vessel.

2.9 Cycloidal propellers

Cycloidal propeller development started in the 1920s,
initially with the Kirsten Boeing and subsequently the
Voith Schneider designs. As discussed in Chapter 1, it
is interesting to note that the Kirsten Boeing design was
very similar in its hydrodynamic action to the horizontal
waterwheel developed by Robert Hooke some two and
half centuries earlier in 1681.

The cycloidal or vertical axis propellers basically
comprise a set of vertically mounted vanes, six or eight
in number, which rotate on a disc mounted in a horizon-
tal or near horizontal plane. The vanes are constrained
to move about their spindle axis relative to the rotating
disc in a predetermined way by a governing mechan-
ical linkage. Figure 2.13(a) illustrates schematically
the Kirsten Boeing principal. It can be seen from the

gure that the vanes relative attitude to the circumfer-
ence of the circle, which governs their tracking path,

E Ships’ hull

T U Ol

l

Figure 2.13 Vertical axis propeller principle:
(a) Kirsten Boeing propeller and (b) Voith Schneider
propeller
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is determined by referring the motion of the vanes to
a particular point on that circumference. As such, it
can be deduced that each vane makes half a revolution
about its own pintle axis during one revolution of the
entire propeller 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 vane-tracking circle.

The design of the Voith Schneider propeller is rather
more complex since it comprises a series of linkages
which enable the individual vane motions to be con-
trolled from points other than on the circumference of
the vane-tracking circle. Figure 2.13(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 rotational
speed. In the case of the Voith Schneider design, in
contrast to the Kirsten Boeing propeller, the individual
vanes make one complete revolution about their pintle
axes for each complete revolution of the propeller disc.
In many cases the units are provided with guards to help
protect the propulsor blades from damage from external
sources.

Vertical axis propellers do have considerable advan-
tages when manoeuvrability or station keeping and
this is an important factor in the ship design, since
the resultant thrust can be readily directed along any
navigational bearing and have variable magnitude.
Indeed, this type of propeller avoids the necessity for

a separate rudder installation on the vessel. Despite the
relative mechanical complexity, these propellers have
shown themselves to be reliable in operation over many
years of service.

2.10 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 special-
ized applications. These are to be found largely on
lakes and river services either as tourist or nostalgic
attractions, or alternatively, where limited draughts are
encountered. Nevertheless, the Royal Navy, until a few
years ago, also favoured their use on certain classed of
harbour tug where they were found to be exceptionally
manoeuvrable. The last example of a seagoing paddle
steamer, the Waverley, is seen in Figure 2.14.

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 seaways. Once having been superseded by screw
propulsion for ocean-going vessels their use was largely
con ned through the rst half of this century to river
steamers and tugs. Paddle wheels, however, also suf-
fered from damage caused by otsam in rivers and were
relatively expensive to produce when compared to the
equivalent xed pitch propeller.

Paddle design progressed over the years from the
original simple xed oat designs to the feathering

oat system which then featured throughout much of its

Figure 2.14 PS.Waverley: Example of a side wheel paddle steamer
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Figure 2.15 Paddle wheel (Reproduced from Reference 8)

life. Figure 2.15 shows a typical feathering oat paddle
wheel design from which it can be seen that the oat
attitude is governed from a point just slightly off-centre
of the wheel axis. Feathering oats are essential to
good ef ciency on relatively small diameter and deeply
immersed wheels. However, on the larger wheels, which
are not so deeply immersed, feathering oats are not
essential and xed oat designs were normally adopted.
This led to the practice of adopting feathered wheels in
side-mounted wheel applications, such as were found
on the Clyde or Thames excursion steamers, because of
the consequent wheel diameter restriction imposed by
the draught of the vessel. In contrast, on the stern wheel
propelled vessels, such as those designed for the Mis-
sissippi services, the use of xed oats was preferred
since the wheel diameter restriction did not apply.

The design of paddle wheels is considerably more
empirical than that of screw propellers today, never-
theless, high propulsion ef ciencies were achieved
and these were of similar orders to equivalent screw-
propelled steamers,. Ideally, each oat of the paddle
wheel should enter the water edgeways and without
shock having taken due account of the relative velo-
city of the oat to the water. Relative velocity 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 2.16 it can be seen that at the point of entry
A, aresultant vector 8 is produced from the combination
of advance speed V, and the rotational vector R. This

Y

Figure 2.16 Paddle wheel oat relative velocities

resultant vector represents the absolute velocity at the
point of entry and to avoid shock at entry, that is a
vertical thrusting action of the oat, the oat should be
aligned parallel to this vector along the line YY. How-
ever, this is not possible practically and the best that can
be achieved isto alignthe oats to the point B and this is
achieved by a linkage EFG which is introduced into the
system. Furthermore, from Figure 2.16 it is obvious that
the less the immersion of the wheel (h), the less is the
advantage to be gained from adopting a feathering oat
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system. This explains why the xed oat principal is
adopted for large, lightly immersed wheels.

With regard to the overall design parameters, based
on experience it was found that the number of xed

oats on a wheel should be about one for every foot of
diameter of the wheel and for feathering designs this
number was reduced to around 60 or 70 per cent of the

xed oat rule . The width of the oats used in a par-
ticular design was of the order of 25 to 40 per cent of
the oat length for feathering designs, but this gure
was reduced for the xed oat paddle wheel to between
20 and 25 per cent. A further constraint on the immer-
sion of the oats was that the peripheral speed at the
top of the oats should not exceed the ship speed and,
in general, feathering oats were immersed in the water
up to about half a oat width whilst with sternwheel-
ers, the tops of the oats were never far from the water
surface.

The empirical nature of paddle design was recognized
as being unsatisfactory and in the mid 1950s Volpich
and Bridge (References 9 to 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, therefore, never
achieved its full potential.

2.11 Magnetohydrodynamic
propulsion

Magnetohydrodynamic propulsion potentially provides
a means of ship propulsion without the aid of either
propellers or paddles. The laws governing magneto-
hydrodynamic propulsion were known in the nineteenth
century and apart from a few isolated experiments
such as that by Faraday when he attempted to mea-
sure the voltage across the Thames induced by its
motion through the earth s magnetic eld and the work
of Hartmann on electromagnetic pumps in 1918, the

Induced current
density J

Water flow

Figure 2.17 Magnetohydrodynamic propulsion principle

subject had largely to wait for engineering development
until the 1960s.

The idea of electromagnetic thrusters was rst
patented in the USA by Rice during 1961 (Refer-
ence 12). Following this patent the USA took a leading
role in both theoretical and experimental studies cul-
minating in a report from the Westinghouse Research
Laboratory in 1966. This report showed that greater
magnetic eld densities were required before the idea
could become practicable in terms of providing a real-
istic alternative for ship propulsion. In the 1970s super-
conducting coils enabled further progress to be made
with this concept.

The fundamental principal of electromagnetic
propulsion is based upon the interaction of a mag-
netic eld B produced by a xed coil placed inside
the ship and an electric current passed through the
sea water from electrodes in the bottom of the ship or
acrossaduct, as shown diagrammatically in Figure 2.17.
Since the magnetic eld and the current are in mutually
orthogonal directions, then the resulting Lorentz force
provides the necessary pumping action. The Lorentz
force isJ B where J is the induced current density.
Iwata et al., in Reference 13 and subsequently in Refer-
ence 14, presents an interesting description of the state
of the art of superconducting propulsion.

In theory the electrical eld can be generated either
internally or externally, in the latter case by position-
ing a system of electrodes in the bottom of the ship.
This, however, is a relatively inef cient method for ship
propulsion. The environmental impact of the internal
system is considerably reduced due to the containment
of the electromagnetic elds. Most work, therefore, has
concentrated on systems using internal magnetic elds
and the principle of this type of system is shown in Fig-
ure 2.18(a) in which a duct, through which sea water

ows, is surrounded by superconducting magnetic coils
which are immersed in a cryostat. Inside the duct are
placed two electrodes, which create the electric eld
necessary to interact with the magnetic eld in order

Lorentz
forceJ B

Magnetic field B

Internal duct flow
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(b)

Figure 2.18 Internal magnetic eld electromagnetic propulsion unit: (a) the dipole propulsion unit with internal magnetic
eld and (b) a cross-section through a prototype propulsion unit

to create the Lorentz forces necessary for propulsion.
Nevertheless, the ef ciency of a unit is low due to
the losses caused by the low conductivity of sea water.
The ef ciency, however, is proportional to the square of
the magnetic ux intensity and to the ow speed, which
is a function of ship speed. Consequently, in order to
arrive at a reasonable ef ciency it is necessary to create
a strong magnetic ux intensity by the use of power-
ful magnets. In order to investigate the full potential
of these systems at prototype scale a small craft, Yam-
ato 1, was built for trial purposes by the Japanese and
Figure 2.18(b) shows a cross section through one of
the prototype propulsion units, indicating the arrange-
ment of the six dipole propulsion ducts within the unit.
Figure 2.19 shows the experimental craft, Yamato 1.
Electromagnetic propulsion does have certain poten-
tial advantages in terms of providing a basis for noise
and vibration-free hydrodynamic propulsion. However,

a major obstacle to the development of electromagnetic
propulsion until relatively recently was that the super-
conducting coil, in order to maintain its zero-resistance
property, required to be kept at the temperature of
liquid helium, 4.2K ( 268 ). 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 Figure 2.20 which indicates
how the resistance of a superconductor behaves with
temperature and eventually reaches a critical tempera-
ture when the resistance falls rapidly to zero. Supercon-
ductors are also sensitive to current and magnetic elds;
if either become too high then the superconductor will
fail in the manner shown in Figure 2.21.
Superconductivity began with the work of Kamer-
lingh Onnes at Leiden University in 1911 when he
established the superconducting property for mercury in

Figure 2.19 Yamato 1: Experimental magnetohydrodynamic propulsion craft
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Figure 2.21 Effect of a magnetic eld on a
superconductor

liquid helium; for this work he won a Nobel Prize. Work
continued on superconductivity, however, progress was
slowin nding metals which would perform at tempera-
tures as high as that of liquid nitrogen, 196 C. By
1973 the best achievable temperature was 23 K. How-
ever, in 1986 Muller and Bednorz in Zurich turned
their attention to ceramic oxides which had hitherto
been considered as insulators. The result of this shift
of emphasis was to immediately increase the critical
temperature to 35 K by the use of a lanthanum, barium,
copper oxide compound: this discovery led to Muller
and Bednorz also being awarded a Nobel Prize for their
work. Consequent on this discovery, work in the USA,
China, India and Japan intensi ed, leading to the series
of rapid developments depicted in Table 2.2.

Table 2.2 Development of superconducting ceramic
oxides

Date Ceramic oxide Superconducting
temperatures (K)

September 1986 La—Ba—Cu—O0O 35

January 1987 Y—Ba—Cu—0O 93

January 1988 Bi—Sr—Ca—Cu—0O 118

February 1988  TlI—Ba—Ca—Cu—O 125

Whilst these advances are clearly encouraging since
they make the use of superconducting coils easier from
the thermal insulation viewpoint, many ceramic oxides
are comparatively dif cultto produce. First, the process
by which the superconductor is made is very important
if the correct molecular structure is to be obtained and
second, ceramics are brittle. Consequently, whilst this
form of propulsion clearly has potential and signi cant
advances have been made, both in the basic research and
application, much work still has to be done before this
type of propulsion can become a reality on acommercial
scale or even the concept fully tested.

2.12 Superconducting motors for
marine propulsion

Notwithstanding the problems for magnetohydro-
dynamic propulsion, superconductivity has in the
last few years shown its potential for the produc-
tion of marine propulsion motors using the high-
temperature superconductors of Bi-2223 material
[(Bi,Pb)2Sr,Cay CuzOy] which have a T, of 110K but
operate at a temperature of 35 to 40K. This mate-
rial has, at the present time, been demonstrated to
be the most technically viable material for propulsion
motors. In the USA a 5 MW demonstrator machine
has proved satisfactory and a 25 MW demonstrator
is being constructed to demonstrate the potential for
marine propulsion purposes. In addition to other marine
propulsion applications the relatively small diameter of
these machines, if nally proved satisfactory, may have
implications for podded propulsors since the hub diam-
eter may be then reduced given that this diameter is
principally governed by the electric motor size.
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To appreciate fully propeller hydrodynamic action from
either the empirical or theoretical standpoint, it is
essential to have a thorough understanding of basic
propeller geometry and the corresponding de nitions
used. Whilst each propeller manufacturer, consultant
or test tank has proprietary ways of presenting propeller
geometric data on drawings or in dimension books pro-
duced either by hand or with the aid of a computer,
these differences are most commonly in matters of detail
rather than in fundamental changes of de nition. Con-
sequently, this chapter will not generally concern itself
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 fea-
tures of any object or concept is the de nition 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 Interna-
tional Towing Tank Conference (ITTC) in 1963 the
preparation of a dictionary and nomenclature of ship
hydrodynamic terms was initiated; this work was com-
pleted in 1975 and the compiled version presented in
1978 (Reference 1). The global reference frame pro-
posed 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 inthe eld
of propeller technology. For propeller geometry, how-
ever, it is convenient to de ne a local reference frame
having a common axis such that OX and Ox are coinci-
dent, but allowing the mutually perpendicular axes Oy
and Oz to rotate relative to the OY and OZ xed global
frame as shown in Figure 3.1(b).

3.2 Propeller reference lines

The propeller blade is de ned 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 syn-
onymous with the reference line or directrix. However,
in a few special design cases the spindle axis has been
de ned to lie normally to the surface of a shallow cone
whose axis is coincident with the shaft axis and tapers
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Figure 3.1 Reference frames: (a) global reference frame
and (b) local reference frame

towards the aft direction. In these cases the spindle axis
is inclined to the reference line by a few degrees; such
applications are, however, comparatively rare. For the
greater majority of cases, therefore, the terms spindle
axis, directrix and reference line relate to the same line,
as can be seen in Figure 3.2. These lines are frequently,
but not necessarily, de ned 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 de ned on the surface of cylin-
ders whose axes are concentric with the shaft axis;
hence the term cylindrical sections which is frequently
encountered in propeller technology. Figure 3.3 shows
this cylindrical de nition of the section, from which it
will be seen that the section lies obliquely over the sur-
face of the cylinder and thus its nose tail line, connecting
the leading and trailing edges of the section, form a
helix over the cylinder. The point A shown in Figure 3.2
where this helix intersects the plane de ned by the direc-
trix and the x-axis is of particular interest since it forms
one point, at the radius r of the section considered, on
the generator line . The generator line is thus the locus
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Figure 3.3 Cylindrical blade section de nition

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 design-
ers to 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 Po and moves so
as to form a helix over the surface of a cylinder. The
equations governing the motion of the point P over the

Propeller reference and
generator lines

Blade reference line

surface of the cylinder (points Pg, P1, P2, ..., Pp)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 ref-
erence frame. When the angle =360 ,or2 radians,
then the helix, de ned by the locus of the points Py,
has completed one complete revolution of the cylin-
der 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 2 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 2 r. The distance
moved forward by the helical line during this revolution
is p and hence the helix angle ( ) is given by

1P
2r
The angle is termed the pitch angle and the distance p

is the pitch. Hence equation (3.1), which de nes a point
on a helix, can be written as follows:

= tan (3.2

X=r tan
y=rsin( ) (3.1a)
z=rcos( )

There are several pitch de nitions that are of import-
ance in propeller analysis and the distinction between
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Figure 3.4 De nition of pitch: (a) helix de nition on a cylinder of radius r and (b) development of helix on the cylinder

them is of considerable importance if serious analyt-
ical mistakes are to be avoided. In all cases, however,
the term pitch in propeller technology refers to the hel-
ical progress along a cylindrical surface rather than, for
example, in gear design where pitch refers to the dis-
tance between teeth. The important pitch terms with
which the analyst needs 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 aerofoil section pro le. The nose tail pitch
line is today the most commonly used reference line by
the principal propeller manufacturers in order to de ne
blade sections, and itisnormally de ned ata pitchangle

nt to the thwart-ship direction. This line also has a

hydrodynamic signi cance too, since the section angles
of attack are de ned relative to it in the conventional
aerodynamic sense.

Face pitch is now relatively rarely used by the large
propeller manufacturers, but it will frequently be seen
on older drawings and is still used by many smaller
manufacturers. Indeed 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
signi cance atall, but was a device invented by the man-
ufacturers 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 sec-
tion between the nose tail and face 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 de nition since many tangents can be drawn to the
aerofoil pressure surface.
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Figure 3.5 Pitch lines

The effective pitch line of the section corresponds to
the conventional aerodynamic no-lift line and is the line
that if the incident water owed along, zero lift would
result from the aerofoil section. The effective pitch
angle ( o) 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 since it is the basis about which the hydro-
dynamic forces associated with the propeller section
are calculated. Finally, the hydrodynamic pitch angle
(' 1) is the angle at which the incident ow encounters
the blade section and is a hydrodynamic in ow rather
than a geometric property of the propeller: 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, hydro-
dynamic 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 serious analytical mistakes.

The mean pitch of a propeller blade is calculated
using amoment mean principle. Assuch itisde ned by
1.0
px dx

p="0 (3.3)

1.0
X dx
X=Xp

The reason for adopting a moment mean is a practical
expedient, which has been con rmed both experimen-
tally 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 dis-
tributions, 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 0.6 to 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
a lower-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) are de ned as follows, where x is
the non-dimensional radius x =r/R:

.+ -
xj:% ij=1,23,...,10
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Figure 3.6 Mean pitch de nition

Since the integral
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Hence,
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5 (3.4)
X
j=1
where
=i 1=1,23...,10
2
and

Xi=1.0 = 1.0 Xj=11 = root radius

3.4 Rake and skew

The terms rake and skew, although de ning the pro-
peller 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, many
practitioners have adopted different de nitions of skew.
The author prefers the following de nition, since as well
as following the ITTC code it has also been adopted
by several other authorities in Europe, the USA and
the Far East. The skew angle s(x) of a particular sec-
tion, Figure 3.7, is the angle between the directrix and
a line drawn through the shaft centre line and the mid-
chord point of a section at its non-dimensional radius
(x) in the projected propeller outline; that is, looking
normally, along the shaft centre line, into they z-plane
of Figure 3.1. Angles forward of the directrix, that is
in the direction of rotation, in the projected outline are
considered to be negative. The propeller skew angle
( sp) is de ned as the greatest angle, measured at the
shaft centre line, in the projected plane, which can be
drawn between lines passing from the shaft centre line
through the mid-chord position of any two sections. Pro-
peller skew also tends to be classi ed into two types:
balanced and biased skew designs. The balanced skew
design is one where the locus of the mid-chord line gen-
erally intersects with the directrix at least twice in the
inner regions of the blade. In contrast, in the biased skew
design the mid-chord locus intersects with the directrix
not more than once; normally only in the inner sections.

Propeller rake is divided into two components: gen-
erator line rake (ig) and skew induced rake (is). The
total rake of the section with respect to directrix (it) is
given by

iT(r) = is(r) + is(r) (3.5)

The generator line rake is measured in the x z-plane
of Figure 3.1 and is simply the distance AB shown in
Figure 3.2. That is, it is the distance, parallel to the
x-axis, from the directrix to the point where the helix
of the section at radius r cuts the x z-plane. To under-
stand skew induced rake consider Figure 3.8, which
shows an unwrapping of two cylindrical 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 distance 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,

is =r stan( nt) (3.6)

Consequently, it is possible then to de ne the locus
of the mid-chord points of the propeller blade in space
as follows for a rotating right-handed blade initially
de ned, =0, aboutthe OZ-axisofthe global reference
frame (Figure 3.9):

Xes2 = [iG_ +r stan( nt)]
Yer2 = rsin( s) (3.7)
Zer2 = rcos( s)
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Figure 3.10 Tip rake de nition

And for the leading and trailing edges of the blade
equation (3.7) can be extended to give:

for the leading edge:

. C i
Xe = [ig+r stan( ) + 5,g,m( nt)
. 90c cos
Yie = rsin s+ $
90c cos
Zg =rCos s+ ¢
and for the trailing edge: (38)
. C )
Xe = [ic +r stan( nt)] 2 sin( nt)
Yie = rsin . 0ccos(m)
r
90c cos
Zre =1 COS s 90ccos( m)

r

where c is the chord length of the section at radius x and
and s 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 (ip) or a propeller rake angle ( ip). These
are measured at the propeller tip as shown in Figure 3.10,
where the propeller rake is given by

ip = ig(r/R = 1.0)

and
e tan 1 ic(r/R =1.0) (3.9)

p — R
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Inequation (3.9), ip is taken as positive when the gener-
ator line at the tip is astern of the directrix, and similarly
with jp. 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:

_ .1 ig(/R=10)
,p—tan 7('? rh)

where ry, is the radius of the root section. Consequently
some care is needed in interpreting speci c 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, hav-
ing once calculated the blade section widths based on
these criteria it is necessary to fair them into a blade out-
line. This can either be done by conventional draughting
techniques or by the tting of a suitable mathemati-
cal expression. One such expression which gives good
results is

C
5= Ko x)Y2+Ki+Ko(l x)+Kzl x)?

+ K4(1 X)3 =+ K5(l X)4

where X is the non-dimensional radius and K,
(n=0,1,...,5) are coef cients. There are four basic
outlines in general use currently which describe the
propeller blade shape:

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 to the y z-
plane. Convention dictates that this is the view seen
when looking forward. In this view the helical sections
arede ned in their appropriate pitch angles and the sec-
tions 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 area seen when looking forward
along the shaft axis. From Figure 3.11 it is clear that the
projected area Ay is given by

R

Ap=2Z (e

Th

e)rdr (3.10)

where the same sign convention applies for as in the
case of the skew angle and Z is the number of blades.
Projected area is of little interest today. However, in
the early years of propeller technology the projected
area was used extensively on a thrust loading per unit
projected area basis for determining the required blade
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area to avoid the harmful effects 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 out-
line in so far as it is a helically based view, but the pitch
of each section has been reduced to zero; that is the sec-
tions 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 represen-
tations 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 pro le curve
numerically if a precise value is required. For most pur-
poses, however, it is suf cient to use the approximation
for the developed area Ap as being

Ap A

where Ag is the expanded area of the blade.

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

Ap
(1.067 0.229P/D)

In general, however, the developed area is greater than
the projected area and slightly less than the expanded
area.

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

Ap (3.11)

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. Thisview 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:

R
AE=7Z cdr

'n

(3.12)

Inorder to calculate thisareaitissuf cientfor most pur-
poses 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 Ay:

Ap _ 4A

A, D2

Ap  4Ap

Y (313)
0

Ae _ 4Ap

A, D2

By way of example, the difference in the value of
the projected, developed and expanded area ratio for
the 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.
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Table 3.1 Example of comparative blade area ratios

Propeller geometry

c SM c.SM
co 1/2 col2
€4 2 2&‘1
Ca 1 Ca
C3 2 2{.‘3
Cn-1 2 20,,_1
[ 1/2 Ch/2
Z (c.SM)

Ag = 0.667z Ax I (c.SM)

Projected Developed Expanded
area area area
Avrea ratio (A7A,)  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 pro le on the suc-
tion and pressure faces; which will be different in all
cases except for the so-called at plate blades found
in applications like controllable pitch transverse propul-
sion 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 is
between the successive points on the surface. This is suf-

cient 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 repre-
sent stern frame clearances. For the case of the highly
skewed propeller a representation of the swept out-
line is important since the skew induced rake term,
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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. Typically

this might involve calculating an array of surface
offsets at, for example, 0, 0.125, 0.25, 0.50, 0.75,
1.25, 1.75, 2.5, 5.0, 7.5, 10, 15, 20, 25, 30, 35, 40,
45, 50, b5, 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 surface
calculate the length between successive points /;;. That

is, for the jth radial position evaluate the distance
between the jth and (j + 1)th point using the relationship:
12 = (xjs1 — X2 + {yjer — v + (2701 = 2)?

{

For each radius calculate the true length around the
surface from the leading to trailing edge by

TE
=3 I

L= .
/=0

i

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

/il
AT=zf L;dr
h

Figure 3.13 Algorithm for calculating surface area
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if not carefully controlled in design, can lead to con-
siderable overhang of the blade which, in turn, can
lead to mechanical interference with the stern frame.
The swept outline is derived by plotting the rotation
of each of the leading and trailing edge about the
shaft axis.

3.6 Propeller drawing methods

The most commonly used method for drawing a pro-
peller 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
de ned 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 develop-
ed view (see Figure 3.11). This drawing method is an
approximation but does not lead to signi cant errors
unless used for very wide bladed or highly skewed pro-
pellers; in these cases errors can be signi cant and the
alternative and more rigorous method of Rosingh (Ref-
erence 3) would then be used to represent the blade
drawings.

The basis of Holst s construction is as shown in Fig-
ure 3.14. This Figure, however, shows the construction
for only one particular radius in the interests of clar-
ity; other radii are treated identically. A series of arcs
with centre on the shaft axis at O are constructed at
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Figure 3.14 Holsts propeller drawing method

each of the radial stations on the directrix where the
blade is to be de ned. A length p/2 is then struck off
along the horizontal axis for each section and the lines
AB are joined for each of the sections under consider-
ation. A right angle ABC is then constructed, which in
turn de nes 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 AA. and the directrix to
the trailing edge AAT are measured around the circum-
ference of the arc. Projections, normal to the directrix,
through AL and At meet the arc of radius r, about the
shaft centre line, at P, and P, respectively. These latter
two points form two points on the leading and trailing
edges of the projected outline, whilst A and At lie 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 of ces years ago. However,
the advent of the computer and its associated graph-
ics capabilities have permitted the designer to plot
automatically blade outlines using points calculated
by analytical geometry, for example equation (3.8),
together with curve- tting routines, typically cubic
splines.

3.7 Section geometry and de nition

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

In the early 1930s the National Advisory Committee
for Aeronautics (NACA) in the USA  now known as
NASA embarked on a series of aerofoil experiments
which were based on aerofoil geometry developed in a
both rational and systematic way. Some of these aero-
foil 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 geometry will take as its basis the
NACA de nitions 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 speci c surface pressure
requirements.

Figure 3.15 shows the general de nition of the aero-
foil. 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 extrem-
ities of the camber line are termed the leading and
trailing edges of the aerofoil 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 length (c) of the
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Figure 3.15 General de nition of an aerofoil section

section. The camber of the section is the maximum dis-
tance between the mean camber line and the chord line,
measured perpendicular to the chord line. The aerofoil
thickness is the distance between the upper and lower
surfaces of the section, usually measured perpendic-
ularly to the chord line although strictly this should
be to the camber line. The leading edges are usually
circular, having a leading edge radius de ned about
a point on the camber line. However, for marine pro-
pellers, leading edge de nition practices vary widely
from manufacturer to manufacturer and care should be
taken in establishing the practice actually used for the
propeller in question.

The process of combining a chosen camber line 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 gure only the leading edge is shown for the sake of
clarity; however, the trailing edge situation is identical.
The mean line isde ned 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
de ned from the ordinates y; of the chosen symmet-
rical thickness distribution, and these are then laid off
perpendicularly to the camber line. Hence, a point Py
on the upper surface of the aerofoil is de ned by

Leading edge

N\

Xu =Xc  YtSin 3143
Yu = Yc + Yt COS (3.143)
where is the slope of the camber line at the non-
dimensional chordal position xc.

Similarly for a point P on the lower surface of the
aerofoil we have

XL = X¢ + Y sin

Yo =Yc YtCOS (3.14)

Although equations (3.14aand b) give the true de nition
of the points on the section surface, since y¢/c is usu-
ally of the order of 0.02 to 0.06 for marine propellers,

the value of is small. This implies sin 0 and
cos 1. Hence, itis valid to make the approximation
Xu = Xc
Yu =Ye TVt
X = X (3.15)
Yo=Ye Wt

wherey; =1t(x;)/2 (i.e. the local section semi-thickness)
and the approximationde ned by equation (3.15) isgen-
erally used in propeller de nition. The errors involved
in this approximation are normally small  usually less

Chord line

Chord length (c)

Figure 3.16 Aerofoil section de nition

T A—
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Table 3.2 NACA series camber or mean lines

X¢ 64 Mean line 65 Mean line 66 Mean line
(%c)

Ye Ye Ye

(% c) dyc/dxc (% c) dyc/dxc (% c) dyc/dxc
0 0 0.30000 0 0.24000 0 0.20000
1.25 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
5.0 1.406 0.26250 1.140 0.21600 0.958 0.18333
75 2.039 0.24375 1.665 0.20400 1.406 0.17500
10 2.625 0.22500 2.160 0.19200 1.833 0.16667
15 3.656 0.18750 3.060 0.16800 2.625 0.15000
20 4.500 0.15000 3.840 0.14400 3.333 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 5.833 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 3.333 0.13333 3.840 0.14400 4.500 0.15000
90 1.833 0.16667 2.160 0.19200 2.625 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

Xc Ye Ye Ye
% c) (% c) dyc/dxc (% c) dyc/dxc (% c) dyc/dxc
0 0 0 0
0.5 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 1.077 0.34104 1.055 0.33404 0.930 0.29155
5.0 1.841 0.27718 1.803 0.27149 1.580 0.23430
75 2.483 0.23868 2.432 0.23378 2.120 0.19995
10 3.043 0.21050 2.981 0.20618 2.585 0.17485
15 3.985 0.16892 3.903 0.16546 3.365 0.13805
20 4.748 0.13734 4.651 0.13452 3.980 0.11030
25 5.367 0.11101 5.257 0.10873 4.475 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 0.01595
50 6.790 0.00620 6.651 0.00607 5.515 0
55 6.770 0.01433 6.631 0.01404 5.475 0.01595
60 6.644 0.03611 6.508 0.03537 5.355 0.03225
65 6.405 0.06010 6.274 0.05887 5.150 0.04925
70 6.037 0.08790 5.913 0.08610 4.860 0.06745
75 5.514 0.12311 5.401 0.12058 4.475 0.08745
80 4.771 0.18412 4,673 0.18034 3.980 0.11030
85 3.683 0.23921 3.607 0.23430 3.365 0.13805
90 2.435 0.25583 2.452 0.24521 2.585 0.17485
95 1.163 0.24904 1.226 0.24521 1.580 0.23430

100 0 0.20385 0 0.24521 0




than 0.5 mm and certainly within most manufacturing
tolerances.

The centre for the leading edge radius is found from
the NACA de nition 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 the-
oretically in nite. This approximation is justi ed by the
manner in which the slope approaches in nity close to
the leading edge. A distance is then laid off along this
line equal 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 prac-
tice 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 represented
in the same y/tmax form for all section tmax/c ratios, as
with the NACA 16 section, and Reference 4 needs to

Table 3.3 Typical aerofoil section thickness distributions

Propeller geometry 45

be consulted for the ordinates for each section thick-
ness to chord ratio. In practice, for marine propeller
purposes all of the basic NACA sections need thicken-
ing at the edges, otherwise they would frequently incur
mechanical damage by being too thin. Typical section
edge thicknesses are shown in Table 3.4 as a propor-
tion of the maximum section thickness for conventional
free-running, non-highly skewed propellers. In the case
of a highly skewed propeller, de ned by the Rules of
Lloyd s Register as one having a propeller skew angle
in excess of 25 , the trailing edge thicknesses would
be expected to be increased from those of Table 3.4 by
amounts depending on the type and extent of the skew.
The implication of Table 3.4 is that the leading and trail-
ing edges have square ends. Thisclearly is not the case:
these are the thicknesses that would exist at the edges if
the section thicknesses were extrapolated to the edges
without rounding.

It is frequently necessary to interpolate the camber
and thickness ordinates at locations away from those
de ned by Tables 3.2 and 3.3. For normal types of cam-
ber lines standard interpolation procedures can be used,
provided they are based on either second- or third-order

x/c NACA 16 NACA 66 (mod)
Y/ tmax Y/ tmax
LE O 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 0.2907
0.1500 0.3445 0.3521
0.2000 0.3887 0.4000
0.2500 0.4363
0.3000 0.4514 0.4637
0.3500 0.4832
0.4000 0.4879 0.4952
0.4500 0.5000
0.5000 0.5000 0.4962
0.5500 0.4846
0.6000 0.4862 0.4653
0.6500 0.4383
0.7000 0.4391 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
TE 1.0000 0.0100 0.0333
Section tmax/c 0.06 0.09 0.12 0.15 0.18 0.21
tmax 2

LE radius/c (%) 0.176 0.396 0.703 1.100 1.584 2.156

L =0.448c —
C
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Table 3.4 Typical section edge thickness ratio for
conventional free-running, non-highly skewed propellers

t(xc/x=0 or 1.0)

r/R Edge thickness ratios T
Leading edge Trailing edge
0.9 0.245 0.245
0.8 0.170 0.152
0.7 0.143 0.120
0.6 0.134 0.100
0.5 0.130 0.085
0.4 0.127 0.075
0.3 0.124 0.068
0.2 0.120 0.057

polynomials. This is also the case with the thickness dis-
tribution away from the rapid changes of curvature that
occur close to the leading edge. To overcome this dif-

culty van Oossanen (Reference 6) proposed a method
based on de ning an equivalent ellipse having a thick-
ness 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:

Yt

TR

- Yimax SIN[COS 1(1  2xc/C)]

This provides a smooth well-behaved function
between the 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

Vi = TRYtmax SIN[COS Y1 2x/0)] (3.16)
This method can be used over the entire section in order
to provide a smooth interpolation procedure; however,
a dif culty is incurred right at the leading edge where
the thickness distribution gives way to the leading edge
radius. For points between this transition point, denoted
by P in Figure 3.17, and the leading edge, the value of
the thickness ratio Tr is given by

2 2
To = L (%c |_)
R Yinae SIN[COS 1(1  2xc/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, de ned the basis of section geom-
etry, it is possible to revert to equation (3.8) and de ne
the coordinates for any point P on the surface of the
aerofoil section. Figure 3.18 shows this de nition, and
the equations de ning the point P about the local

/ Circle through l.e. with
centre at the centre of curvature

Figure 3.17 Van Oosanens section thickness interpolation procedure
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Figure 3.18 De nition of an arbitrary point p on a
propeller blade surface

reference frame (Ox, Oy, Oz) are given by

Xp = [ic +r stan( n)] +(0.5¢  Xc)sin( nt)

+ Yu,L €0S ( nt)
Yo=rsin 180[(0.5¢ Xc)COS(rm) Yu,L Sin( nt)]
2 = r cos 180[(0.5¢  Xc)cos( nt)  Yu,L Sin( nt)]

r
(3.17)

wherey, =y —Yyt€cos as perequations (3.14aand b).
To convert these to the global reference frame (OX,
OY, 0Z), we simply write the transformation

Xp 1 0 0 Xp
Yp = 0 cos sin Yp (3.18)
Zp 0 sin cos Zp

where is the angle between the reference frames as

shown in Figure 3.9. By combining equations (3.17)
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Face pitc;! line

(a)

L.E. T.E.
i 7 ___,_.-tW_ashback
Face pitch line
(b)

Figure 3.19 Section washback : (a) section without
washback and (b) section with washback

and (3.18) and inserting the appropriate values for
Xc and yy,L, the expressions for the leading, trailing
edges and mid-chord points, equations (3.8) and (3.7),
respectively, can be derived.

The term washback is sometimes seen in older
papers dealing with propeller technology and in clas-
si cation society rules. It relates to the de nition of the
after part of the face of the section and its relation to
the face pitch line as shown in Figure 3.19. From this

gure it is seen that for a section to have no washback ,
the face of the blade astern of the maximum thickness
position is coincident with the face pitch line. When
there is a washback , the blade section lifts above the
face pitch line.

Section edge geometry is a complex matter, since
cavitation properties can be in uenced greatly by the
choice of the geometric con guration. In the case of the
leading edge it is becoming increasingly popular to use
a NACA type de nition; however, some quite complex
edge de nitions will be found. For example, the choice
ofaradiusde nedaboutsome arbitrary butwell-de ned
point relative to the section chord line. These types of
de nition have largely been introduced from empiri-
cism and experience of avoiding one type of cavitation
or another prior to the advent of adequate ow com-
putational procedures. Consequently, great care must
be exercised in interpreting drawings from different
designers and manufacturers. With regard to the trailing
edge, this generally receives less detailed consideration.
In the absence of an anti-singing edge, see Figure 21.9,
itisusual to specify either a half or quarter round trailing
edge.

3.8 Blade thickness distribution
and thickness fraction

Blade maximum thickness distributions are 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 0.25R radius,
with the use of a standard thickness line found by the
designer to give satisfactory service experience. More
frequently today the maximum thickness distribution is
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Figure 3.20 Typical representation of propeller maximum
thickness distribution and notional thickness at shaft centre
line

the subject of detailed stress calculations over the entire
blade using nite element techniques.

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

to
D
where tg is the notional blade thickness de ned at the
shaft centre line as shown in Figure 3.20. In the case of
a linear thickness distribution the value of tg is easy to
calculate since it is simply a linear extrapolation of the
maximum thickness distribution to the shaft centre line:
t(x) t(1.0)
(1.0 x)

where t(x) is the blade maximum thickness at the non-
dimensional radius x and t(1.0) is the blade maximum

tr (3.19)

to = 1(1.0) +

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:

1 tx)x/(1 x)
D x

t(12.0) x/(1 x)

+ t(L.0) .

where x can take a range of nine or ten values over the
blade span. For example,

x=10.9,0.8,0.7,0.6,0.5,0.4,0.3,0.2; (x = 1.0)
or

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

3.9 Blade interference limits for
controllable pitch propellers

In order that a 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 inter-
polation procedure, or alternatively, the limits can be
approximated using Holt s drawing method.

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

Three-bladed propeller

Cmax/D = [1.01x + 0.050(P/D 1) + 0.055]

Four-bladed propeller

Cmax/D = [0.771x + 0.025(P/D 1) + 0.023]

Five-bladed propeller

Cmax/D = [0.632x + 0.0125(P/D 1) + 0.010]
(3.20)

3.10 Controllable pitch propeller
off-design section geometry

A controllable pitch propeller presents further compli-
cations 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 sec-
tions at any given radii are subjected to a distortion
when compared to the original designed section pro le.
To 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 spin-
dle axis, through an angle , 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 to be found as a
projection of the arc A BC . However, the point A has
been derived from the point A , which with the blade in

Projected outline

@ in design pitch
s, condition
/ o
-
c
/ g
w

Projected outline
P/after reduction
in pitch of A@

A Ai

View from astern

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

Design pitch
Design pitch —20°

T.E.
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the design setting was at a radius r1 (r1 <r). Similarly
with the point C , since this originated from the point C

ataradius ra (r2 <r). Consequently, the helical section
A BC atradius r becomes a composite section contain-
ing elements of all the original design sections at radii
within the range r to r, assuming ri >rp. These dis-
tortions are further accentuated by the radially varying
pitch angle distribution of the blade, causing an effective
twisting of the leading and trailing edges of the section.
A similar argument applies to the case when the pitch
angle is increased from that of the design value. This
latter case, however, is normally of a fairly trivial nature
from the section of de nition viewpoint, since the pitch
changes in this direction are seldom in excess of 4t0 5 .

The calculation of this distorted section geometry
at off-design pitch can be done either by draughting
techniques, which is extremely laborious, or by using
computer-based surface geometry software packages.
The resulting section distortion can be quite signi cant,
asseenin Figure 3.22, which shows the distortion found
in the section de nition of a North Sea ferry propeller
blade at the 0.5R and 0.8R sections for pitch change
angles of 20 and 40 .

Rusetskiy (Reference 8) has also addressed this prob-
lem of section distortion at off-design conditions from
the point of view of mean line distortion. He developed
a series of construction curves to approximate the dis-
tortion of the mean line for a given pitch change angle
from design geometrical data. This technique is suitable
for hand calculation purposes.

An analogous problem to the one just described also
existsinthede nition of planaror straight-cut sections
through a blade. Such data 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

Design pitch
Design pitch —20° .

0.5R Developed section

TE.

Figure 3.22 Section distortion due to changes of pitch angle
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3.11 Miscellaneous conventional
propeller geometry terminology

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

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

The face and back of propellers are commonly
applied terms both to the propeller in its entirety and
also to the section geometry. The face of the propeller is
that part of the propeller seen 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 aerofoil 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. Consequently, the proper-
ties of both fresh and sea water are of interest to the
propulsion engineer.

This chapter considers the nature and physical prop-
erties of both fresh and sea water. The treatment of water
properties is brief, however, the subject of water prop-
erties is adequately covered by other standard texts on

uid mechanics (References 1 and 2) and oceanography
(References 3 and 4). As a consequence, the informa-
tion, 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.

4.1 Density of water

The density of sea water is a variable. It increases
with either an increase in salinity or pressure, and
with decrease in temperature. Figure 4.1 shows the
relationship between density, temperature and salin-
ity. From the gure it can be seen that temperature
has a greater in uence on density at a given salinity
in the higher-temperature than in the lower-temperature
regions. Conversely, at lower temperatures it is the salin-
ity 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 sep-
arated from the higher-density deep water by a zone
of rapid density change, as seen in Figure 4.2. In the
higher latitudes this change is considerably less marked.

30

20

10

Temperature (°C)

-2 Freezing point

Salinity (%)

Figure 4.1 Variation of density with salinity and
temperature at atmospheric pressure
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Figure 4.2 Typical variation of depth versus density for
different global latitudes (Reprinted with kind permission
from Pergamon Press from Reference 3)

Furthermore, it will be noted that the density deep in
the ocean, below a depth of about 2000 m, is more
or less uniform at 1027.9 kg/m? for all latitudes. At
the surface, however, the average density varies over
a range between about 1022 kg/m® near the equator
to 1027.5kg/m? in the southern latitudes, as seen in
Figure 4.3. Also shown in this diagram are the average
relationships of temperature and 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 to consider
a standard salinity value of 3.5 per cent. For these cases
the associated density changes with temperature are
given in Table 4.1.

The corresponding density versus temperature rela-
tionship 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 oceans
remains relatively constant and lies between 3.4 and
3.5 per cent with an average value of 3.47 per cent by
weight. Figure 4.3 indicates the average variation over
the world. From this gure it can be seen that salinity is
lowest near the poles, due to the in uence of the polar
caps, and reaches a double maximum in the region of
the tropics.

It will be found that slightly higher than average val-
ues of salinity are found where evaporation rates are
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Figure 4.3 Variation of surface temperature, salinity and density with latitude average for all oceans (Reprinted with

kind permission from Pergamon Press from Reference 3)

Table 4.1 Density variations with temperature (salinity 3.5%)

Temperature ( C) 0 5 10 15 20 25 30
Density (kg/m?) 1028.1 1027.7 1026.8 1025.9 1024.7 1023.3 1021.7
Table 4.2 Density variations with temperature (fresh water)

Temperature ( C) 0 5 10 15 20 25 30
Density (kg/m?) 999.8 999.9 999.6 999.0 998.1 996.9 995.6

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 per cent. Near the surface,
above say 2000 m, the salinity varies to a greater extent
as seen in Figure 4.3.

Six principal elements account for just over 99 per
cent of the dissolved solids in sea water

Chlorine Cl 55.04%
Sodium Na*  30.61%
Sulphate  SO,%  7.68%
Magnesium Mg*2  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

chlorinity 4.1)

By measuring the concentration of the chlorine ion,
which accounts for 55 per cent 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 per cent which then, from equation (4.1), gives an
average salinity of 3.47 per cent.

The de nition 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 de ect 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
ef cient 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 three
hundred metres below the surface of the sea. Conse-
quently, below the surface the ocean can be divided
broadly into three separate zones which describe its
temperature distribution. First, there is an upper layer,
at between 50 and 200 m below the surface, where the
temperatures correspond to those at the surface. Second,
there is a transition layer where the temperature drops
rapidly; this layer extends down to perhaps 1000 m
and then nally there is the deep ocean region where
temperature changes very slowly with depth. A typical
temperature pro le 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 ocean water temperatures and salinities.
These are reproduced here since they are useful for
guidance purposes:

1. 75 per cent of the total volume of the ocean water
has properties within the range from 0 Cto 6 C in
temperature and 3.4 per centto 3.5 per cent in salinity.

2. 50 per cent of the total volume of the oceans has prop-
erties between 1.3 C and 3.8 C and between 3.46
per cent and 3.47 per cent.

3. the mean temperature of the world s oceans is 3.5 C
and the mean salinity is 3.47 per cent.

4.4 Viscosity

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

Consider the velocity gradient shown in Figure 4.4,
in which two adjacent layers in the uid are moving with
velocitiesuand u + u. Inthis case the velocity gradient
between these two layers, distant y apart, is u/ y; or

u/ y in the limit. Because the layers are moving with
different velocities, there will be shear forces between
the layers giving rise to a shear stress yy. Newton pos-
tulated that the tangential stress between the layers is
proportioned to the velocity gradient:

u
= — 4.2)

yX y
where is a constant of proportionality known as the

dynamic coef cient of viscosity of the uid. Fluids
which behave with a constant coef cient of viscos-
ity, that is independent of the velocity gradient, are
termed Newtonian uids: both fresh water and sea water
behave in this way, although some drag reduction uid
additives such as long chain polymers have far from
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Figure 4.4 Typical viscous velocity gradient

constant coef cients of viscosity and are thus termed
non-Newtonian uids.

In the majority of problems concerning propeller
technology we are concerned with the relationship of
the uid viscous to inertia forces as expressed by the

ow Reynolds number. To assist in these studies, use is
made of the term kinematic viscosity ( ) which is the
ratio / , since the viscous forces are proportional to
the viscosity  and the inertia forces to the density

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

4.5 Vapour pressure

At the free surface of the water there is a movement of
water molecules both in and out of the uid. Just above
the surface, the returning molecules create a pressure
which is known as the partial pressure of the vapour.
This partial pressure, together with the partial pres-
sures of the other gases above the liquid, make up the
total pressure just above the surface of the water. The
molecules leaving the water generate the vapour pres-
sure whose 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
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Table 4.3 Viscosity of sea water with temperature salinity 3.5%

Temperature ( C) 0 5 10 15 20 25 30
Kinematic viscosity

108 (m?/s) 1.8284 1.5614 1.3538 1.1883 1.0537 0.9425 0.8493
Table 4.4 Viscosity of fresh water with temperature

Temperature ( C) 0 5 10 15 20 25 30
Kinematic viscosity

108 (m?/s) 1.7867 1.5170 1.3064 1.1390 1.0037 0.8929 0.8009
Table 4.5 Saturation vapour pressure py for fresh and sea water

Temperature ( C) 0.01 5 10 15 20 25 30
Fresh water py (Pa) 611 872 1228 1704 2377 3166 4241
Sea water py (Pa) 590 842 1186 1646 2296 3058 4097

the vapour: at this condition the value of the vapour
pressure is the saturation pressure. Furthermore, the
vapour pressure varies with temperature since temper-
ature in uences 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

uid 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 reduced 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 uid 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 sea and fresh water for a range of
temperatures relevant to propeller technology.

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 quantities 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 con-
centration is normally of the order of 0.1 to 0.6 per cent

with values on occasion rising as high as one per cent.
Furthermore, at the surface the water is usually very
close to being saturated and consequently is sometimes
found to be supersaturated in the upper 15 m 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 achieve
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 ocean
and tunnel conditions. Weitendorf and Keller also con-
ducted 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 then 1 m was broadly in agreement with
the levels established by oceanographers; 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 both
weather and seaway and also of shallow or deep water.

4.7 Surface tension

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

A molecule has associated with it a sphere of
in uence 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 attraction forces do not
extend further than three or four times the average dis-
tance between molecules. To appreciate how surface
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Figure 4.5 Nuclei density distribution

tension forces arise consider the two molecules A and
B shown in Figure 4.6. Molecule A, which is in the
body of the uid, exerts and receives a uniform attrac-
tion from all directions. However, molecule B, which is
at the surface, receives its major attraction from within
the uid and so experiences a net inward force F: it
is assumed here that we are considering a boundary

1000

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
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Figure 4.6 Molecular explanation of surface tension

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 apply-
ing these values, it must be remembered that they can be
considerably in uenced by small quantities of additives,
for example, detergent. In practice they can change by
as much as 22 dynes/cm because of contamination with
oily matter.

4.8 Weather

The weather, or more fundamentally the air motion,
caused by the dynamics of the Earths atmosphere,
in uences 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 which are of
concern are density and viscosity. The density at sea
level for dry air is given by the relationship:

= 0.4647 $ kg/m3 (4.3)
where p is the barometric pressure (mmHg) and T is the
local temperature (K).

For the viscosity of the air use can be made of the

following relationship for dry air:

393 T ¥

106 2
120+ T 273

=170.9 poise

(4.4)

where T is the temperature (K).
When the wind blows over a surface the air in con-
tact with the surface has no relative velocity to that

Undisturbed flow velocity (u)

10 metre wind (vqg)

Height above surface (m)

Wind speed ratio (u/U)

Figure 4.7 Wind speed de nition

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 ow pattern is analogous to the boundary
layer velocity distribution measured overa at plate. To
overcome problems of de nition in wind speed due to
surface perturbations it is normal practice to measure
wind speed at a height of 10m above the surface of
either the land or the sea: this speed is often referred to
asthe 10 metre wind (Figure 4.7).

As well as recording wind velocities, wind condi-
tions 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
sea conditions for fully developed seas. 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. Nevertheless,
the scale is suf cient for many purposes, both tech-
nical and descriptive; however, great care should be
exercised if it is used in the reverse way, that is for log-
ging or reporting the state of the sea, since signi cant

Table 4.6 Typical values of surface tension for sea and fresh water with temperature

Temperature ( C) 0 5 10
Sea water

(dynes/cm) 76.41 75.69 74.97
Fresh water

(dynes/cm) 75.64 74.92 74.20

15 20 25 30
74.25 73.55 72.81 72.09
73.48 72.76 72.04 71.32

1dyne=10 5N,



Table 4.7 The Beaufort wind scale
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Number Wind speed Wind Probable  Noticeable effect At sea
at 10m (knots) description mean wave of wind on land
height (m)

0 Less than 1 Calm None Smoke vertical; Sea like a mirror.

ags still

1 13 Light air <0.1 Smoke drifts; Ripples with the appearance of scales
vanes static are formed, but without foam crests.

2 46 Light breeze 0.2 Wind felt on face; Small wavelets, still short but more
leaves, ags rustle; pronounced; crests have a glassy
vanes move appearance and do not break.

3 7 10 Gentle breeze 0.6 Leaves and twigs in Large wavelets. Crests begin to break.
motion; light ags Foam of glassy appearance perhaps
extended scattered white horses.

4 11 16 Moderate breeze 1.0 Raises dust; moves Small waves, becoming longer;
small branches fairly frequent white horses.

5 17 21 Fresh breeze 1.9 Small trees sway Moderate waves, taking a more
pronounced long form, many white
horses formed (chance of some spray).

6 22 27 Strong breeze 29 Large branches move; Large waves begin to form; the white

telephone wire sing  foam crests are more extensive
everywhere (probably some spray).

7 28 33 Moderate gale 4.1 Whole trees in motion  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).

8 34 40 Fresh gale 5.5 Twigs break off; Moderately high waves of greater length;

progress impeded edge of crests break into spindrift. The
foam is blown in well-marked streaks
along the direction of the wind.

9 41 47 Strong gale 7.0 Chimney pots High waves. Dense streaks of foam
removed along the direction of the wind. Sea

begins to roll. Spray may effect visibility.

10 48 55 Whole gale 8.8 Trees uprooted; Very high waves with long, overhanging
structural damage 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 shock like. Visibility is affected.

11 56 64 Storm 11.0 Widespread damage  Exceptionally high waves. (Small- 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.

12 65 71 Hurricane Over 13.0  Countryside The airis Iled with foam and spray.

devastated

Sea completely white with driving
spray; visibility very seriously affected.
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Figure 4.8 Typical wave spectra for varying wind speed

errors can be introduced into the analysis. This is partic-
ularly true in con ned and restricted sea areas, such as
the North Sea or English Channel, since the sea gener-
ally has two components: a surface perturbation and
an underlying swell component, both of which may
have differing directional bearings. Table 4.7 de nes
the Beaufort scale up to force 12. Above force 12 there
are further levels de ned: 13, 14, 15, 16 and 17, with
associated wind-speed bands of 72 80, 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 F is
the fetch in miles.

However, from wave records it is possible to stat-
istically represent the sea. Using these techniques an
energy 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 seas. From Figure 4.8 it will be seen that
as the wind speed increases, the frequency about which
the maximum spectra energy is concentrated, termed
the modal frequency fo, is reduced. Many spectra have
been advanced by different authorities and these will
give differing results; partly because of the dependence
of wave energy on the wind duration and fetch which
leads to the problem of de ning a fully developed sea.
When the wind begins to blow short, low amplitude
waves are initially formed. These develop into larger and

slwli

Frequency {w)

wrnm(

Figure 4.9 Growth of a wave spectra with wind duration

Table 4.8 World Meteorological Organization (WMO) sea
state code

Seastate  Signi cant wave height (m) Description
code

Range Mean
0 0 0 Calm (glassy)
1 001 0.05 Calm (rippled)
2 0.1 05 0.30 Smooth (wavelets)
3 05 125 0.875 Slight
4 125 25 1875 Moderate
5 2540 3.250 Rough
6 4.0 6.0 5.000 Very rough
7 6.0 9.0 7.500 High
8 9.0 140 11.500 Very high
9 Over 14.0 Over 14.00 Phenomenal

longer waves if the wind continues to blow for a longer
period of time. This leads to a time-dependent set of
spectra for different wind duration, as seen in Figure 4.9.
An analogous, but opposite, situation is seen when the
wind dies down as the longer waves, due to their greater
velocity, move out of the area, leaving only the smaller
shorter waves. For continuous spectra the area under the
spectrum can be shown to be equal to the mean square
of the surface elevation of the water surface.

In order to study the effects of waves the energy
spectrum concept provides the most convenient and rig-
orous of approaches. However, for many applications,
the simpler approach of appealing directly to wave data
will suf ce. Typical of such data is that given by Dar-
byshire (Reference 5) or more recently that produced
by Hogben et al. (Reference 6) which provides a wave
atlas based on some 55 million visual observations from
ships during the period 1854 to 1984. Furthermore the
World Meteorological Organization (WMO) produced
a standard sea state code in 1970; this is reproduced in
Table 4.8. In the context of this table, the signi cant
wave height is the mean value of the highest third of a



Table 4.9 Port classi cation for fouling according to (Reference 7)
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Clean ports Fouling ports Cleaning ports

Light Heavy Non-scouring Scouring
Most UK Ports Alexandria Freetown Bremen Calcutta
Auckland Bombay Macassar Brishane Shanghai
Cape Town Colombo Mauritius Buenos Aires Yangtze Ports
Chittagong Madras Rio de Janeiro E. London
Halifax Mombasa Sourabaya Hamburg
Melbourne Negapatam Lagos Hudson Ports
Valparaiso Karadii La Plata
Wellington Pernambuco St Lawrence Ports
Sydney* Santos Manchester

Singapore

Suez

Tuticorin

Yokohama

* Variable conditions.

large number of peak to trough wave heights. It should,
however, be noted that wave period does not feature in
this well-established sea state de nition.

4.9 Silt and marine organisms

The sea, and indeed fresh water, contains a quantity
of matter in suspension. This matter is of the form of
small particles of sand, detritus and marine animal and
vegetable life.

Particulate matter such as sand will eventually sep-
arate out and fall to the sea bottom; however, depending
on its size this separation process may be measured in
either hours or months. Therefore, the presence of abra-
sive particles must always be considered, especially in
areas, such as the North Sea, which have shallow sandy
bottom seas.

Marine animal and vegetable life covers a wide,
indeed almost boundless, variety of organisms. Of par-
ticular interest to the propulsion engineer are algae,
barnacles, limpets, tubeworms and weed, since these
all act as fouling agents for both the hull and pro-
peller. Christie (Reference 7) distinguishes between two
principal forms of fouling: algae and animal fouling.
The latter form of fouling requires the development
and establishment of larvae over a period of sev-
eral days, whereas algae fouling results in a slime
which can take only a matter of hours to form. These

growths are of course dependent on temperature, salin-
ity and concentrations of marine 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 ndings.
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Abody, by virtue of its motion through the water, causes
a wake eld in the sense of an uneven ow velocity
distribution to occur behind it; this is true whether the
body is a ship, a submarine, a remotely operated vehicle
oratorpedo. Thewake eld at the propulsor plane arises
from three principal causes: the streamline ow around
the body, the growth of the boundary layer over the
body and the in uence of any wave-making compon-
ents. The latter effect naturally is dependent 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 by the
propelled body.

5.1 General wake eld
characteristics

The wake eld is strongly dependent on ship type and
so each vessel can be considered to have a unique wake
eld. Figure 5.1 shows three wake elds for different
ships. Figure 5.1(a) relates to a single-screw bulk car-
rier form in which a bilge vortex can be seen to be
present and dominates the ow in the thwart-ship plane
of the propeller disc. The ow eld demonstrated by
Figure 5.1(b) relates again to a single-screw vessel, but
in this case to a fairly fast and ne lined vessel having
a V -formed afterbody unlike the U -form of the bulk
carrier shown inFigure 5.1(a). In Figure 5.1(b) it is seen,
in contrast to the wake eld produced by the U -form
hull, that a high-speed axial ow eld exists for much
of the propeller disc except for the sector embracing
the top dead centre location, where the ow is relatively
slow and in some cases may even reverse in direction.
De nitionsof U -and V -form hulls are shown in Fig-
ure 5.2; however, there is no clear-cut transition from
one form to another, and Figure 5.1(a) and (b) represent
extremes of both hull form types. Both of the ow elds
discussed so far relate to single-screw hull forms and,
therefore, might be expected to exhibitare ective sym-
metry about the vertical centre plane of the vessel. For
a twin-screw vessel, however, no such symmetry natu-
rally exists, as seen by Figure 5.1(c), which shows the
wake eld for a twin-screw ferry. Inthis gure the loca-
tion of the shaft supports, in this case A brackets, is
clearly seen, but due to the position of the shaft lines rel-
ative to the hull form, symmetry of the wake eld 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, boss-
ings or gondolas, in order that the ow does not become
too disturbed or retarded in these locations, otherwise
vibration and noise may arise and become dif cult
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 , Fig-
ure 5.2, tends to in uence the resulting wake eld
at the propeller disc of a single-screw ship. For the
V-form hull (Figure 5.1(b)), one immediately notes the
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very high wake peak at the top dead centre position of
the propeller disc and the comparatively rapid transition
fromthe dead-water region to the near free stream con-
ditions in the lower part of the disc. This is caused by
the water coming from under the bottom of the ship and

owing around the curvature of the hull, so that the uid
elements which were close to the hull, and thus within
its boundary layer, also remain close to the hull around
the bilge and ow into the propeller close to the centre
plane. Consequently, a high wake peak is formed in the
centre plane of the propeller disc.

The alternative case of a wake eld associated with
an extreme U-form hull is shown in Figure 5.1(a); here
the ow pattern is completely different. The water ow-
ing from under the hull is in this case unable to follow
the rapid change of curvature around the bilge and,
therefore, separates from the hull surface. These uid
elements then ow upwards into the outer part of the
propeller disc and the region above this separated zone
isthen lled with water owing from above: this creates
adownward ow close to the hull surface. The resultant
downward ow close to the hull and upward ow distant
from the hull give rise to a rotational motion of the ow
into the propeller disc which is termed the bilge vortex.
The bilge vortex, therefore, is a motion which allows
water particles in the boundary layer to be transported
away from the hull and replaced with water from out-
side the boundary layer; the effect of this is to reduce
the wake peak at the centre plane of the propeller disc.

Over the years, in order to help designers produce
acceptable wake elds for single-screw ships, several
hull form criteria have been proposed, as outlined, for
example, in References 1 and 2. Criteria of these types
basically reduce to a series of guidelines such as:

1. The angle of run of the waterlines should be kept to
below 27 30 over the entire length of run. Clearly
it is useless to reduce the angle of run towards the
stern post if further forward the angles increase to an
extent which induces ow separation.

2. The stern post width should not exceed 3 per cent
of the propeller diameter in the ranges 0.2 to 0.6R
above the shaft centre line.

3. The angle of the tangent to the hull surface in the
plane of the shaft centre line (see Figure 5.2) should
lie within the range 11 to 37 .

The detailed ow velocity elds of the type shown in
Figure 5.1 and used in propeller design are almost with-
out exception derived from model tests. Today it is still
the case that some 80 to 85 per cent of all ships that are
built do not have the bene t of a model wake eld test.

5.2 Wake eld de nition

In order to make use of the wake eld data it needs to
be de ned in a suitable form. There are three principal
methods: the velocity ratio, Taylor and Froude methods,
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Figure 5.2 De nition of U- and V-form hulls

although today the method based on Froude s wake frac-
tion is rarely, if ever, used. The de nitions of these
methods are as follows.

\klocity ratio method. Here the iso-velocity contours
are expressed as a proportion of the ship speed (Vs)
relative to the far- eld water speed. Accordingly, water
velocity at a point in the propeller disc is expressed
in terms of its axial, tangential and radial components,
Va, Vi and vy, respectively:

Va Vi Vr

Ve Vs and Ve

Figure 5.1(c) is expressed using above velocity com-
ponent de nitions. The velocity ratio method has today
become perhaps the most commonly used method
of wake eld representation, due rst to the relative
conceptual complexities the other, and older, repre-
sentations have in dealing with the in-plane propeller
components, and second, the velocity ratios are more
convenient for data input into analytical procedures.

Taylor s method. In this characterization the concept
of wake fraction isused. For axial velocities the Taylor
wake fraction is de ned as:

Vs va _ 1 va
Vs Vs
that is, one minus the axial velocity ratio or, alterna-
tively, 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 components we have the
following relationships:

Vit Vr
Vs Vs
However, these forms are rarely used today, and prefer-
ence is generally given to expressing the tangential and

wr = (5.1)

wr, =1 and wy, =1
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radial components in terms of their velocity ratios vi/Vs
and v/Vs.

Notice that in the case of the axial components the
subscript a is omitted from wr.

Froude method. This is similar to the Taylor char-
acterization, but instead of using the vehicle speed as
the reference velocity the Froude notation uses the local
velocity at the point of interest. For example, in the axial
direction we have:

WF = VS Va = E

Va Va

1

For the sake of completeness it is worth noting that the
Froude and Taylor wake fractions can be transformed
as follows:
W WE
1 wt 1+ wp

Mean velocity or wake fraction. The mean axial
velocity within the propeller disc is found by integrating
the wake eld on a volumetric basis of the form:

R 2
r wrd dr

Wg = and wt =

W — ' (0]
T R 12
(5.2)
R 2 A
r — d dr
ﬂi — ' 0 VS
Vs (R2 I’ﬁ)

Much debate has centred on the use of the volumet-
ric or impulsive integral form for the determination of
mean wake fraction, for example References 3 and 4;
however, modern analysis techniques generally use the
volumetric basis as a standard.

Fourier analysis of wake eld. Current propeller
analysis techniques rely on being able to describe the
wake eld encountered by the propeller at each radial
location in a reasonably precise mathematical way. Fig-
ure 5.3 shows a typical transformation of the wake eld
velocities at a particular radial location of a polar wake

eld plot, similar to those shown in Figure 5.1, into a
meanand uctuating component. Figure 5.3 then shows
diagrammatically how the total uctuating component
can then be decomposed intoanin nite set of sinusoidal
components of various harmonic orders. This follows
from Fourier s theorem, which states that any periodic
function can be represented by an in nite set of sinu-
soidal functions. In practice, however, only a limited set
of harmonic components are used, since these are suf-

cient to de ne the wake eld within both the bounds
of calculation and experimental accuracy: typically the

rst 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 pro-
peller disc is to use Fourier analysis techniques and
to de ne the problem using the global reference frame
discussed in Chapter 3. Using this basis the general
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Figure 5.3 Decomposition of wake eld into mean and uctuating components

approximation of the velocity distribution at a particular
radius becomes:
n

ak CoS + by sin

(5.3)
k=0

Equation (5.3) relates to the axial velocity ratio; similar
equations can be de ned for the tangential and radial
components of velocity.

5.3 The nominal wake eld

The nominal wake eld is the wake eld that would be
measured at the propeller plane without the presence or
in uence of the propeller modifying the ow atthe stern
of the ship. The nominal wake eld {wy} ofaship canbe
considered to effectively comprise three components:
the potential wake, the frictional wake and the wave-
induced wake, so that the total nominal wake eld {wn}
is given by

{wn} = {wp} + {wy} + {ww} +{ w} (5.4)
where the suf xes denote the above components,
respectively, and the curly brackets denote the total
wake eld rather than values at a particular point. The
component { w} is the correlation or relative inter-
action component representing the non-linear part of
the wake eld composition.

The potential wake eld {wp} is the wake eld that
would arise if the vessel were working in an ideal

uid, that is one without viscous effects. As such the

potential wake eld 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 bodies, 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, incompressible ow
calculations. The general idea behind these methods is
to cover the surface with three-dimensional body panels
over which there is an unknown distribution of singular-
ities; for example, point sources, doublets or vortices.
The unknowns are then solved through a system of
simultaneous linear algebraic equations generated by
calculating the induced velocity at control points on
the panels and applying the ow tangency condition. In
recent years many such programmes have been devel-
oped by various institutes and software houses around
the world. For axisymmetric bodies in axial ow a dis-
tribution of sources and sinks along the axis will prove
suf cient 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 back-
wards in a towing tank, since in this case the viscous
effects at the propeller plane are minimal.

In general, the potential wake eld can be expected to
be asmall component of the total wake eld, as shown by
Harvald (Reference 5). Furthermore, since the effects
of viscosity do not have any in uence on the poten-
tial wake, the shape of the forebody does not have any
in uence on this wake component at the stern.
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The frictional wake eld {wy} arises from the vis-
cous nature of the water passing over the hull surface.
This wake eld component derives from the growth of
the boundary layer over the hull surface, which, for
all practical purposes, can be considered as being pre-
dominantly turbulent in nature at full scale. To de ne
the velocity distribution within the boundary layer it is
normal, in the absence of separation, to use a power law
relationship of the form:

v y n

\

where v is the local velocity at a distance y from the
boundary surface, V is the free stream velocity and is
the boundary layer thickness, which isnormally de ned
as the distance from the surface to where the local vel-
ocity attains a value of 99 per cent of the free stream
velocity. The exponent n for turbulent boundary layers
normally lies with in the range 1/5 to 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 eld in which the pressure
increases in the direction of ow. Consider, for example,
Figure 5.4(a), which shows the ow around some parts
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of the hull. At station 1 the normal viscous boundary
layer has developed; further along the hull at station
2 the velocity of uid elements close to the surface
is less than at station 1, due to the steadily increas-
ing 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 seen at sta-
tion 3. The point of separation occurs when the velocity
gradient v/ n=0 at the surface, and the consequence
of this is that the ow separates from the surface leav-
ing a region of reversed ow on the surface of the body.
Re-attachment of the ow to the surface can subse-
quently occur if the body geometry and the pressure
gradient become favourable.

The full prediction by analytical means of the vis-
cous boundary layer for a ship form is a very complex
procedure, and at the present time only partial success
has been achieved using large computational codes. A
typical calculation procedure for a ship form divides
the hull into three primary areas for computation: the
potential ow zone, the boundary layer zone and the
stern ow and wake zone (Figure 5.4(b)). Whilst con-
siderable effort has been expended on RANS codes to
give accurate predictions for all ship forms, at present
the most common procedure for determining the total
wake eld is by model tests in a towing tank.

The wake component due to wave action {wy,} is due
to the movement of water particles in the system of grav-
ity waves set up by the ship on the surface of the water.
Such conditions can also be induced by a vehicle oper-
ating just below the surface of the water. Consequently,
the wave wake eld depends largely on Froude number,
and is generally presumed to be of a small order. Har-
vald, in Reference 6, has undertaken experiments from
which it would appear that the magnitudes of {wy,} are
generally less than about 0.02 for a ship form.

5.4 Estimation of wake eld
parameters

From the propeller design viewpoint the determina-
tion of the wake eld in which the propeller operates
is of fundamental importance. The mean wake eld
determines, along with other parameters of power, revo-
lutions and ship speed, the overall design dimensions of
the propeller, and the variability of the wake eld about
the mean wake in uences the propeller blade section
design and local pitch. Clearly, the most effective way at
present of determining the detailed characteristics of the
wake eld is from model tests; this, however, is not with-
out problems in the areas of wake scaling and propeller
interaction. In the absence of model wake eld data
the designer must resort to other methods of prediction;
these can be in the form of regression equations, the
plotting of historical analysis data derived from model
or full-scale trials, or from his own intuition and experi-
ence, which in the case of an experienced designer must
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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
1940s for single-screw vessels. From this analysis he
concluded that the most reliable, on the basis of calcu-
lated value versus value from model experiment, was
due to Schoenherr (Reference 7):

W, =0.10+ 4.5
8 (7 Cp)(28 1.8Cp)

1
+5E/T D/B k)

where L is the length of the ship,

B is the breadth of the ship,

T is the draught of the ship,

D is the propeller diameter,

E is the height of the propeller shaft
above the keel,

Cpv is the vertical prismatic coef cient
of the vessel,

Chph is the horizontal prismatic coef cient
of the vessel,
is the angle of rake of the propeller in
radians and

k is the coef cient (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 (Ref-
erence 8) was also found to give acceptable values as a
rst approximation; this was

i, =0.5C, 0.05

where Cy, is the block coef cient of the vessel.

The danger with using formulae of this type and vin-
tage today is that hull form design has progressed to
a considerable extent in the intervening years. Conse-
quently, 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 that were pro-
posed 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:

\ﬂla = W1 +Wwy +Ww3
t=t1+th+13
where t1, wy are functions of B/L and block coef cient,

tp, wy are functions of the hull forms and
t3, ws are propeller diameter corrections.

(5.5)

Alternatively, the later work by Holtrop and Mennen
and developed over a series of papers resulted in
the following regression formulae for single- and
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Figure 5.5 The wake and thrust deduction coef cient for
single-screw ships (Reproduced with permission from
Reference 9)

twin-screw vessels (Reference 10):

Single screw:

L
W, = Co(1 + 0.015Cstern)[(1 + k)CF + CA]Tf
A

0.050776 + 0.93405C11

[(1 +K)Cr + Cal
(1315 1.45C, + 0.0225Ich)
+0.27915(1 + 0.015Cstern)

B

L(1.315 1.45Cp + 0.0225Ich)
+ C19(1 + 0.015Cstern)
Twin screw:
Wy = 0.3095Ch + 10Cp[(1 + k)Cg + Cal
0.23L
BT

(5.6)



where:
Cy=Csg (Cg<28)
=32 16/(Cg 24) (Cg=>28)
and
Cg =BS/(LDTa) (B/Ta <5)
=S(7B/Ta 25)/(LD(B/Ta 3)) (B/Ta>05)

Ci1=Ta/D (TA/D<?2)
= 0.0833333(Ta/D)2 + 1.33333  (Ta/D > 2)
C19 =0.12997/(0.95 Cg)
0.11056/(0.95 Cp) (Cp<0.7)

=0.18567/(1.3571 Cpm) 0.71276
+0.38648Cp, (Cp =>0.7)

and

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

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

In the absence of model tests the radial distribution
of the mean wake eld, that is the average wake value at
each radial location, is dif cult to assess. Traditionally,
this has been approximated by the use of van Lam-
meren s diagrams (Reference 11), which are reproduced
in Figure 5.6. Van Lammeren s data is based on the sin-
gle parameter of vertical prismatic coef cient, and is
therefore unlikely to be truly representative for all but

rst approximations to the radial distribution of mean
wake. Harvald (Reference 6) re-evaluated the data in
which he corrected all the data to a common value of
D/L of 0.004 and then arranged the data according to
block coef cient and breadth-to-length ratio as shown
in Figure 5.7 for single-screw models together with a
correction for frame shape. In this study Harvald drew
attention to the considerable scale effects that occurred
between model and full scale. He extended his work to
twin-screw vessels, shown in Figure 5.8, for a diameter-
to-length ratio of 0.03, in which certain corrections were
made to the model test data partly to correct for the
boundary layer of the shaft supports. The twin-screw
data shown in the diagram refers to the use of bossings
to support the shaft lines rather than the modern practice
of A and P brackets.

It must be emphasized that all of these methods for the
estimation of the wake eld and its various parameters
are at best approximations to the real situation and not
a substitute for properly conducted model tests.
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5.5 Effective wake eld

Classical propeller theories assume the ow eld to
be irrotational and unbounded; however, because the
propeller normally operates behind the body which is
being propelled these assumptions are rarely satis ed.
When the propeller is operating behind a ship the ow

eld in which the propeller is operating at the stern
of the ship is not simply the sum of the ow eld in
the absence of the propeller together with the propeller-
induced velocities calculated on the basis of the nominal
wake. In practice a very complicated interaction takes
place which gives rise to noticeable effects on propeller
performance. Figure 5.9 shows the composition of the
velocities that make up the total velocity at any point
in the propeller disc. From the propeller design view-
point it is the effective velocity eld that is important
since this is the velocity eld that should be input into
propeller design and analysis procedures. The effective
velocity eld can be seen from the gure to be de ned
in one of two ways:

effective velocity = nominal velocity
+ interaction velocity
or
effective velocity = total velocity (5.7)
propeller induced

velocity

If the latter of the two relationships is used, an iterative
procedure can be employed to determine the effective
wake eld ifthe total velocity eld is known from meas-
urements just ahead of the propeller. The procedure used
for this estimation is shown in Figure 5.10 and has been
shown to converge. However, this procedure has the dis-
advantage 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 aris-
ing, for example, from the differences in the theoretical
treatment of the trailing vortex system of the propeller.

An alternative procedure is to use the former of
the two formulations of effective velocity de ned in
equation (5.7). This approach makes use of the nominal
wake eld measured in the towing tank, this being a con-
siderably easier measurement than that of measuring the
total velocity, since for the nominal velocity measure-
ment the propeller is absent. Several approaches to this
problem have been proposed, including those known
as the V-shaped segment and force- eld approaches.
The V-shaped segment method nds 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 eld and princi-
pal propeller dimensions as input without undertaking
detailed hydrodynamic computations. In the general
case of a ship wake eld, which contrasts with the
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Figure 5.6 Van Lammerens curves for determining the radial wake distribution (Reproduced with permission from

Reference 6)

axisymmetric basis upon which the method was rst
derived by being essentially non-uniform, the velocity

eld is divided into a number of V-shaped segments
over which the general non-uniformity is replaced with
an equivalent uniform ow. 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 coef cient based on a
mean effective wake fraction; typically such an estimate
comes from standard series 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 to be computed. Procedures of this type do not
take into account any changes of ow 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, effect-
ive wake estimation procedure is the force- eld method.
Such approaches usually rely for input on the nomi-
nal wake eld and the propeller thrust together with an
estimate of the thrust deduction factor. These methods
calculate the total velocity eld by solving the Euler and
continuity equations describing the ow in the vicinity
of the propeller. The propeller action is modelled by an
actuator disc having only an axial force component and
a radial thrust distribution which is assumed constant
circumferentially at each radial station. The induced
velocities, which are identi ed within the Euler equa-
tions, can then, upon convergence, be subtracted from
the total velocity estimates at each point of interest to
give the effective wake distribution.

Clearly methods of effective wake eld estimation
such as the V-shaped segment, force- eld and the (T 1)
approaches are an essential part of the propeller design
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from Reference 6)

and analysis procedure. However, all of these methods
lack the wider justi cation from being subjected to
correlation, in open literature, between model and full-
scale measurements. Indeed the number of vessels upon
which appropriate wake eld measurements have been
undertaken is minimal for a variety of reasons; typically
cost, availability and dif culty of measurement. The lat-
ter reason has at least been partially removed with the
advent of laser-Doppler techniques which allow effect-
ive wake eld measurement; nevertheless, this is still a
complex procedure.

The analytical treatment of effective wake prediction
has gained pace during recent years. A coupled vis-
cous and potential ow procedure was developed by
Kerwin et al. (References 29 and 30) for the design of
an integrated propulsor driving an axisymmetric body.
In this method the ow around the body was computed

with the aid of a RANS code with the propulsor being
represented by body forces whose magnitudes were esti-
mated using a lifting surface method. As such, in this
iterative procedure the RANS solver estimated the total
velocity eld from which the propeller-induced veloci-
ties were subtracted to derive the effective propulsor
in ow. Warren et al. (Reference 31) used a simi-
lar philosophy in order to predict propulsor-induced
manoeuvring forces in which a RANS code was used
for ow calculations over a hull, the appendages and a
duct. The time averaged ow eld was then input into a
three-dimensional lifting surface code which estimated
the time varying forces and pressures which were then
re-input into the RANS solver in an iterative fashion
until convergence was achieved. Hsin et al. in Reference
32 developed Kerwins ideas to a podded propulsor
system in order to predict hull propeller interaction.
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Figure 5.8 (a)The radial variation of the wake coef cient
for models having twin screws (D/L =0.03) and (b) the
radial variation of the wake coef cient for twin-screw ships
(D/L=0.03) (Reproduced with permission from

Reference 6)
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peller procedure with a three-dimensional Euler code.
In this arrangement the propeller effect is represented
by unsteady body forces in the Euler solver such that
the unsteady effective wake both spatially and tempo-
rally can be estimated. Using this method it was found
that the predicted total velocity distribution in front of
the propeller was in good agreement with measured
data. Lee et al. in Reference 35 studied rudder sheet
cavitation with some success when comparing theoreti-
cal predictions with experimental observation. In this
procedure a vortex lattice method was coupled to a
three-dimensional Euler solver and boundary element
method; the latter being used to calculate the cavitating
ow around the rudder.

Considerable progress is being made in the estima-
tion of effective wake using advanced computational
analyses and this trend looks set to continue for the
foreseeable future.

5.6 Wake eld scaling

Since the model of the ship which is run in the towing
tank is tested at Froude identity, that is equal Froude
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numbers between the ship and model, a disparity in
Reynolds number exists which leads to a relative dif-
ference in the boundary layer thickness between the
model and the full-scale ship; the model having the rel-
atively thicker boundary layer. Consequently, for the
purposes of propeller design it is necessary to scale,
or contract as it is frequently termed, the wake mea-
sured on the model so that is becomes representative
of that on the full-size vessel. Figure 5.11 illustrates
the changes that can typically occur between the wake

elds measured at model and full scale and with and
without a propeller. The results shown in Figure 5.11
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 elds in order to
estimate full-scale characteristics two principal meth-
ods have been proposed in the literature and are in com-
paratively wide use. The rst 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 inde-
pendent of scale effects, and the frictional wake varies
linearly with the skin friction coef cient. Consequently,
the total wake at a point is considered to comprise the
sum of the frictional and potential components. The

meteor trials (1967)

total contraction of the wake eld is given by
c= Cis+ Crs
Ctm

where C¢s and Csy, are the ship and model ITTC 1957
friction coef cients expressed by

0075
(logioRn  2)?

and Cg is the ship correlation allowance.

The contraction in Sasajima s method is applied with
respect to the centre plane in the absence of any potential
wake data, this being the normal case. However, for
the general case the contraction procedure is shown in
Figure 5.12 in which the ship frictional wake (wss) is
given by

f

(1 Wps)
(1 wpm)

The method was originally intended for full-form ships
having block coef cients in the order of 0.8 and L/B
values of around 5.7. Numerous attempts by a num-
ber of researchers have been made to generalize and
improve the method. The basic idea behind Sasajimas
method is to some extent based on the at plate wake
idealization; however, to account for the full range of
ship forms encountered in practice, that is those with
bulbous sterns, at afterbodies above the propeller and

Wts = Wim
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Figure 5.12 Basic of Sasajima wake scaling method

S0 on, a more complete three-dimensional contraction
process needs to be adopted. Hoekstra (Reference 14)
developed such a procedure in the mid-1970s in which
he introduced, in addition to the centre-plane contrac-
tion, a concentric contraction and a contraction to a
horizontal plane above the propeller.

In this procedure the overall contraction factor (c) is
the same as that used in the Sasajima approach. How-
ever, this total contraction is split into three component
parts:

c=ic+jc+kec (i+j+[k|=1)
where i is the concentric contraction, j is the centre-
plane contraction and k is the contraction to a horizontal
surface above the propeller.

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

= F:i j = Fﬂ
IFil + [Fjl + [Fl [Fil + [Fjl + |Fl
Fx

and k=

&
in which
2R 2R
Fi = Si(rydr,Fj = Sj(rydr
Thub Thub
2R
and Fy¢ = Sk(r)dr
hub
with
Si=1 A
Ar + Ay + Ag %Sk if S S
Sj+ (A2 + Ag+ Ag) if S <
Sj = [A2+As+ A

+ |max(Az cos2 + Agqcos 4
+Agcos |] ( =0, ,2)
Sk = 2(A1 + Az + Ag)

where A, (n=0,1,...,6) are the Fourier coef cients
and at the hub S; is taken as unity with §; =S, =0.
The method as proposed by Hoekstra also makes an
estimation of the scale effect on the wake peak vel-
ocity in the centre plane and for the scale effect on any
bilge vortices that may be present. The method has been
shown to give reasonable agreement in a limited number
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of cases of full scale to model correlation. However,
there have been very few sets of trail results available
upon which to base any rm conclusions of this or any
other wake eld scaling procedure.

Figure 5.13 essentially draws the discussions of
effective wake and wake scaling together. In most
design or analysis situations the engineer is in posses-
sion of the model nominal wake eld and wishes to
derive the ship or full-scale effective wake eld char-
acteristics. There are essentially two routes to achieve
this. The most common is to scale the derived nominal
wake eld from model to full scale and then to derive
the effective wake eld at ship scale from the derived
nominal full-scale wake.

5.7 Wake gquality assessment

The assessment of wake quality is of considerable
importance throughout the ship design process. Avail-
able methods generally divide themselves into two
distinct categories: analytical methods and heuristic
methods. Analytical methods generally use a combina-
tion of all the available wake eld data (axial, tangential
and radial components) to assess the ow quality,
whereas heuristic methods normally con ne 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 unidirectional ows, 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
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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 coef cient Ct for various values
of J/J, that is the ratio of the uctuation in advance
coef cient to the design advance coef cient. The value

J is directly related to the variation in the wake eld
at 0.7R, consequently, the diagram may be used as both
apropeller design and wake quality assessment criteria.
In using this diagram it must, however, be remembered
that it only takes into account the broad parameters of
propeller design and the wake eld characteristics and,
therefore, must be used in role commensurate with that
caveat.
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permission from Reference 19)

Huse (Reference 1) developed a set of criteria based
on the characteristics of the axial velocity eld. In par-
ticular his criteria address the very important area of the
wake peak in the upper part of the propeller disc. His
criteria are expressed as follows:

1. For large tankers and other ships with high block
coef cients Wmax, the maximum wake measured at
the centre plane in the range of 0.4 to 1.15R above the
shaft centre line should preferably be less than 0.75:

Wmax <0.75

2. For ne ships (block coef cients below 0.60) the
Wmax Value should preferably be below 0.55:

3. The maximum acceptable wake peak should satisfy
the following relationship with respect to the mean
wake at 0.7R, W 7:

Wmax < 1.7W0o.7

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

From the above it is clear that Huse s criteria address
the quality of wake, largely in the absence of the pro-
peller. In practice, however, it is the propeller wake
combination that gives rise to potential propulsion and

vibration problems. Odabasi and Fitzsimmons (Ref-
erence 19) have extended Huses work in an attempt
to advance wake quality assessment in this area. The
criteria proposed in this latter work are as follows:

1. The maximum wake measured inside the angular
interval 5 =10+ 360/Z degrees and in the range
0.4 to 1.15R around the top dead centre position of
the propeller disc should satisfy the following:

Wmax < 075 O  Wmax < Cb

whichever is smaller.

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

Wmax < 1.7\”/0.7

3. The width of the wake peak should not be less
than . The de nition of the wake peak for vari-
ous wake distributions is shown diagrammatically in
Figure 5.15.

4. The cavitation number for the propeller tip,
de ned as:

~9.903

n=

D/2 Z,+Ta
0.051( nD)?

and the averaged non-dimensional wake gradient at
a characteristic radius, de ned as

[ W/ W)]lk=10
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Figure 5.16 Wake non-uniformity criterion (Reproduced
with permission from Reference 19)

should lie above the dividing line of Figure 5.16. In
these relationships,

D s the propeller diameter (m).
zp s the distance between the propeller shaft
axis and the base line (m).
Ta is the ship s draught at the
aft-perpendicular (m).
n isthe propeller rotations speed (rev/s).
w is the wake variation de ned 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
angularinterval g intherangeof0.7to 1.15R should
be less than unity; that is,

1 (dw/d)
(r/R) (1 w)

is in radians.

<1.0

where

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 eld measurement

Measurements of the wake eld are required chie y
for the purposes of propeller design and for research
where the various aspects of wake eld scaling are
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Figure 5.17 Types of wake eld traversing methods using
pitot, total and static head tubes: (a) rotating pitot rake
located on shaft and (b) schematic xed pitot rake

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 in uence on the ow eld of locat-
ing the measurement apparatus in the ow has always
been the subject of much debate. In recent years, how-
ever, the use of laser-Doppler techniques has become
available for both model and full-scale studies and these
require only that beams of laser light are passed into the
uid.

In the case of model scale measurements detailed
measurements of the wake eld have largely been
accomplished by using pitot rakes, which have in some
cases been placed on the shaft in place of the model pro-
peller, Figure 5.17(a). In these cases the rakes have been
rotated to different angular positions to de ne the wake

eld characteristics. Alternatively, some experimental
facilities have favoured the use of a xed pitot rake,
Figure 5.17(b), in which the ends of the pitot rake are
placed in the propeller plane. Such measurements pro-
vide quantitative data de ning the nominal wake eld
and are based on the theory of pitot tubes which in turn
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Figure 5.18 Pitot-static probe layout

is based on Bernouilli s equation. For a general point in
any uid ow the following relationship applies:

total head (ht) = static head (hs)
+ dynamic head (hq)

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 direc-
tion Ox whilst the ports B, aligned in the Oy direction,
measure the static head of the uid. As a consequence
from the above relationship, expressed in terms of the
corresponding pressures, we have

Pd =Ppr Ps (5.8)
from which
v= 2(pr  ps) (5.9)

Depending on the type of ow problem that requires
measurement, the probe is selected based on the infor-
mation 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 one
pressure component, whereas the latter measures both
values simultaneously. Rakes comprising combinations

Total pressure Py

View along A

ofp

Figure 5.19 Typical ve-hole total head tube

of total head and static head tubes are sometimes con-
structed to enable complete measurement to be made,
or alternatively, when space is very limited, total head
and static head tubes can be inserted into the ow
sequentially.

When directionality of the ow is important, since
the foregoing tubes are all unidirectional, special meas-
urement tubes can be used. These normally comprise
either three- or ve-hole total head tubes; an example
of the latter is shown in Figure 5.19. From the gure 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
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Figure 5.20 Full-scale wake pitot probe: (a) the mounting
place of the test equipment; (b) example of one of the six,

ve-hole pitot tubes (Reproduced with permission from
Reference 24)

be related to the angle of incidence of ow relative to the
probe axis. References 20 and 21 should be consulted
for further detailed discussion of ow measurement by
total head and static head tubes, which is a specialist
subject in itself.

In the case of full-scale ship wake eld measurement
the pitot-tube principle has provided much of the data
that we have at out disposal at this time. Pitot rakes
have either been placed on the shaft in place of the
propeller, see for example Canham (Reference 22), to
measure full-scale nominal wake or, alternatively, t-
ted to the hull just in front of the propeller to measure
the in ow into the propeller (References 23 and 24);
Figure 5.20 shows this type of layout together with the

ve-hole tube used in this latter case. Clearly in the for-
mer 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 eld.

An alternative to the measurement of ow velocity
by pitot tube is to use hot-wire or hot- Im anemome-
try techniques. Such probes rely on the cooling effect
of the uid passing over either the heated wires or hot

Im to determine the ow velocities. In their most basic
form the current passing through the wire is maintained
constantand the ow velocity is determined by the volt-
age applied across the wire, since the wire resistance is
dependent upon the temperature of the wire. A more
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Figure 5.21 Hot X wire anemometer

complex, but widely used, mode of operation is to
employ a feed-back circuit which maintains the wire
at constant resistance and as a consequence at constant
temperature: the current required to do this is a function
of the uid velocity. Hot-wire anemometers, like pitot
tubes, require calibration.

A typical hot-wire anemometer is shown in Figure
5.21, where two wires are arranged in an X con gur-
ation. If 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 uctuation in
that plane. The more robust hot- Im anemometer com-
prises a heated element of a thin metallic Im placed on
a wedge-shaped base which is both a thermal and elec-
tric insulator. When used in water, to which it is ideally
suited due to its greater robustness, the hot Im is cov-
ered with a thin layer of insulation to prevent electrical
shorting problems.

In many ways the hot- Im or -wire anemometer
extends the range of uid measurement scenarios into
areas where pitot tubes tend to fail. In particular, since
they are small and rapidly responding, they are ideal
for measuring uctuating ows; in particular, the phe-
nomena of transition and the structure of turbulent

ows. In aerodynamic work hot-wire and Im tech-
niques have been used widely and very successfully for
one-, two- and three-dimensional ow studies. Lomas
(Reference 25) and Perry (Reference 26) discuss hot-
wire anemometry in considerable detail whilst Scragg
and Sandell (Reference 27) present an interesting com-
parison between hot-wire and pitot techniques. For
full-scale wake eld measurements no application of
hot- Im techniques is known to the author.

Laser-Doppler methods are advanced measurement
techniques which can be applied to uid velocity meas-
urement problems at either model or full scale. The
laser-Doppler anemometer measures ow velocity by
measuring the Doppler shift of light scattered within
the moving uid, and hence it is a non-intrusive meas-
urement technique. The light scatter is caused by the
passage of tiny particles suspended inthe uid, typically
dust or ne sand grains, such that they effectively trace
the streamline paths of the uid ow. In general there
are usually suf cient particles within the uid 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
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Figure 5.22 Laser-Doppler principle: (a) Doppler shift of a
single-incident laser beam; (b) intersecting laser beam
arrangement and (c) fringe pattern from two intersecting
laser beams

single-laser beam, Figure 5.22(a), the Doppler shift is
dependent upon the velocity of the object and the rela-
tive angles between the incident and scattered light. If f;
and fs are the frequencies of the incident and scattered
beams, then the Doppler shift is given by (fs  f;):

\Y
fs fi= —[cos j+cos ¢]

where is the wavelength of the laser.

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

Y,
differential Doppler shift = — sin 7 (5.10)

The use, as in this case, of two intersection laser
beams of the same frequency leads to the introduction
of beam splitting optical arrangements obtaining light
from a single laser.

Equation (5.10) can be considered in the context
of the physically equivalent model of the interference
fringes that are formed when two laser beams intersect.
If the two beams, Figure 5.22(c), are of equal inten-
sity and wavelength, the fringe pattern will appear as a
seriesof atelliptical discs of light separated by regions
of darkness. If a particle moves through these fringes
it will scatter light each time it passes through a light
band at a frequency proportional to its speed. Since the
separation of the fringes d is given by the expression

/(2sin /2) and if the particle moves with a velocity
V, it will move from one interference band to another
with a frequency

‘= 2V sin( /2)

The scattered light will, therefore, be modulated at
this frequency, which is the same as the differential
Doppler frequency above. Since the angle and the
wavelength  can be precisely de ned, a measurement
of the modulation frequency gives a direct measure
of the velocity of the particle crossing through the
intersection of the laser beams.

In terms of practical measurement capabilities sev-
eral modes of operation exist. These, however, chie y
divide themselves into forward- and back-scatter tech-
niques. Forward-scatter methods essentially place the
laser and photodetector on opposite sides of the meas-
urement point, whilst in the back-scatter mode both the
laser and photodetector are on the same side. For dis-
cussion purposes four methods are of interest in order
to illustrate the basic principles of the measurement
procedure; these are as follows:

1. Reference beam method.

2. Differential Doppler forward scatter.
3. Differential Doppler backward scatter.
4. Multi-colour differential Doppler.

In the case of the reference beam method (Figure
5.23(a), the photodetector is mounted coaxially with the
reference laser beam in order to measure the velocity
within the uid normal to the optical axis of the instru-
ment. In order to optimize the Doppler signal quality
an adjustable neutral density Iter is normally used to
reduce the intensity of the reference beam.
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The differential Doppler, forward-scatter mode of
measurement employs two laser beams of equal inten-
sity which are focused at a point of interest in the uid
(Figure 5.23(b)). The scattered light can then be picked
up by the photodetector, which is inclined at a suitable
angle to the optical axis of the instrument: the angle
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 meas-
urement optics to lie on the same side of the ow
measurement point  an essential feature if full-scale
ship wake measurements are contemplated. The disad-
vantage 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
either 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 mea-
surement is required and the scattered light is returned
through the receiving optics, mounted coaxially with
the transmitting optics, and then diverted to photodetec-
tors one for each colour light. The two views shown
in Figure 5.23(d) are in reality a single unit contain-
ing both sets of optics. The ability of such systems
to detect two velocity components can be visualized

Second colour
fringe pattern

First colour
fringe pattern

Combined fringe
pattern

Figure 5.24 Two-colour fringe model (Courtesy: DANTEC
Electronics Ltd)

from Figure 5.24, in which the two pairs of fringe pat-
terns 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 pass-
ing through this measurement volume will scatter light
from both orthogonal fringe patterns.

For shipboard measurements a laser system of con-
siderable power is required, and this requires both a
carefully designed mounting system to avoid vibra-
tion 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-
ment from one side of the ow does not normally apply.
Reference 28 provides a very good introduction to the
subject of later-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 uid stream; hence the open
water characteristics, with the exception of inclined

ow problems, are steady loadings by de nition. The
behind-hull characteristics are those generated by the
propeller when operating in a mixed wake eld 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 form the
basic performance parameters about which the behind-
hull characteristics are generated when the propeller is
working behind a body.

6.1 General open water
characteristics

The forces and moments produced by the propeller are
expressed in their most fundamental form in terms of
a series of non-dimensional characteristics: these are
completely general for a speci ¢ geometric con gur-
ation. The non-dimensional terms used to express the
general performance characteristics are as follows:

. T
thrust coef cient Kt = —2ps
torque coef cient Ko = L

g Q7 Th2ps
(6.1)
. Va
advance coef cient J = —
nD
_ e
cavitation number = Plo
2 V?

where in the de nition of cavitation number, V is a rep-
resentative 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 con-
dition when V, =0 and hence ¢ . Consequently,
care should be exercised to ascertain the velocity term
being employed when using design charts or propeller
characteristics for analysis purposes.

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

(@) The diameter (D).

(b) The speed of advance (Va).

(c) The rotational speed (n).

(d) The density of the wuid ().

(e) The viscosity of the uid ( ).

(f) The static pressure of the
station (po ).

Hence the thrust (T) can be assumed to be proportional

to ,D,Va,n, and(po e):

T wbvend f(py e

Since the above equation must be dimensionally correct
it follows that

MLT 2=(ML 3Lt HE(T 1y
(ML 1T HfmL T 29
and by equating indices for M, L and T we have

uid at the propeller

for mass M: l=a+f+g
for length L: 1= Ba+b+c f g
fortime T: 2= ¢ d f 29

from which it can be shown that
a=1 f g
b=4 ¢ 2f ¢
d=2 ¢ f 2g
Hence from the above we have
T @af g)D(4 c 2f g)Vacn(Z c f 29) f(po e)g
from which
Va c. f. p e 9
nD nD2 n2p2

These non-dimensional groups are known by the
following:

T= n’D*

thrust coef cient Kr= —2pa
. Va
advance coef cient J=—
nD
nD?
Reynolds number Rp =
itati po €
cavitation number =
KT {\] ) Rn, 0}
that is
Ky =f(J,Rn, o) (6.2)

The derivation for propeller torque Kq is an analogous
problem to that of the thrust coef cient just discussed.
The same dependencies in this case can be considered to
apply, and hence the torque (Q) of the propeller can be
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considered by writing it as a function of the following
terms:

Q= DV;n’ "(po e’
and hence by equating indices we arrive at
Va © " po e ?

25
n“D
nD nD? n2D?2

Q =
which reduces to

Kqo =9(J,Rn: 0)
where the torque coef cient

_ Q
Ko = n2D5

(6.3)

With the form of the analysis chosen the cavita-
tion number and Reynolds number have been non-
dimensionalized by the rotational speed. These numbers
could equally well be based on advance velocity, so that
_Po e _ VD
0= vz and R, = —

2

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= V2D? (J,Rn, o)

which gives rise to the alternative form of thrust
coef cient Ct de ned as

T 8T

Cr= = (6.4)
3 v2( D2/4) V2D?

Cr= (J,Rn, 0)

Similarly it can be shown that the power coef cient Cp
can also be given by

Cr= (J.Rn, 0) (6.5)

In cases where the propeller is suf ciently close to
the surface, so as to disturb the free surface or to draw
air, other dimensionless groups will become important.
These will principally be the Froude and Weber num-
bers, and these can readily be shown to apply by intro-
ducing gravity and surface tension into the foregoing
dimensional analysis equations for thrust and torque.

A typical open water diagram for a set of xed
pitch propellers working in a non-cavitating environ-
ment at forward, or positive, advance coef cient is
shown in Figure 6.1. This gure de nes, for the particu-
lar propeller, the complete set of operating conditions
at positive advance and rotational speed, since the pro-
peller under steady conditions can only operate along
the characteristic line de ned 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
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Figure 6.1 Open water diagram for Wageningen B5-75 screw series (Courtesy: MARIN)



geometric form as the one for which the characteristic
curves were derived, but the subject propeller may have
a different diameter or scale ratio and can work in any
other uid, subject to certain Reynolds number effects.
When, however, the Ky, Kq versus J diagram is used
for a particular propeller of a given geometric size and
working inaparticular uid medium, the diagram, since
the density of the uid and the diameter then become
constants, effectively reduces from general de nitions
of K, Kg and J to aparticular set of relationships de n-
ing torque, thrust, revolutions and speed of advance as
follows:

QT Va
n

= — versus
n2' n2

The alternative form of the thrust and torque coef cient
which stems from equations (6.4) and (6.5), and which is
based on the advance velocity rather than the rotational
speed, is de ned as follows:

T
CT =
2 AoV (6.6)
_ Pbo '
Cp= 1o
2 AoV

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

_ 8Kt
=%
and
_ 8Kg

The open water ef ciency of a propeller ( ,) is de ned
as the ratio of the thrust horsepower to delivered
horsepower:

_THP
°” DHP

Now since  THP =TV,
and DHP=2 nQ

where T isthe propeller thrust, V,, the speed of advance,
n, the rotational speed of the propeller and Q, the torque.
Consequently, with a little mathematical manipulation
we may write

TVa

o= Ka2 (6.8)
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The Kq, Kr versus J characteristic curves contain all
of the information necessary to de ne the propeller
performance at a particular operating condition. Indeed,
the curves can be used for design purposes for a par-
ticular basic geometry when the model characteristics
are known for a series of pitch ratios. This, however,
is a cumbersome process and to overcome these prob-
lems Admiral Taylor derived a set of design coef cients
termed Bp and ; these coef cients, unlike the Kr, Kq
and J characteristics, are dimensional parameters and
so considerable care needs to be exercised in their use.
The terms By and  are de ned as follows:

_ (DHP)Y2N
Bp = V25

a (6.9)
_ND

_73

where DHP is the delivered horsepower in British or
metric units depending on the, diagram used
N is the propeller rpm
V, is the speed of advance (knots)
D is the propeller diameter (ft).

From Figure 6.2, which shows a typical propeller
design diagram, it can be seen that it essentially com-
prises a plotting of By, as abscissa, against pitch ratio
as ordinate with lines of constant and open water ef -
ciency superimposed. This diagram is the basis of many
design procedures for marine propellers, since the term
By is usually known from the engine and ship character-
istics. From the gure a line of optimum propeller open
water ef ciency can be seen as being the locus of the
points on the diagram which have the highest ef ciency
for a give value of Bp. Consequently, it is possible with
this diagram to select values of and P/D to maximize
the open water ef ciency , for a given powering con-
dition as de ned by the By, parameter. Hence a basic
propeller geometry can be derived in terms of diame-
ter D, since D= V,/N, and P/D. Additionally, this
diagram can be used for a variety of other design pur-
poses, such as, for example, rpm selection; however,
these aspects of the design process will be discussed
later in Chapter 22.

It will be seen that the By, versus  diagram is limited
to the representation of forward speeds of advance only,
that is, where V, >0, since By when V; =0. This
limitation is of particular importance when consider-
ing the design of tugs and other similar craft, which
can be expected to spend an important part of their
service duty at zero ship speed, termed bollard pull,
whilst at the same time developing full power. To over-
come this problem, a different sort of design diagram
was developed from the fundamental Ky, Kq versus J
characteristics, so that design and analysis problems at
or close to zero speed of advance can be considered.
This diagram is termed the diagram, and a typical
example of one is shown in Figure 6.3. In this diagram
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the following relationships apply:

D5
=n —

Q

_,. D (6.10)
°Q

_ 1D
=79
where D is the propeller diameter (m)
Q is the delivered torque (kgf m)
is the mass density of water (kg/m* s2)

T is the propeller thrust (kgf)
n is the propeller rotational speed (rev/s)
V, is the ship speed of advance (m/s).

Diagrams of the type shown in Figure 6.3 are non-
dimensional in the same sense as those of the funda-
mental K, Kq characteristics and it will be seen that
the problem of zero ship speed, that is when V4 =0,
has been removed, since the function OasVy, O.
Consequently, the line on the diagram de nedby =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
to 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

Table 6.1 Common functional relationships (British units)

Pp

— 6
Ko =9.5013 10 N3D5 (salt water)
_ Ko
Bp = 23.77 75
;_ 10133V, _ 10133
o
1 3pS
= =32442 10 * (salt water)
Ko
J
= =]
Ko
—_o_o _ K
J 2 Kg

where:

Pp is the delivered horsepower in Imperial units
Q is the delivered torque at propeller in (Ibf ft)
T is the propeller thrust (Ibf)

N is the propeller rotational speed in (rpm)
n is the propeller rotational speed in (rev/s)
D is the propeller diameter in (ft)

V, is the propeller speed of advance in (knots)

V, is the propeller speed of advance in (ft/s)
is the mass density of water (1.99 slug/ft® sea water;
1.94 slug/ft3 for fresh water).

Table 6.2 Common functional relationships (Metric units)

Pp
Ko =2.4669 10% D5 (salt water)
_ Ko
Bp = 23.77 75
_30.896V, _ 101.33
==5 =

N3D®
(salt water)
Pp

1
=___ =63668 10 3
Ko

where:
Pp is the delivered horsepower (metric units)
Q is the delivered propeller torque (kp m)
T is the propeller thrust (kp)
N is the propeller rotational speed (rpm)
n is the propeller rotational speed (rev/s)
D is the propeller diameter (m)
V, is the propeller speed of advance (knots)
Vv, is the propeller speed of advance (m/s)
is the mass density of water (104.48 sea water)
(101.94 fresh water)

is always less than the propeller 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 coef cients, and to facilitate this pro-
cess. 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 equation
(6.10) should not be confused with cavitation number,
which is an entirely different concept. The term in
the above tables and equation (6.10) relates to the
diagram, which is a non-cavitating diagram.

6.2 The effect of cavitation on open
water characteristics

Cavitation, which is a two-phase ow 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
de ned by a free stream cavitation number ¢ which is
the ratio of the static to dynamic head of the ow. For
our purposes in this chapter we will consider a cavitation
number based on the static pressure at the shaft centre
line and the dynamic head of the free stream ow ahead



of the propeller:

_ statichead _ po e
0™ dynamic head AV

where py is the absolute static pressure at the shaft centre
line and e is the vapour pressure at ambient tempera-
ture. Consequently, a non-cavitating ow is one where
(po ©) % V,, that is one where ¢ is large. As
o decreases in value cavitation takes more effect as
demonstrated in Figure 6.4. This gure illustrates the
effect that cavitation has on the Kt and Kq curves and,
for guidance purposes only, shows a typical percentage
of cavitation on the blades experienced at various cavita-
tion numbersinuniform ow. Itisimmediately apparent
fromthe gure that moderate levels of cavitation do not
affect the propulsion performance of the propeller and
signi cant cavitation activity is necessary in order to
get thrust and torque breakdown. Furthermore, it will
frequently be noted that the Kt and Kq 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 suf cient 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 to 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 charac-
teristics. 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 coef cient
is somewhat reduced for a given advance coef cient.

The scale effects affecting performance characteris-
tics are essentially viscous in nature, and as such are
primarily due to boundary layer phenomena dependent
on Reynolds number. Due to the methods of test-
ing 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 adifferent boundary layer structure tothe ow over
the blades. Whilst it is generally recognized that most
full-scale propellers will have a primarily turbulent ow
over the blade surface this need not be the case for the
model where characteristics related to laminar ow can
prevail over signi cant parts of the blade.

In order to quantify the effect of scale on the per-
formance characteristics of a propeller an analytical
procedure is clearly required. There is, however, no
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common agreement as to which is the best procedure.
In a survey conducted by the 1987 ITTC it was shown
that from a sample of 22 organizations, 41 per cent
used the ITTC 1978 procedure; 23 per cent made cor-
rections based on correlation factors developed from
experience; 13 per cent, who dealt with vessels having
open shafts and struts, made no correction at all; a fur-
ther 13 per cent endeavoured to scale each propulsion
coef cient whilst the nal 10 per cent scaled the open
water test data and then used the estimated full-scale
advance coef cient. It is clear, therefore, that research
is needed in this area in order to bring a measure of
uni cation between organizations.

At present the principal analytical tool available is
the 1978 ITTC performance prediction method, which
is based on a simpli cation of Lerbs equivalent pro-

le procedure. Lerbs showed that a propeller can be
represented by the characteristics of an equivalent sec-
tion at a non-dimensional radius of around 0.70R or
0.75R, these being the two sections normally cho-
sen. The method calculates the change in propeller
performance characteristics as follows.

The revised thrust and torque characteristics are
given by

Kr, =Kr, Kr

Ko, =Kon Ko (6.11)

where the scale corrections Krand Kgq are given by

P cz
Kr= 03 Cp — —
T DD D
cZ

Ko=025 Cp —
Q b D

and in equation (6.11) the suf xes s and m denote
the full-scale ship and model test values respectively.
The term  Cp relates to the change in drag coef cient
introduced by the differing ow regimes at model and
full scale, and is formally written as

Co=Cpm Cps

where
2t 0.044 5
Com=2 1+ —
C  (R)Ys  (Rw)?¥3
and
2t 25
Cps=2 1+ < 1.89 + 1.62 log;q

p

In these relationships t/c is the section thickness to
chord ratio; P/D is the pitch ratio; c is the section chord
length and Ry is the local Reynolds number, all relat-
ing to the section located 0.75R. The blade roughness
Kp istakenas30 10 ®m.

In this method it is assumed that the full-scale pro-
peller blade surface is hydrodynamically rough and the
scaling procedure considers only the effect of Reynolds
number on the drag coef cient.
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An alternative approach to the use of equation (6.11)
has been proposed by Vasamarov (Reference 1) in which
the correction for the Reynolds effect on propeller open
water ef ciency is given by

1 02 1 02
= FQ — —_— 6.12
0s om ( ) an Rns ( )
where
J
FQ)= —
M= 5

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

Yet another approach has recently been proposed
(Reference 2) inwhich the scale effect is estimated using
open water performance calculations for propellers hav-
ing similar geometric characteristics to the Wageningen
B-series.

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

Kt
KT,
0

1 — = g(Rn, KT)
0

1 = f(Rn, K7)

(6.13)

where the suf x | represents the values of Kt and ¢
for an ideal uid. Consequently, if model values of the
thrust and torque at the appropriate advance coef cient

Propeller performance characteristics 97

are known, that is Kr,,, Koy, together with the model
Reynolds number, then from equation (6.13) we have

Ktp _

f(Rn,,, K
KT| (nrn Tm)
Ky = Kty _ Kty
@ fRny, KT, 1 1 %
I Rum
Similarly

=_ O
T 1

0 Rnm

From which the ideal values of Ky, and ¢, can be deter-
mined for the propeller inthe ideal uid. Since the effect
of scale on the thrust coef cient is usually small and the
full-scale thrust coef cient will lie between the model
and ideal values the assumption is made that

Ky + K,
2

that is the mean value, and since the full-scale Reynolds
number Ry, is known, the functions

f (Rns’ KTs) and g(Rns’ KTs)

can be determined from which the full-scale values of
Kr, and g, can be determined from equation (6.13):

Kt =Kn [l f(Rng, Kr)l
0O = 0y [1 g(Rns7 KTS)]

from which the full-scale torque coef cient can be
derived as follows:

J Kr,
K - S
Q=5 o

Ktg

The essential difference between these latter two
approaches is that the scale effect is assumed to be a
function of both Reynolds number and propeller load-
ing rather than just Reynolds number alone as in the case
of the present ITTC procedure. It has been shown that
signi cant differences can arise between the results of
the various procedures. Scale effect correction of model
propeller characteristics is not a simple procedure and
much attention needs to be paid to the effects of the

ow structure in the boundary layer and the variations of
the lift and drag characteristics within the ow regime.
With regard to the general question of scaling, the above
methods were primarily intended for non-ducted pro-
pellers operating on their own. Nevertheless, the subject
of scaling is still not fully understood. Although the
problem is complicated by the differences in friction
and lift coef cient, the scale effect is less predictable
due to the quantity of both laminar ow in the boundary
layer and the separation over the blade surfaces. Con-
sequently, there is the potential for the extrapolation
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process from model to full scale to become unreliable
since only averaged amounts of laminar ow are taken
into account in the present estimation procedures.

To try and overcome this dif culty a number of tech-
niques have been proposed, particularly those involving
leading edge roughness and the use of trip wires, but
these procedures still lack rigour in their application
to extrapolation. Bazilevski (Reference 41), in a range
of experimental conditions using trip wires of 0.1 mm
diameter located at 10 per cent of the chord length from
the leading edge showed that the experimental scatter
on the measured ef ciency could be reduced from 13.6
to 1.5 per cent with the use of turbulence stimulation. It
was found that trip wires placed on the suction surface
of the blades were more effective than those placed on
the pressure face and that the effectiveness of the trip
wire was dependent upon the ratio of wire diameter to
the boundary layer thickness. Boorsma in Reference 42
considered an alternative method of turbulence tripping
by the use of sand grain roughness on the leading edge
based on the correlation of a sample of ve propellers.
In his work he showed that the rotation rate correlation
factor at constant power could be reduced from 2.4 to
1.7 per centand, furthermore, concluded that turbulence
tripping was not always effective at the inner blade radii.

It is often considered convenient in model experi-
ments to perform model tests at a higher rotational speed
than would be required by strictly adhering to the Froude
identity. If this is done this then tends to minimize any

ow separation on the trailing edge or laminar ow
on the suction side of the blade. Such a procedure is
particularly important when the propeller is operating
in situations where relatively low turbulence levels are
encountered in the in ow and where stable laminar ow
is likely to be present. Such a situation may be found
in cases where tractor thrusters or podded propulsors
are being investigated. Ball and Carlton in Reference
43 show examples of this type of behaviour relating to
model experiments with podded propulsors.

Clearly compound propellers such as contra-rotating
screws and ducted propellers will present particular
problems in scaling. In the case of the ducted pro-
peller the interactions between the propeller, the duct
and the hull are of particular concern and importance.
In addition there is also some evidence to suggest that
vane wheels are particularly sensitive to Reynolds num-
ber effects since both the section chord lengths and
the wheel rotational speed are low, which can cause
dif culty in interpreting model test data.

Holtrop (Reference 44) proposed that the scaling of
structures like ducts can be addressed by considering
the interior of the duct as a curved plate. In this analysis
an assumed axial velocity of nPyp is used to determine a
correction to the longitudinal towing force  F given by

F=05m (WPrip)*(Ckm  Crs)cmDm
where n, Pyjp, ¢ and D are the rotational speed, pitch at
the blade tip, duct chord and diameter, respectively.

In the case of podded propulsor housings the problem
is rather more complicated in that there is a dependence
upon a number of factors. For example, the shape of
the housing and its orientation with respect to the local

ow, the interaction with the propeller wake and the
scale effects of the incident ow all have an in uence
on the scaling problem.

6.4 Speci c propeller open water
characteristics

Before proceeding to outline the various standard series
available to the propeller designer or analyst, itis helpful
to brie y consider the types of characteristic associated
with each of the principal propeller types, since there
are important variants between, say, xed 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  xed pitch pro-
pellers since these are the simplest form of propeller
characteristic. Figure 6.1 is typical of this type of pro-
peller in that the propeller, in the absence of signi cant
amounts of cavitation, as already discussed, is con-
strained 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 Kq versus J
curves for each pitch angle as seen in Figure 6.6. Indeed,
for analysis purposes the performance characteristics
can be considered as forming a surface, in contrast to
the single line for the xed pitch propeller.

When analysing the performance of a controllable
pitch propeller at off-design conditions use should not
be made of xed pitch characteristics beyond say 5 or
10 from design pitch since the effects of section distor-
tion, discussed in Chapter 3, can affect the performance
characteristics considerably.

A further set of parameters 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 either
to 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
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Figure 6.6 Typical controllable pitch propeller characteristic curves

three components as follows:

QS(‘]! ) = QSH(‘]r ) + QSC(nv ) + QSF(‘]r )

(6.14)

where Qs is the total spindle torque at a given value
ofJand ;
Qsn is the hydrodynamic component of
spindle torque due to the pressure eld
acting on the blade surfaces;
Qsc is the centrifugal component resulting
from the blade mass distribution;
Qsk is the frictional component of spindle
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
eld and mass distribution acting on the blade palm.

Figure 6.7 shows typical hydrodynamic and cen-
trifugal blade spindle torque characteristics for a
controllable pitch propeller. In Figure 6.7 the spindle
torques are expressed in the coef cient form of Kosn
and Kqsc. These coef cients are similar in form to the
conventional propeller torque coef cient in so far as
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b
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design pitch

1
—40

Centrifugal spindle
torque coefficient Kqsc

Figure 6.7 Typical controllable pitch propeller spindle
torque characteristic curves
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they relate to the respective spindle torques as follows:

_ QSH
(6.15)
K — QSC
Qsc —n2D5
where is the mass density of water and p, is the mass

density of the blade material. Clearly, since the centrifu-
gal component is a mechanical property of the blade
only, it is independent of advance coef cient. Hence
Kaqsc is a function of only.

6.4.3 Ducted propellers

Whilst the general aspects of the discussion relating
to non-ducted, xed 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 rst approximation, therefore,
the total propulsor thrust T can be written as

T=Tp+Ty
where Tp is the propeller thrust and Ty, is the duct thrust.

In non-dimensional form this becomes

Kt = K7p + K1N (6.16)
where the non-dimensionalization factor is n’D* as
before.

The results of model tests normally present values of
Kt and Kty plotted as a function of advance coef cient
J asshown in Figure 6.8 fora xed pitch ducted propul-
sor. The torque characteristic is, of course, not split into

components since the propeller itself absorbs all of the
torque of the engine. In general the proportion of thrust
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Figure 6.8 Open water test results of Ky 4 70 screw series with nozzle no. 19A (Courtesy: MARIN)



generated by the duct to that of the total propulsor thrust
is a variable over the range of advance coef cient. In
merchant practice by far the greater majority of ducted
propellers are designed with accelerating ducts, as dis-
cussed previously in Chapter 2. For these duct forms
the ratio of Kyn/Ky is of the order of 0.5 at the bol-
lard pull, or zero advance coef cient, condition, but
this usually falls to around 0.05 or 0.10 at the design
free running condition. Indeed, if the advance coef -
cient is increased to a suf ciently high level, then the
duct thrust will change sign, as seen in Figure 6.8, and
act as a drag; however, this situation is unlikely to arise
in normal practice. When decelerating ducts are used,
analogous conditions arise, but the use of these ducts
is con ned to 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 rst 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 propellers are tted to shafts with considerable
rake angles. This rake angle, when combined with the

ow directions, gives rise to two ow components act-
ing at the propeller plane as seen in Figure 6.9. The

rst of these is parallel to the shaft and has a magni-
tude V4 cos () and the second is perpendicular to the
shaft with a magnitude V, sin ( ) where is the relative
shaft angle as shown in the gure. It will be appreciated
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that the second, or perpendicular, component immedi-
ately presents an asymmetry when viewed in terms of
propeller relative velocities, since on one side of the
propeller disc the perpendicular velocity component is
additive to the propeller rotational velocity whilst on
the other side it is subtractive (see 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
demonstrates these features which of course will apply
generally to all propellers working in non-uniform ow
but are more noticeable with high-speed propellers due
to the speeds and inclinations involved. The magnitude
of these eccentricities can be quite large; for example, in
the case of unity pitch ratio with a shaft rake of 20 , the
transverse thrust eccentricity indicated by Figure 6.10
may well reach 0.40R. Naturally due to the non-uniform
tangential wake eld the resulting cavitation pattern will
also be anti-symmetric.

6.5 Standard series data

Over the years there have been a considerable number
of standard series propellers tested in many different
establishments around the world. To discuss them all in
any detail would clearly be a large undertaking requiring
considerable space; consequently, those most com-
monly used today by propeller designers and analysts
are referenced here.

The principal aim in carrying out systematic pro-
peller tests is to provide a data base to help the designer
understand the factors which in uence propeller
performance and the inception and form of cavita-
tion on the blades under various operating conditions.

Direction of general flow

X

‘:%sr

Thrust

~ Looking forward

Figure 6.9 Inclined ow velocity diagram
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Figure 6.10 Thrust eccentricity and side forces on a raked propeller

A second purpose is to provide design diagrams, or
charts, which will assist in selecting the most appropri-
ate dimensions of actual propellers to suit full-size ship
applications.

The purpose of this section is not to provide the reader
with an exhaustive catalogue of results but to introduce

Table 6.3 Fixed pitch, non-ducted propeller series summary

the various model series in terms of their nature and
extent and provide suitable references from which the
full details can be found. Table 6.3 summarizes the xed
pitch, non-ducted propeller series referenced here to
enable rapid selection of the appropriate series for a
particular set of circumstances.

Series Number of Range of parameters D(mm) rp/R  Cavitation Notes
propellers data
in series Z Ae/Ao P/D available
Wageningen 120 27 0.3 1.05 0.6 1.4 250 0.169 No Four-bladed
B-series propeller has
non-constant
pitch dist
Au-series 34 47 0.4 0.758 0512 250 0.180 No
Gawn-series 37 3 0211 0.4 20 508 0.200 No
KCA-series 30 3 0.5 1.25 0.6 2.0 406 0.200 Yes
Ma-series 32 3and 5 0.75 1.20 1.0 1.45 250 0.190 Ves
Newton Rader 12 3 0.5 1.0 1.05 2.08 254 0.167  Yes
series
KCD-series 24 36 0.587 Principal 0.6 1.6 406 0.200 VYes Propellers not
(mainly 4) 0.44 0.8 geosyms
Meridian series 20 6 0.45 1.05 04 12 305 0.185 VYes Propellers not

geosyms
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Table 6.4 Extent of the Wageningen B-screw series (taken from Reference 6)

Blade number (Z)

Blade area ratio Ag/Ao

0.30
0.35 0.50

0.45
0.50

~No ok wnN

0.40 0.55

0.55

0.65 0.80
0.70 0.85 1.00
0.60 0.75 1.05
0.65 0.80
0.70 0.85

6.5.1 Wageningen B-screw series

This is perhaps the most extensive and widely used pro-
peller series. The series was originally presented in a
set of papers presented by Troost (References 3 to 5)
in the late 1940s and, amongst many practitioners, is
still referred to as the Troost series . Over the years
the model series has been added to so as to provide a
comprehensive xed pitch, non-ducted propeller series.
From analysis of the early results it was appreciated
that a certain unfairness between the various design dia-
grams existed and this was considered to result from the
scale effects resulting from the different model tests.
This led to a complete re-appraisal of the series in
which the differences in test procedures were taken into
account and the results of this work were presented by
van Lammeren et al. (Reference 6).

The extent of the series in terms of a blade number
versus blade area ratio matrix is shown in Table 6.4 from
which it may be seen that the series numbers some 20
blade area blade number con gurations. The geometry
of the series is shown in Table 6.5, from which it can
be seen that a reasonably consistent geometry is main-
tained between the members of the series with only a few
anomalies; notably the non-constant nature of the face
pitch near the root of the four-blade series and the blade
outline of the three-bladed propellers. For completeness
purposes Figure 6.11 shows the geometric outline of the
B5 propeller set. Note that the propellers of this series
are generally referred to by the notation BZ «y, where
B denotes the B -series, Z is the blade number and y
is the blade expanded area. The face pitch ratio for the
series is in the range 0.6 to 1.4.

The results of the fairing exercise reported by Ooster-
veld paved the way for detailed regression studies on the
performance characteristics given by this model series.
Oosterveld and van Oossanen (Reference 7) reported
the ndings of this work in which the open water char-
acteristics of the series are represented at a Reynolds
number 2 108 by an equation of the following form:

47
K= Cn(d)*(P/D)"(Ae/Ao)"" (Z)"

st (6.17)
Kr= " Ca(d)5(P/D)"(Ag/Ao)"n(Z)"n

n=1

where the coef cients are reproduced in Table 6.6.

To extend this work further so that propeller charac-
teristics can be predicted for other Reynolds numbers
within therange 2 10%to2  10° a set of corrections
of the following form was derived:

K1(Rn) Kr(Rn =2 10 K1(Rn)
Kq(Rn) Ko(Rh =2 10°) Kq(Rn)
(6.18)
where
K= 0.000353485
0.00333758 (Ag/Ag)J?

0.00478125 (Ae/Ao)(P/D)J
+0.000257792(log Ry 0.301)2 « (Ae/Ap) J2

+0.0000643192(log R,  0.301)(P/D)®J?2
0.0000110636(log R,  0.301)2(P/D)8J?
0.0000276305(log Ry~ 0.301)2Z (Ae/Ao)J?
+0.0000954(log R, 0.301)Z(Ae/Ao)(P/D)J
+0.0000032049(log R,  0.301)Z2(Ae/Ao)
(P/D)3J
Ko= 0.000591412
+0.00696898(P/D)
0.0000666654Z(P/D)8
+0.0160818(Ae/Ao)?
0.000938091(log R,  0.301)(P/D)

0.00059593(log R
+0.0000782099(log Ry,
+0.0000052199(log Ry,

0.00000088528(log Ry,

(P/D)J
+0.0000230171(log R,  0.301)Z(P/D)%
0.00000184341(log R,  0.301)2Z(P/D)®
0.00400252(log Ry~ 0.301)(Ag/Ao)?
+0.000220915(log Ry, 0.301)2(Ae/Ao)?

The Wageningen series is a general purpose, xed 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-series had a re-de ned blade outline with wider
tips than the parent form. However, the BB-series, of
which only a few members exist, has not been widely
used.

0.301)(P/D)?

0.301)2(P/D)?2

0.301)Z(Ae/Ao) J2
0.301)2Z (Ae/Ao)
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Table 6.5 Geometry of the Wageningen B-screw series (taken from Reference 7)

Dimensions of four-, ve-, six- and seven-bladed propellers

Position of generator line

C =
Rt 2 a/c b/c UD=A BiZ Position of maximum thickness
D Ag/Ao —_— /
Ar Br ° @
< Z <
02 1662 0617 0350 00526 00040  TE // 2«
0.3 1.882 0.613 0.350 0.0464 0.0035 T
0.4 2.050 0.601 0.351 0.0402 0.0030 Pitch e Tine
05 2152 0586 0355 00340 00025 ) | [Flshiorreferencs |
06 2187 0561 0389 00278  0.0020 =] iy i
0.7 2.144 0.524 0.443 0.0216 0.0015 _ .
08 1970 0463 0479 00154  0.0010 LE = leading edge
09 1582 0351 0500 00092  0.0005 TE.= tukngene: .
10 0.000 0.000 0.000 00030  0.0000 MT = location of maximum thickness
Dl = location of directrix
Dimensions for three-bladed propellers
prop Yface = Vi(tmax fte.) forP 0
R ¢, Z a/c b/c t/D=A; BZ Yback = (V1 + V2)(tmax  tre) + tie.
D Ag/Ao _ and
A B
' ' Yrace = Vi(tmax  tre) forP 0
02 1633 0616 0350 00526  0.0040 Yoack = (V1 + V2)(tmax  tie) + tie.
03 1832 0611 0350  0.0464 0.0035 Referring to the diagram, note the following:
0.4 2.000 0.599 0.350 0.0402 0.0030 . . . .
05 2120 0583 0355 0.0340 0.0025 Ysace, Yback = Vertical ordinate of a point on a blade section
06 2.186 0558 0389 0.0278 0.0020 on the face and on the back with respect to
07 2168 0526 0442 00216  0.0015 the pitch line. _
0.8 2127 0481 0478 00154 0.0010 tmax = maximum thickness of blade section.
09 1657 0400 0500 0.0092 0.0005 trer,tie. = extrapolated blade section thickness at the
10  0.000 0000 0000 0.0030  0.0000 trailing and leading edges.
V1, V2 =tabulated functions dependent on r/R and P.
A, By = constants in equation for t/D. P = non-dimensional coordinate along pitch line
a=distance between leading edge and generator line at r. from position of maximum thickness to lead-
b = distance between leading edge and location of ing edge (where P = 1), and from position of
maximum thickness. maximum thickness to trailing edge (where
¢ =chord length of blade section ar radius r. P= 1.
t = maximum blade section thickness at radius r
Values of V1 for use in the equations
r/R P 1.0 0.95 0.9 0.8 0.7 0.6 0.5 0.4 0.2 0
0.7 1.0 0 0 0 0 0 0 0 0 0 0
0.6 0 0 0 0 0 0 0 0 0 0
0.5 0.0522 0.0420 0.0330 0.0190 0.0100 0.0040 0.0012 0 0 0
0.4 0.1467 0.1200 0.0972 0.0630 0.0395 0.0214 0.0116 0.0044 0 0
0.3 0.2306 0.2040 0.1790 0.1333 0.0943 0.0623 0.0376 0.0202 0.0033 0
0.25 0.2598 0.2372 0.2115 0.1651 0.1246 0.0899 0.0579 0.0350 0.0084 0
0.2 0.2826 0.2630 0.2400 0.1967 0.1570 0.1207 0.0880 0.0592 0.0172 0
0.15 0.3000 0.2824 0.2650 0.2300 0.1950 0.1610 0.1280 0.0955 0.0365 0
r/R P +1.0 +0.95 +0.9 +0.85 +0.8 +0.7 +0.6 +0.5 +0.4 +0.2 0
0.7 1.0 0 0 0 0 0 0 0 0 0 0 0
0.6 0.0382 0.0169 0.0067 0.0022 0.0006 0 0 0 0 0 0
0.5 0.1278 0.0778 0.0500 0.0328 0.0211 0.0085 0.0034 0.0008 0 0 0
0.4 0.2181 0.1467 0.1088 0.0833 0.0637 0.0357 0.0189 0.0090 0.0033 0 0
0.3 0.2923 0.2186 0.1760 0.1445 0.1191 0.0790 0.0503 0.0300 0.0148 0.0027 0
0.25 0.3256 0.2513 0.2068 0.1747 0.1465 0.1008 0.0669 0.0417 0.0224 0.0031 0
0.2 0.3560 0.2821 0.2353 0.2000 0.1685 0.1180 0.0804 0.0520 0.0304 0.0049 0
0.15 0.3860 0.3150 0.2642 0.2230 0.1870 0.1320 0.0920 0.0615 0.0384 0.0096 0
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Table 6.5 (cont)
Values of V3 for use in the equations
r/R P 1.0 0.95 0.9 0.8 0.7 0.6 0.5 0.4 0.2 0
0.9 1.0 0 0.0975 0.19 0.36 0.51 0.64 0.75 0.84 0.96 1
0.85 0 0.0975 0.19 0.36 0.51 0.64 0.75 0.84 0.96 1
0.8 0 0.0975 0.19 0.36 0.51 0.64 0.75 0.84 0.96 1
0.7 0 0.0975 0.19 0.36 0.51 0.64 0.75 0.84 0.96 1
0.6 0 0.0965 0.1885 0.3585 0.5110 0.6415 0.7530 0.8426 0.9613 1
0.5 0 0.0950 0.1865 0.3569 0.5140 0.6439 0.7580 0.8456 0.9639 1
0.4 0 0.0905 0.1810 0.3500 0.5040 0.6353 0.7525 0.8415 0.9645 1
0.3 0 0.0800 0.1670 0.3360 0.4885 0.6195 0.7335 0.8265 0.9583 1
0.25 0 0.0725 0.1567 0.3228 0.4740 0.6050 0.7184 0.8139 0.9519 1
0.2 0 0.0640 0.1455 0.3060 0.4535 0.5842 0.6995 0.7984 0.9446 1
0.15 0 0.0540 0.1325 0.2870 0.4280 0.5585 0.6770 0.7805 0.9360 1
r/R P +1.0 +0.95 +0.9 +0.85 +0.8 +0.7 +0.6 +0.5 +0.4 +0.2 0
0.9 1.0 0 0.0975 0.1900 0.2775 0.3600 0.51 0.6400 0.75 0.8400 0.9600 1
0.85 0 0.1000 0.1950 0.2830 0.3660 0.5160 0.6455 0.7550 0.8450 0.9615 1
0.8 0 0.1050 0.2028 0.2925 0.3765 0.5265 0.6545 0.7635 0.8520 0.9635 1
0.7 0 0.1240 0.2337 0.3300 0.4140 0.5615 0.6840 0.7850 0.8660 0.9675 1
0.6 0 0.1485 0.2720 0.3775 0.4620 0.6060 0.7200 0.8090 0.8790 0.9690 1
0.5 0 0.1750 0.3056 0.4135 0.5039 0.6430 0.7478 0.8275 0.8880 0.9710 1
0.4 0 0.1935 0.3235 0.4335 0.5220 0.6590 0.7593 0.8345 0.8933 0.9725 1
0.3 0 0.1890 0.3197 0.4265 0.5130 0.6505 0.7520 0.8315 0.8020 0.9750 1
0.25 0 0.1758 0.3042 0.4108 0.4982 0.6359 0.7415 0.8259 0.8899 0.9751 1
0.2 0 0.1560 0.2840 0.3905 0.4777 0.6190 0.7277 0.8170 0.8875 0.9750 1
0.15 0 0.1300 0.2600 0.3665 0.4520 0.5995 0.7105 0.8055 0.8825 0.9760 1
1.0R | . | Pitch distribution
09R I R —. ,k
L8R | W | - H N i —
0.7R | W ! O T t S r 5
0.6R N1 H d \ I \ . i ——_q'—-l————.\
0.5R |\ A HE W —— H 2 —)
e —— = i ——— ————a
| Ty [o—
03 S e — e
3 B5-45  B5-60’ 8575’/ \ B5-105 *
- &
0.167D \
0.04D

Figure 6.11 General plan of B5-screw series (Reporduced with permission from Reference 6)

6.5.2 Japanese AU-series

This propeller series is many ways 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 Reference 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 members 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 pre-
sented 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
503 mm (201in.), and by this means many of the scale
effects associated with smaller diameter propeller 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
0.2D. The developed blade outline was of elliptical 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 series. The entire series were tested in
the No. 2 towing rank at A.E.W. Haslar within a range
of slip from zero to 100 per cent: to achieve this the pro-
peller rotational speed was in the range 250 to 500 rpm.
No cavitation characteristics are given for the series.
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Table 6.6 Coef cients for the Ky and Kq polynomials representing the Wageningen B-screen series for a Reynolds

number of 2 10° (taken from Reference 7)

Thrust (KT)

Torque (Kq)

n GCstuv t(P/D) u(Ae/Ao) V(2)

n Cs.tuyv s(J) t(P/D) u(Ae/Ao) Vv(2)

+0.00880496 0
0.204554 1
+0.166351 0
+0.158114 0
0.147581 2
0.481497 1
+0.415437 0
+0.0144043 0
0.0530054 2
10 +0.0143481 0
11  +0.0606826 1
12 0.0125894 0
13 +0.0109689 1
14 0.133698 0
15 +0.00638407 0
16 0.00132718 2
17 +0.168496 3
18 0.0507214 0
19  +0.0854559 2
20 0.0504475 3
1
2
0
1
3
0
1
0
0
1
2
3
1
1
2
0
0
3
0

OCO~NOUTAWN P

21  +0.010465

22 0.00648272
23 0.00841728
24 +0.0168424
25 0.00102296
26 0.0317791
27 +0.018604

28 0.00410798
29 0.000606848
30 0.0049819
31 +0.0025983
32 0.000560528
33 0.00163652
34 0.000328787
35 +0.000116502
36 +0.000690904
37 +0.00421749
38 +0.0000565229
39 0.00146564

WO WOOOONOOOONODWWWWOHOONOOODOOODOWOORrRrPFRPROONRFRONRPF,OO
NPFPPRPPRPOOOOOOONNRPFPOOONNMNNNNPFRPROOORPRPFPOOOORP,PFPPROOOO
NN NDNDNDNNNNNNRPRPRPRPRPPRPOOOOCOO0COCOOR,RPRPPPPRPOOOCDOOOO

+0.00379368 0
+0.00886523 2
0.032241 1
+0.00344778 0
0.0408811 0
0.108009 1
0.0885381 2
+0.188561 0
0.00370871 1
10  +0.00513696 0
11 +0.0209449 1
12 +0.00474319 2
13 0.00723408 2
14 +0.00438388 1
15 0.0269403 0
16 +0.0558082 3
17  +0.0161886 0
18 +0.00318086 1
19  +0.015896 0
20 +0.0471729 1
21  +0.0196283 3
22 0.0502782 0
23 0.030055 3
24 +0.0417122 2
0
0
3
3
0
3
0
1
0
2
0
1
3
3
1
2
0
0
0
0
3
0
1

O©CO~NOOUTAWNE

25 0.0397722

26 0.00350024
27 0.0106854

28 +0.00110903
29 0.000313912
30 +0.0035985

31 0.00142121
32 0.00383637
33  +0.0126803

34 0.00318278
35 +0.00334268
36 0.00183491
37 +0.000112451
38 0.0000297228
39 +0.000269551
40 +0.00083265
41  +0.00155334
42 +0.000302683
43 0.0001843

44 0.000425399
45 +0.0000869243
46 0.0004659

47  +0.0000554194

DO WWOONOOOONRFOWNOODDODDWOOWNRPRPFPOOOWWONRFRORPPPONFPPEPEPNRFL,OO
NNONNNNNNNRPRPRPRPRPRPOOONNNNRPRPRPOOONDNDNDNDNDNNNNNRPRPRPRPPRPPRPOOOOR,RPPRPPOOOO
NNOPNNPNNDNNNDNDNNNNNNNNRPRPRPRPRPRPRPRPRPRPOO0OO0OO0O0O00O0CO0O0OR,RPRPPPPRPRPOOOCDOOOOO

The propeller series represents a valuable data set,
despite the somewhat dated propeller geometry, for
undertaking preliminary design studies for warships
and other high-performance craft due to the wide range
of P/D and Ag/Ao values covered. Blount and Hubble
(Reference 10) in considering methods for the sizing
of small craft propellers developed a set of regression

coef cients of the form of equation (6.17) to represent
the Gawn series. The coef cients for thisseriesare given
in Table 6.9 and it is suggested that the range of applic-
ability of the regression study should be for pitch ratio
values from 0.8 to 1.4, although the study was based
on the wider range of 0.6 to 1.6. Inevitably, however,
some regression formulations of model test data tend to



Table 6.7 Members of the AU-series (taken from Reference 8)
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Number blades 4 5 6 7
Model propellers 1305 1310 1128 1133 1189 1193 1197 1144 1147

numbers 1309 1314 1132 1137 1192 1196 1200
Pitch ratio 0.5,0.6,0.8,1.0,1.2 0.4,0.6,08,1.0,1.2 0.5,0.7,09,11 0.8
Blade section AU AU AU AUy AUw AU
Diameter (m) 0.250 0.250 0.250 0.250
Expanded area ratio 0.40 0.55 0.50 0.65 0.70 0.70 0.55 0.65 0.758
Boss ratio 0.180 0.180 0.180 0.180
Blade thickness ratio  0.050 0.050 0.050 0.050
Rake angle 10 0 10 0 10 0 10 0
Table 6.8 Blade geometry of the AU-series (taken from Reference 8)

Dimensions of AU-4 series propeller
r/R 0.2 0.3 0.4 0.5 0.6 0.66 0.7 0.8 0.9 0.95 1.0

% From generator  27.96 33.45 38.76 4354 4796 49.74 51.33 5239 4849 4207 1729 Maximum
2| lineto trailing blade width
f% From generator  38.58 14.25 4832 50.80 51.15 50.26 4831 4053 25.13 1335 at0.66 r/R=
B £ line to leading 0.226D for
SE| edge Ae/A=0.40
£ é Total blade 66.54 7770 87.08 9434 99.11 100.00 96.64 9292 73.62 55.62
S| width
Blade thickness 406 3.59 3.12 2.65 2.18 1.90 171 1.24 0.77 0.54 0.30 Maximum
as % of D blade
Distance of the point 32.0 32.0 32.0 325 34.9 37.9 40.2 454 48.9 50.0 thickness at

of maximum thickness

proportional

from the leading axis =0.050D
edge as % of
blade width
Offset of AU-type propeller
(1) Ordinates of X -value are given as % of blade width (2) Ordinates of Y -value are given as % of Ypax
MR X 0 200 4.00 6.00 10.00 15.00 20.00 30.00 32.00 40.00 50.00 60.00 70.00 80.00 90.00 95.00 100.00
0.20 Yo 35.00 51.85 59.75 66.15 76.05 85.25 92.20 89.80 100.00 97.75 89.95 78.15 63.15 45.25 2530 1500 4.50
Yu 2425 19.05 15.00 10.00 540 2.35
X 0 200 4.00 6.00 10.00 1500 20.00 30.00 32.00 40.00 50.00 60.00 70.00 80.00 90.00 93.00 100.00
0.30 Yp 35.00 51.85 59.75 66.15 76.05 85.25 92.20 99.80 100.00 97.75 89.95 78.15 63.15 4525 2530 15.00 4.50
Yu 2425 19.05 15.00 10.00 540 2.35
X 0 200 4.00 6.00 10.00 1500 20.00 30.00 32.00 40.00 50.00 60.00 70.00 80.00 90.00 95.00 100.00
040 Yo 35.00 51.85 59.75 66.15 76.05 85.25 92.20 99.80 100.00 97.75 89.95 78.15 63.15 45.25 2530 15.00 4.50
Yu 2425 19.05 15.00 10.00 540 2.35
X 0 203 406 6.09 10.16 1523 20.31 30.47 3250 40.44 50.37 60.29 70.22 80.15 90.07 95.04 100.00
0.50 Yo 35.00 51.85 59.75 66.15 76.05 85.25 92.20 99.80 100.00 97.75 89.95 78.15 63.15 4525 2530 1500 4.50
Yu 2425 19.05 15.00 10.00 540 2.35
X 0 218 436 654 1091 16.36 21.81 32.72 3490 4256 52.13 61.70 71.28 80.85 90.43 95.21 100.00
0.60 Yo 34.00 49.60 58.00 64.75 75.20 84.80 91.80 99.80 100.00 97.75 89.95 78.15 63.15 4525 2530 15.00 4.50
Yu 2360 18.10 14.25 945 500 2.25
X 0 251 503 754 1256 1884 2512 37.69 40.20 47.23 56.03 64.82 73.62 82.41 91.21 95.60 100.00
0.70 Yo 30.00 42.90 52.20 59.90 71.65 82.35 90.60 99.80 1000.00 97.75 89.95 78.15 63.15 4525 2530 15.00 4.50
Yu 2050 1545 1195 7.70 410 175
X 0 284 568 851 1419 21.28 28.38 4256 4540 51.82 59.85 67.88 7591 83.94 91.97 95.99 100.00
0.80 Yo 21.00 32.45 41.70 50.10 64.60 78.45 88.90 99.80 100.00 97.75 89.95 78.15 63.15 4525 2530 1500 4.50
Yu 1400 1045 805 505 270 115
X 0 3.06 611 917 1528 2292 30.56 45.85 48.90 54.91 62.42 69.94 77.46 8497 92.49 96.24 100.00
090 Yo 830 21.10 3150 40.90 57.45 74.70 87.45 99.70 100.00 98.65 92.75 83.00 69.35 51.85 30.80 19.40 6.85
Yu 400 270 205 120 0.70 0.30
X 0 313 625 9.38 1563 2344 31.25 46.87 50.00 55.88 63.23 70.59 77.94 85.30 92.65 96.32 100.00
0.95 Yp 6.00 19.65 30.00 39.60 56.75 74.30 87.30 99.65 100.00 99.00 93.85 84.65 71.65 54.30 33.50 21.50  8.00

Yu
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Figure 6.12 Blade outline of the Gawn series (Reproduced with permission from Reference 9)

deteriorate towards the outer limits of the data set, and
this is the cause of the above restriction.

6.5.4 KCA series

The KCA series, or as it is sometimes known, the Gawn
Burrill series (Reference 11) is in many ways a comple-
mentary series to the Gawn series introduced above. The
KCA series comprise 30 three-bladed, 406 mm (16 in.)
models embracing a range of pitch ratios from 0.6 to 2.0
and blade area ratios from 0.5to 1.1. Thus the propellers
can be seen to cover a similar range of parameters to the
Gawn series in that they have the same upper limits for
P/D and Ag/Ao, but slightly curtailed lower limits. The
propellers of the KCA series all had uniform face pitch,
segmental sections over the outer half of the blade, and
in the inner half, the at faces of the segmental sections
were lifted at the leading and trailing edges. The blade
thickness fraction of the parent screw, shown in Figure
6.13, was 0.045 and the blade outline was elliptical. The
boss diameter of the series was 0.2D.

This propeller series was tested in the cavitation tun-
nel at the University of Newcastle upon Tyne, England
and consequently, since the cavitation tunnel was used
rather than the towing tank, the propeller series 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 series

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
series, Emerson and Sinclair (Reference 12) have
presented B,  diagrams for the series both at non-
cavitating and cavitating conditions, together with addi-
tional thrust and torque data for a BAR of 1.25and P/D
of unity.

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

6.5.5 Lindgren series (Ma-series)

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

The propellers are all constant pitch with modi ed
elliptical blade forms and sections of approximately cir-
cular black pro les. The diameter of the propellers is
250 mm, which is smaller than either of the two previous
series and the boss diameter of the series is 0.19D. The
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Table 6.9 Blount and Hubble coef cients for Gawn propeller series equation (6.17) (taken from Reference 10)

Thrust (K7)

Torque (Kq)

n Ch s@) t(P/D) u(EAR) v(Z) n Cn s@) t(P/D) u(EAR) v (2)
1 0.0558636300 O 0 0 0 1 0.0051589800 0O 0 0 0
2 0.2173010900 1 0 0 0 2 0.0160666800 2 0 0 0
3 0.2605314000 O 1 0 0 3 0.0441153000 1 1 0 0
4 0.1581140000 O 2 0 0 4 0.0068222300 0 2 0 0
5 0.1475810000 2 0 1 0 5 0.0408811000 O 1 1 0
6 0.4814970000 1 1 1 0 6 0.0773296700 1 1 1 0
7 0.3781227800 O 2 1 0 7 0.0885381000 2 1 1 0
8 0.0144043000 O 0 0 1 8 0.1693750200 0O 2 1 0
9 0.0530054000 2 0 0 1 9 0.0037087100 1 0 0 1

10 0.0143481000 O 1 0 1 10 0.0051369600 0O 1 0 1

11 0.0606826000 1 1 0 1 11 0.0209449000 1 1 0 1

12 0.0125894000 O 0 1 1 12 0.0047431900 2 1 0 1

13 0.0109689000 1 0 1 1 13 0.0072340800 2 0 1 1

14 0.1336980000 O 3 0 0 14 0.0043838800 1 1 1 1

15 0.0024115700 O 6 0 0 15 0.0269403000 0 2 1 1

16 0.0005300200 2 6 0 0 16 0.0558082000 3 0 1 0

17 0.1684960000 3 0 1 0 17 0.0161886000 0O 3 1 0

18 0.0263454200 O 0 2 0 18 0.0031808600 1 3 1 0

19 0.0436013600 2 0 2 0 19 0.0129043500 0O 0 2 0

20 0.0311849300 3 0 2 0 20 0.0244508400 1 0 2 0

21 0.0124921500 1 6 2 0 21 0.0070064300 3 0 2 0

22 0.0064827200 2 6 2 0 22 0.0271904600 0O 1 2 0

23 0.0084172800 O 3 0 1 23 0.0166458600 3 1 2 0

24 0.0168424000 1 3 0 1 24 0.0300449000 2 2 2 0

25 0.0010229600 3 3 0 1 25 0.0336974900 0O 3 2 0

26 0.0317791000 O 3 1 1 26 0.0035002400 0 6 2 0

27 0.0186040000 1 0 2 1 27 0.0106854000 3 0 0 1

28 0.0041079800 O 2 2 1 28 0.0011090300 3 3 0 1

29 0.0006068480 0 0 0 2 29 0.0003139120 0 6 0 1

30 0.0049819000 1 0 0 2 30 0.0035895000 3 0 1 1

31 0.0025963000 2 0 0 2 31 0.0014212100 O 6 1 1

32 0.0005605280 3 0 0 2 32 0.0038363700 1 0 2 1

33 0.0016365200 1 2 0 2 33 0.0126803000 0O 2 2 1

34 0.0003287870 1 6 0 2 34 0.0031827800 2 3 2 1

35 0.0001165020 2 6 0 2 35 0.0033426800 0O 6 2 1

36 0.0006909040 0 0 1 2 36 0.0018349100 1 1 0 2

37 0.0042174900 O 3 1 2 37 0.0001124510 3 2 0 2

38 0.0000565229 3 6 1 2 38 0.0000297228 3 6 0 2

39 0.0014656400 O 3 2 2 39 0.0002695510 1 0 1 2

40 0.0008326500 2 0 1 2
41 0.0015533400 0O 2 1 2
42 0.0003026830 0 6 1 2
43 0.0001843000 0O 0 2 2
44 0.0004253990 0O 3 2 2
45 0.0000869243 3 3 2 2
46 0.0004659000 O 6 2 2
47 0.0000554194 1 6 2 2

thickness fraction of this propeller series varies between
the members of the series, and is shown in Table 6.11.

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 pre-
liminary study purposes. The data is presented in both
Kr, Kg 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
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Table of chord lengths

Non-dimensional radius

0.25 | 0.375 | 0.50

0.625 | 0.750 | 0.875 |0.9375

0.604 | 0.819 | 1.00

1.140 | 1.212 |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 9,80
Blade area ratio 0.80

Sections symmetrical about directrix

Figure 6.13 KCA blade outline

Table 6.10 Propellers of the Ma-series

Three-bladed propellers

P/D Ae/Ao 075 090 105 120
1000 * * * *
1150 * * * *
1.300 * * * *
1450 * * * *
Five-bladed propellers

P/D Ae/Ao 075 090 105 120
1.000 * * * *
1152 * * * *
1.309 * * * *
1.454 * * * *

Table 6.11 Newton Rader series

Ap/Ao Blade thickness fraction

Z=3 Z=5
0.75 0.063 0.054
0.90 0.058 0.050
1.05 0.053 0.046
1.20 0.053 0.042

designed to cover pitch ratios in the range 1.0 to 2.0
and blade area ratios from about 0.5 to 1.0.

The parent model of the series, based on a design for a
particular vessel, had a diameter of 254 mm (101in.). 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-linear blade thickness distribution
having a blade thickness fraction of 0.06. The blade sec-
tion form was based on the NACA a=1.0 mean line
with a quasi-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 experi-
ence was limited with this type of propeller it was fully
expected that the section form would need to be modi-

ed during the tests. This expectation proved correct
and the section form was modi ed twice on the parent
screw to avoid the onset of face cavitation; the modi ca-
tion essentially involved the cutting back and lifting of
the leading edge. These modi cations were carried over
onto the other propellers of the series, which resulted
in the series 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 series

BAR Face pitch ratio

0.48 1.05 1.26 1.67 2.08
0.71 1.05 1.25 1.66 2.06
0.95 1.04 124 1.65 2.04

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 5.5.
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Figure 6.14 Newton Rader series blade form (Reproduced with permission from Reference 14)

For the tests the Reynolds number ranged from about
7.1 10° for the narrow-bladed propeller through to
4.5 106 forthe wide-bladed designat0.7R. The results
of the series are presented largely in tabular form by the
authors.

This series is of considerable importance for the
design of propellers, usually for relatively small craft,
where signi cant cavitation is likely to be encountered.

6.5.7 Other xed pitch series and data

Apart from the major xed pitch propeller series there
have been numerous smaller studies which provide use-
ful data, either for design purposes or for research or
correlation studies. Amongst these other works, the
KCD propeller series (References 15 and 16), the
Meridian series (Reference 12), the contra-rotating
series of MARIN and SSPA (References 17 and 18) and
the DTMB research skewed propeller series (Reference
19) are worthy of speci ¢ 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 to try
and correlate the observed phenomena in the tunnel
with the results of particular experience on ships. All
the model propellers in this series had diameters of
406.4mm (16in.) and the rst three members of the
series KCD three, four and ve had a blade area ratio
of 0.6, in association with three, four and ve blades
respectively. These propellers were tested at a range of
cavitation numbers in the Newcastle University tunnel
in order to study the open water performance of the pro-
pellers 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 grown to encompass some
17 members. Of these members six, including the par-
ent KCD4R, had a common blade area ratio and blade
number of 0.587 and four, respectively, and a range of
pitch ratios from 0.6 to 1.6. These propellers were used
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to de ne aset of Kt, Kq versus J diagrams and By ver-
sus 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 effects of geometric changes such
as moderate amounts of skew, radial pitch variations
and blade outline changes on cavitation performance.
Hence the series presents an interesting collection of
cavitation data for merchant ship propeller designs.

The Meridian series (Reference 12), so called since
it was derived from the proprietary design of Stone
Manganese Marine Ltd, comprised four parent models
having BARs of 0.45, 0.65, 0.85 and 1.05. For each
parent model ve mean pitch ratios 0.4, 0.6, 0.8, 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 (12 in.) and six blades with
a boss diameter of 0.185R. The parent propellers are
not geosims of each other and consequently interpol-
ation between propellers of different blade area ratios
for general use becomes rather more complicated than
for a completely geometrically similar series. As with
the KCD series, this series was tested at a range of cav-
itation numbers resulting in the presentation of open
water data in the form of Ky, Kq diagrams and Bp
charts under cavitating conditions.

Over the years interest has uctuated in contra-
rotating propellers as a means of ship propulsion. This
has led to model tests being undertaken at a variety of
establishments around the world. Two examples of this
are the MARIN series (Reference 17) and the SSPA
series (Reference 18). The MARIN series comprised

ve sets of propulsors with a four-bladed forward pro-
pelleranda ve-bladed aft propeller. The after propeller
was designed with smaller diameter than the forward
screw, the diameter reduction being consistent with the
expected slipstream contraction at the design condition.
The range of pitch ratios of the forward propeller at
0.7R spanned the range 0.627 to 1.235 with a constant
expanded area ratio of 0.432, and clearly the after-
propeller dimensions varied with respect to the ow
conditions leaving the forward screw. Non-cavitating
open water characteristics 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 ve blades with a developed area ratio of
0.5. The forward propellers all had diameters of 250 mm
and used section forms constructed from NACA 16 pro-

les and 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 ow.

Boswell (Reference 19) presented cavitation tunnel
and open water results for a series 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 304.8mm (12in.), ve blades, an Ag/Ap of 0.725,
and NACA a=0.8 mean lines with 66 modi ed pro-

les, 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 K1, Kg versus
J results are presented together with cavitation incep-
tion speed. These propellers, although giving certain
useful information about the effects of skew, nd 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 of DTNSRDC propellers 4381,
4382, 4383 and 4384 (Taken from Reference 43 Chapter 8)

Characteristics of DTNSRDC propeller 4381

Number of blades, Z: 5

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a=0.8

Section thickness distribution: NACA 66 (modi ed)
Design advance coef cient, Ja : 0.889

r/R ¢/D P/D s (deg) Xs/D to/D folc

02 0174 1332 O 0 0.0434 0.0351
025 0202 1338 O 0 0.0396 0.0369
03 0229 1345 O 0 0.0358 0.0368
04 0275 1358 0 0 0.0294 0.0348
05 0312 133 O 0 0.0240 0.0307
06 0337 1280 O 0 0.0191 0.0245
07 0347 1210 O 0 0.0146 0.0191
08 0334 1137 O 0 0.0105 0.0148
09 0280 1066 O 0 0.0067 0.0123
095 0210 1031 O 0 0.0048 0.0128
10 © 0995 0 0 0.0029

Characteristics of DTNSRDC propeller 4382

Number of blades, Z: 5

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a=0.8

Section thickness distribution: NACA 66 (modi ed)
Design advance coef cient, Ja : 0.889

r/R ¢/D P/D s (deg) Xs/D to/D folc
0 0

0.2 0174 1.455 0.0434 0.0430
0.25 0.202 1.444 2328 0.0093 0.0396 0.0395
03 0229 1433 4655 0.0185 0.0358 0.0370
04 0275 1412 9363 0.0367 0.0294 0.0344
05 0312 1361 13948 0.0527 0.0240 0.0305
0.6 0337 1285 18378 0.0656 0.0191 0.0247
0.7 0347 1200 22747 0.0758 0.0146 0.0199
08 0334 1112 27.145 0.0838 0.0105 0.0161
09 0280 1.027 31575 0.0901 0.0067 0.0134
0.95 0.210 0.985 33.788 0.0924 0.0048 0.0140
10 0 0.942 36.000 0.0942 0.0029
Continued



Table 6.13 (cont)

Characteristics of DTNSRDC propeller 4383

Number of blades, Z: 5

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a=0.8

Section thickness distribution: NACA 66 (modi ed)
Design advance coef cient, Ja : 0.889

r/R  ¢c/D P/D s (deg) Xs/D to/D folc
0 0

0.2 0174 1.566 0.0434 0.0402
0.25 0.202 1539 4.647 0.0199 0.0396 0.0408
03 0229 1512 9293 0.0390 0.0358 0.0407
0.4 0275 1459 18816 0.0763 0.0294 0.0385
05 0312 1386 27.991 0.1078 0.0240 0.0342
06 0337 129 36.770 0.1324 0.0191 0.0281
0.7 0347 1198 45453 0.1512 0.0146 0.0230
0.8 0.334 1.09 54.245 0.1651 0.0105 0.0189
09 0280 099 63102 0.1745 0.0067 0.0159
095 0.210 0.945 67.531 0.1773 0.0048 0.0168
10 O 0.895 72.000 0.1790 0.0029

Characteristics of DTNSRDC propeller 4384

Number of blades, Z: 5

Hub diameter ratio: 0.2

Expanded area ratio: 0.725

Section mean line: NACA a=0.8

Section thickness distribution: NACA 66 (modi ed)
Design advance coef cient, Ja : 0.889

r/R  ¢/D P/D s (deg) Xs/D to/D folc
0

0.2 0174 1.675 0 0.0434 0.0545
0.25 0.202 1.629 6.961 0.0315 0.0396 0.0506
03 0229 1584 13921 0.0612 0.0358 0.0479
0.4 0275 149 28426 0.1181 0.0294 0.0453
05 0312 1406 42152 0.1646 0.0240 0.0401
06 0337 1305 55199 0.2001 0.0191 0.0334
0.7 0347 1199 68.098 0.2269 0.0146 0.0278
0.8 0334 1.086 81.283 0.2453 0.0105 0.0232
09 0.280 0.973 94.624 0.2557 0.0067 0.0193
0.95 0.210 0.916 101.300 0.2578 0.0048 0.0201
10 0 0.859 108.000 0.2578 0.0029

6.5.8 Tests with propellers having
signi cant shaft incidence

As discussed earlier in this chapter, the effects of oper-
ating a propeller at an oblique angle to the incident ow
introduce signi cant side forces and thrust eccentri-
city. Several experimental studies into this effect have
been undertaken, and notable in this respect are those
by Gutsche (Reference 20), Taniguchi et al. (Refer-
ence 21), Bednarzik (Reference 22), Meyne and Nolte
(Reference 23) and Peck and Moore (Reference 24).

Gutsche worked with a series of six three-bladed pro-
pellers: 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 having a
diameter of 200 mm, were tested at shaft angle inclin-
ationsof 0 , 20 and 30 over a range of approximately
zero to 100 per cent slip in the non-inclined shaft angle
position.
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Taniguchi et al. (Reference 21) used a series of ve
three-bladed propellers having a diameter of 230 mm.
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 fol-
lows: 0.619, 0.514 and 0.411. All of the propellers had
Tulin supercavitating sections. Results of Kq and Ky
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 propeller
series have the same pitch ratio of 0.60 with varying
developed area ratios of 0.35, 0.55 and 0.75. Each of
the remaining two propellers has a developed area ratio
of 0.55, but pitch ratios of 1.00 and 1.40 respectively.
The propeller diameters are all 260 mm and each has
three 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 conventional Kq and
Kt coef cients.

Meyne and Nolte (Reference 23) considered a
355.46 mm 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
1.0to 1.6 in asingle step and tests were made with shaft
inclinationof0 ,6 ,9 and 12 . Results of Kq, K7, side
force and eccentricity are given by the authors.

Peck and Moore (Reference 24) used four 254 mm
(10in.) diameter, four-bladed propellers having nom-
inal pitch ratios of 0.8, 1.0, 1.2 and 1.4, respectively.
Measurements were made over a range of cavitation
numbers at 0 , 7.5 and 15 shaft inclinations and
side force data is presented in addition to the other
performance data.

6.5.9 Wageningen ducted propeller series

A very extensive set of ducted propeller standard series
tests has been conducted at MARIN in the Netherlands
over the years and these have been reported in several
publications. The best source material 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 pro les of the various duct
forms tested. In general it can be considered that ducts
No. 2 through No. 24 and No. 37 represent acceler-
ating ducts whilst those numbered 30 to 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 features. Ease of fabrication
of the duct is essential; the feature which helps this
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Table 6.14 Ducted propeller con gurations tested at MARIN forming the ducted propeller series

(taken from Reference 26)

Nozzle number L/D  S/L Open water  Multi-quadrant Azimuth
test
2Q measurement  4Q measurement

2 0.67 0.15 B 455

3 050 0.15 B 455

4 0.83 0.15 B 455

5 050 0.15 B 455

6 050 0.15 B 455

7 050 0.15 B 455

7 0.50 0.15 B 4 40

7 050 0.15 B 470

7 050 0.15 B 230

7 050 0.15 B 350

7 050 0.15 B 560

8 050 0.15 B 455

10 040 0.5 B 455

11 0.30 0.15 B 455

18 050 0.15 B 455

19 050 0.15 B 455

20 050 0.15 B 455

19A 050 0.15 Ka 3 50*

19A 050 0.15 Ka3 65*

19A 050 0.15 Ka 4 55*

19A 0.50 0.15 Ka4 70* Ka4 70* Ka4 70* Ka4 70
19A 050 0.15 Ka5 75*

19A 050 0.15 B 4 70*

21 0.70 0.15 Ka4 70*

22 0.80 0.15 Ka4 70*

23 090 0.15 Ka4 70*

24 1.00 0.15 Ka4 70*

37 050 0.15 Ka4 70* Ka4 70* Ka4 70*
30 0.60 0.15 Kd5 100

31 0.60 0.15 Kd5 100

32 0.60 0.15 Kd5 100

33 0.60 0.15 Kd5 100

34 0.60 0.09 Kd5 100

35 0.9 0.1125 Kd5 100

36 1.2 0.0750 Kd5 100

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

signi cantly is the use of straight lines, wherever pos-
sible, in the pro les shown in Figure 6.15. The pro le
ordinates of ducts No. 19A and No. 37 are given in
Table 6.15. Three principal propeller types have been
used; the B-series propeller in ducts Nos. 2 to 11, the
Ka-series propellers in ducts Nos. 1 to 24 and No. 37
with limited work using the B-series propeller for duct
19A, and the Ky-series propeller for ducts Nos. 30 to 36.
The details of the K,-series propellers are reproduced
in Table 6.16, and Figure 6.16 shows the general forms
of the propellers for this series. These propellers have a
diameter of 240 mm.

Typical of the results derived from this series
are the characteristics shown in Figure 6.8. However,
regression polynomials have been developed to express
Kr, Ktn and Kq as functions of P/D and J. The form

of the polynomials is as follows:

Kt = Aoo + Ao J+eee+Age 36
+ A1 g + A1 g J+eee+ A g 36
+Az0 g 2+A2,1 g ZJ Feeet+ Ao g 236
+As0 = 6+A6,1 g 63 Feeet+Agp g 636

Ktn = Boo +Bo1 J +eee+Bgg g 636

Kq = Co +Co1 J 4o+ Cep g 6J6

(6.19)
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Figure 6.15 Duct outlines described inTable 6.14 (Reproduced with permission from Reference 26)

where the coef cients A, B and C are given in Table
6.17 for the 19A and 37 duct pro les with the Ky 4 70
propeller.

6.5.10 Gutsche and Schroeder controllable
pitch propeller series

The Gutsche and Schroeder propeller series (Reference
27) comprises a set of ve three-bladed controllable
pitch propellers. The propellers were designed accord-
ing to the Gawn series (Reference 9) with certain
modi cations; these were that the blade thickness frac-
tion 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 propeller series was designed to have a diameter
of 200 mm and three of the propellers were produced
with a design P/D of 0.7 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, 0.75and

1.00. The remaining two propellers of the series were
tested at the limited P/D range 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 hav-
ing a diameter of 267.9 mm. The propellers are split
into three groups of ve 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, 0.8, 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.



Table 6.15 Duct ordinates for 19A and 37 duct form

Duct pro le No. 19A

LE TE
xIL 0 0.0125 0.025 0.050 0.075 0.100 0.150 0.200 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 0.95 1.00
yi/lL  0.1825 0.1466 0.1280 0.1087 0.0800 0.0634 0.0387 0.0217 0.0110 0.0048 0 0 0 0.0029 0.0082 0.0145 0.0186 0.0236
yu/L 0.2072  0.2107 0.2080 Straight line 0.0636
Duct pro le No. 37

LE TE
xIL 0 0.0125 0.025 0.050 0.075 0.100 0.150 0.200 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 0.95 1.00
yi/L  0.1833 0.1500 0.1310 0.1000 0.0790 0.0611 0.0360 0.0200 0.0100 0.0040 O 0 0 0.0020 0.0110 0.0380 0.0660 0.1242
yu/L 01833 0.2130 0.2170 0.2160 Straight line 0.1600 0.1242

Duct upper ordinate = propeller radius + clearance + yj.
Duct inner ordinate = propeller radius + tip clearance + y;.
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Table 6.16 Details of the K 5-series propellers (taken from Reference 26)
Dimensions of the Ky-screw series
r/R 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Length of the from centre line |30.21 36.17 41.45 4599 49.87 5293 55.04 56.33 56.44 |Length of blade
blade sections to trailing edge section at 0.6R
in percentages DA
of the maximum from centre line [36.94 40.42 43.74 47.02 50.13 5293 55.04 56.33 56.44 |= 1.9692 A—E

to leading edge 0
length of the total length 67.15 76.59 85.19 93.01 100.00 105.86 110.08 112.66 112.88
blade section
at 0.6R
Maximum blade thickness in 4,00 352 3.00 245 1.90 1.38 0.92 0.61 0.50 | Maximum
percentages of the diameter thickness at

centre of
Distance of maximum thickness 3498 39.76 46.02 49.13 49.98 shaft=0.049D
from leading edge in percentages
of the length of the sections
Ordinates of the Ky-screw series
Distance of the ordinates from the maximum thickness
From maximum thickness to trailing edge From maximum thickness to leading edge
r/R 100% 80% 60% 40% 20% 20% 40% 60% 80% 90% 95% 100%
Ordinates for the back
0.2 38.23 63.65 82.40 95.00 97.92 90.83 77.19 55.00 38.75 27.40
0.3 39.05 66.63 84.14 95.86 97.63 90.06 75.62 53.02 37.87 27.57
0.4 40.56 66.94 85.69 96.25 97.22 88.89 73.61 50.00 34.72 25.83
0.5 41.77 68.59 86.42 96.60 96.77 87.10 70.46 45.84 30.22 22.24
0.6 43.58 68.26 85.89 96.47 96.47 85.89 68.26 43.58 28.59 20.44
0.7 45.31 69.24 86.33 96.58 96.58 86.33 69.24 45.31 30.79 22.88
0.8 48.16 70.84 87.04 96.76 96.76 87.04 70.84 48.16 34.39 26.90
0.9 51.75 72.94 88.09 97.17 97.17 88.09 72.94 51.75 38.87 31.87
1.0 52.00 73.00 88.00 97.00 97.00 88.00 73.00 52.00 39.25 32.31
Ordinates for the face

0.2 20.21 7.29 1.77 0.1 0.21 1.46 4.37 10.52 16.04 20.62 33.33
0.3 13.85 4.62 1.07 0.12 0.83 2.72 6.15 8.28 10.30 21.18
0.4 9.17 2.36 0.56 0.42 1.39 2.92 3.89 4.44 13.47
0.5 6.62 0.68 0.17 0.17 0.51 1.02 1.36 1.53 7.81

Note: The percentages of the ordinates relate to the maximum thickness of the corresponding section.

The propeller series, presented by Chu et al. (Ref-
erence 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
hydrodynamic spindle torque coef cient for the series
in non-cavitating conditions. The range of conditions
tested extend to both positive and negative advance
coef cients. Hence, by including spindle torque data
this series is one of the most complete for controllable
pitch propeller hydrodynamic study purposes and to
aid studies polynomial regression coef cients have also
been given by the authors.

6.5.12 Other controllable pitch propeller
series tests

In general the open water characteristics of controllable
pitch propeller series have been very largely neglected
in the open literature. This is particularly true of the
spindle torque characteristics. Apart from the two series
mentioned above which form the greatest open liter-
ature data source for controllable pitch propellers in
off-design conditions, there have been other limited
amounts of test data presented. Amongst these are
Yazaki (Reference 29), Hansen (Reference 30) and
Miller (Reference 31). Model tests with controllable
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Figure 6.16 General outline of the K 5-series propeller (Reproduced with permission from Reference 26)

pitch propellers in the Wageningen duct forms 19A, 22,
24, 37 and 38 are presented in Reference 40.

6.6 Multi-quadrant series data

So far in this chapter discussion has centred on the
rst quadrant performance of propellers. That is for
propellers working with positive rotational speed and
forward or zero advance velocity. This clearly is the
conventional way of operating a propeller, but for study-
ing manoeuvering situations or astern performance of
vessels other data is required.
In the case of the xed pitch propeller it is possible
to de ne four quadrants based on an advance angle

1 Va

= tan 07 D (6.20)
as follows:
1st quadrant: Advance speed ahead

Rotational speed ahead
This implies that the advance
angle varies within the range
0 90

2nd quadrant: Advance speed ahead
Rotational speed astern
In this case lies in the range

90 < 180

Advance speed astern
Rotational speed astern
Here lies in the range of
180 < 270

Advance speed astern
Rotational speed ahead
Where is within the range
270 < 360

3rd quadrant:

4th quadrant:

Provided suf cient experimental data is available it
becomes possible to de ne a periodic function based
on the advance angle to de ne the thrust and torque
characteristics of the propeller in each of the quadrants.
In this context it should be noted that when =0 or
360 then this de nes the ahead bollard pull condi-
tion and when =180 this corresponds to the astern
bollard pull situation. For =90 and 270 , these posi-
tions relate to the condition when the propeller is not
rotating and is being dragged ahead or astern through
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Table 6.17 Coef cients for duct Nos. 19A and 37 for equation (6.19) K, propeller 4-70 (taken from Reference 26)

Nozzle No. 19A Nozzle No. 37
y Axy Bxy Cxy Axy Bxy Cxy
0 0 +0.030550 +0.076594 +0.006735 0.0162557 0.016806 +0.016729
1 1 0.148687 +0.075223
2 2 0.061881 0.016306
3 3 0.391137 0.138094
4 4 0.007244 0.077387
5 5 0.370620
6 6 +0.323447 0.099544 +0.030559
7 0 0.271337 +0.598107 0.048424
8 1 0.432612 0.687921 1.009030 0.548253 0.011118
9 2 +0.225189 0.024012 +0.230675 0.056199
10 3
11 4
12 5
13 6 0.081101
14 0 +0.667657 +0.666028 +0.085087 +0.460206 +0.084376
15 1 +0.425585
16 2 +0.285076 +0.734285 +0.005193 +0.045637
17 3 0.042003
18 4
19 5
20 6
21 0 0.172529 0.202467 +0.046605 0.215246 0.008652
22 1
23 2 0.542490
24 3
25 4
26 5 0.021044
27 6 0.016149
28 0 0.007366 +0.042997
29 1
30 2
31 3 +0.099819
32 4
33 5
34 6
35 0
36 1 +0.030084 0.038383
37 2
38 3
39 4
40 5
41 6
42 0 0.001730
43 1 0.017283 0.000337 0.001176
44 2 0.001876 +0.000861 +0.014992 +0.002441
45 3
46 4
47 5
48 6
49 7 +0.036998 +0.051753 0.012160
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Forward the water, respectively. Figure 6.17 assists in clarifying
advance this notation for xed pitch propellers.

Va (Hve) For multi-quadrant studies the advance angle notation
A offers a considerably more exible representation than
2nd quadrant 1st quadrant the conventional advance coef cient J; since when the
(V, +ve; n —ve) (V, +ve; n +ve) propeller rpm is 0, such as when =90 or 270 , then
—————— J . Similarly, the thrust and torque coef cients
needto be modi ed in order to prevent similar problems
from occurring and the following are derived:

- T
(—ve) 0.7anD (+ve) Cr= T
astern rotation ahead rotation VEAo

Nl

3rd quadrant 4th quadrant
(V, —ve; n —ve) (V,; —ve; n +ve)

_Q
3 V2AoD

(—ve) Co=
Astern

advance i . .

where V, is the relative advance velocity at the 0.7R

Figure 6.17 Four-quadrant notation blade section. Consequently, the above equations can

1.6

.”' \

1.2 i
ch y
-10C4
08

0.4

-0.4

-08

-1.2

-1.6

0° 40° 80° 120° 160° 8 200° 240° 280° 320° 360°

Figure 6.18 Open water test results with B4-70 screw series in four quadrants (Reproduced from Reference 6)
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Figure 6.19 Open water test results with B4-screw series and P/D = 1.0 in four quadrants (Reproduced from Reference 6)

be written explicitly as

_ T
Cr= ( /8) [V2Z+ (0.7 nD)?]D2
and (6.21)
Co = Q
Q™ (/8) [V2+ (0.7 nD)?]D?

Note the asterisks in equation (6.21) are used to avoid
confusion with the free stream velocity based thrust and
torque coef cients Ctand Cq de nedinequations (6.4)
to (6.6).

Results plotted using these coef cients take the form
shown in Figures 6.18 to 6.20 for the Wageningen

B4-70 screw propeller series. These curves, as can be
seen, are periodic over the range 0 360 and,
therefore, lend themselves readily to a Fourier type
representation. Van Lammeren et al. (Reference 6)
suggests a form:

C:= ? [Ak cos(k ) + By sin(k )]
=0 (6.22)
20

Co = [Ak cos(k ) + By sin(k )]
k=0

When evaluating the off-design characteristics by open
water data itisimportant to endeavourto nddatafroma
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Figure 6.20 Open water test results with B-series propellers of variable blade number, approximately similar blade

area ratio and P/D =10 (Reproduced from Reference 6)

model which is close to the design under consideration.
From the Wageningen data it will be seen that blade
area ratio has an important in uence on the magnitude
of C; and Cg, in the two regions 40 < <140 and

230 < <340 . Inthese regions the magnitude of Cq

can vary by as much as a factor of three, at model scale,
for a blade area ratio change from 0.40 to 1.00. Simi-
larly, the effect of pitch ratio will have a considerable
in uenceon Cq over almostthe entire range of  asseen

in Figure 6.18. Blade number does not appear to have

such pronounced effects as pitch ratio or expanded area
ratio and, therefore, can be treated as a less signi cant
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 con-
siderably less extensive than the Wageningen data cited
above.



With regard to ducted propellers a 20-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
coef cients Cy, Cy and Cyy are de ned as follows:

Cr 20

Co = [Akcos(k )+ Bygsin(k )] (6.23)
C k=0

™

The corresponding tables of coef cients 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
Ka =4 70, still shows the same level of sensitivity to
P/D, and almost certainly to AeAp, with as did the
non-ducted propellers; however, the duct is compara-
tively insensitive to variations in P/D except in the
region 20 20 .

Full details of the Wageningen propeller series can
be found 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.
Using the xed pitch de nition of quadrants the two
of interest for controllable pitch propeller work are the

rstand fourth, since the advance angle lies in the range
90 90 . As discussed earlier, the amount of
standard series data for controllable pitch propellers in
the public domain is comparatively small; the work of
Gutsche and Schroeder (Reference 27), Yazaki (Ref-
erence 29) being perhaps the most prominent. Strom-
Tejsen and Porter (Reference 34) undertook an analysis
of the Gutsche Schroeder three-bladed c.p.p. series,
and by applying regression methods to the data derived
equations of the form:

L

M N
= Ri2(@)  Pmao(y)
Q t=0 m=0 n=0

{aimncos (n ) +bymnsin (n )} (6.24)

where y = {[Po.7/D]set + 1.0}/0.25
and z=(Ap/Ap 0.50)/0.15

and Ry 2 (z) and Pm 10 (y) are orthogonal polynomials
de ned by

Cr
C

m (k)
— kK m m+k X
P = ( 1" | k )
k=0
The coef cientsaand b of equation (6.24) arede nedin

Table 6.20 for use in the equations; however, it has been
found that it is unnecessary for most purposes to use
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the entire table of coef cients and that fairing based on
L=2,M =4 and N =14 provides suf cient accuracy.

6.7 Slipstream contraction and ow
velocities in the wake

When a propeller is operating in open water the slip-
stream will contract uniformly as shown in Figure
6.21(a). This contraction is due to the acceleration of
the uid by the propeller and, consequently, is depend-
ent upon the thrust exerted by the propeller. The greater
the thrust produced by the propeller for a given speed
of advance, the more the slipstream will contract.

Nagamatsu and Sasajima studied the effect of con-
traction through the propeller disc (Reference 35) and
concluded that the contraction could be represented to
a rst approximation by the simple momentum theory
relationship:

% = [05(1 + (1 + CT)1/2)]1/2

where Do isthe diameter of the slipstream far upstream
D is the diameter of the propeller disc
Cr is the the propeller thrust coef cient.

(6.25)

Figure 6.20(b) shows the correlation found by
Nagamatsu and Sasajima for both uniform and wake

ow conditions. Whilst the uniform ow results t the
curve well, as might be expected, and the wake ow
results show broad agreement, it must be remembered
that our understanding of the full-interaction effects is
far from complete at this time.

The ow in the slipstream of the propeller is complex
and a great deal has yet to be understood. Leathard (Ref-
erence 36) shows measurements of eld point velocity
studies conducted on the KCD 19 model propeller
which formed a member of the KCD-series discussed
in Section 6.5.7 and tested at the University of New-
castle upon Tyne. The measurements were made using
an assembly of rotating pitot tubes and the results
are shown in terms of the axial distribution of hydro-
dynamic pitch angle over a range of plus or minus
seven propeller diameters, as shown in Figure 6.22
for an advance coef cient of 0.80 which corresponds
to the optimum ef ciency condition. Studies by Keh-
Sik (Reference 37) using non-intrusive laser-Doppler
anemometry techniques on a series of NSRDC research
propellers show similar patterns. Figure 6.23 shows the
changes in slipstream radius, hydrodynamic pitch angle
of the tip vortex and the eld point velocities close to
the trailing edge of the NSRDC 4383 propeller work-
ing at its design J of 0.889. The propeller has a skew of
72 which accounts for the slipstream non-dimensional
radius starting at unity at a distance of some 0.35R
behind the propeller. This propeller is one of the series,
referred to in Section 6.5.7, and tested originally by
Boswell (Reference 19).



Table 6.18 Fourier coef cients for K, 4-70 propeller in 19A duct (Oosterveld (Reference 25)) [AQ2]

K P/D=0.6 P/D=0.8 P/D=10 P/D=1.2 P/D=14
A(K) B(K) A(K) B(K) A(K) B(K) A(K) B(K) A(K) B(K)

C; 0 0.14825E+0 +0.00000E+0  0.13080E+0 +0.00000E+0  0.10985E+0 +0.00000E+0 0.90888E 1 +0.00000E+0 0.73487E 1 +0.00000E+0
1 +0.84697E 1 0.10838E+1 +0.10985E+0 0.10708E+1 +0.14064E+0 0.10583E+1 +0.17959E+0 0.11026E+1 +0.22861E+0 0.98101E+0
2 +0.16700E+0 0.18023E 1 +0.15810E+0 +0.24163E 1 +0.15785E+0 +0.47284E 1 +0.14956E+0 +0.61459E 1 +0.14853E+0 +0.71510E 1
3 +0.96610E 3 +0.11825E+0 +0.18367E 1 +0.12784E+0 +0.45544E 1 +0.13126E+0 +0.65675E 1 +0.13715E+0 +0.75328E 1 +0.14217E+0
4 +0.14754E 1 0.70713E 2 +0.16168E 1 0.14064E 2 +0.51639E 2 0.77539E 2 +0.52107E 2 0.17280E 1 +0.34084E 2 0.22675E 1
5 0.11806E 1 +0.62894E 1 0.37402E 2 +0.76213E 1 0.25560E 2 +0.93507E 1 0.68232E 2 +0.96579E 1 0.11643E 2 +0.91082E 1
6 0.14888E 1 +0.11519E 1 0.11736E 1 +0.13259E 1 0.60502E 2 +0.92520E 2 0.62896E 2 +0.58809E 2 +0.18576E 3 0.40283E 2
7 +0.73311E 2 +0.17070E 2 +0.25483E 2 0.42300E 2 +0.67368E 2 0.14828E 1 +0.18178E 1 0.22587E 1 +0.26970E 1 0.22759E 1
8 +0.75022E 2 +0.22990E 2 +0.12350E 2 0.26246E 2 +0.68571E 2 0.96554E 2 +0.60694E 2 0.14819E 1 +0.20616E 2 0.16727E 1
9 0.15128E 1 +0.13458E 1 0.20772E 2 +0.16328E 1 +0.47245E 2 +0.96216E 2 +0.61942E 2 0.10398E 1 +0.78666E 2 +0.86970E 2

10 +0.33002E 2 +0.54810E 3 +0.69749E 2 0.33979E 3 +0.23591E 2 0.75453E 3 +0.26482E 2 0.29324E 2 +0.46912E 2  0.47515E 2
11 +0.31416E 2 +0.42076E 2 +0.59838E 2 +0.23506E 2 +0.87912E 2 +0.24453E 2 +0.12137E 1 +0.40913E 2 +0.14771E 1 +0.22828E 2
12 0.21144E 2 057232E 2 0.14599E 2 0.69497E 2 +0.11968E 2 0.87981E 2 0.35705E 2 0.44436E 2 0.75056E 2  0.49383E 2
13 +0.29438E 2 +0.74689E 2 +0.83533E 2 +0.61925E 2 +0.83808E 2 +0.18184E 2 +0.32985E 2 0.12190E 2 +0.14983E 2 0.25924E 2
14 +0.33857E 3 0.84815E 4 +0.11093E 2 +0.35046E 3 0.82098E 3 +0.20077E 2 0.88652E 3 0.22551E 2 +0.24058E 2 0.25143E 2
15 +0.41236E 2 0.13374E 2 +0.41885E 2 0.11571E 2 +0.27371E 2 0.33070E 2 +0.69807E 2 0.32272E 2 +0.55647E 2 0.33659E 2
16 +0.16259E 2 0.91934E 3 0.12438E 3 0.32566E 3 0.26121E 3 0.79201E 3 0.17560E 3 +0.17553E 2 0.38178E 2 +0.28153E 2
17 +0.12759E 2 +0.27412E 2 +0.38034E 2 +0.63420E 3 +0.19133E 2 0.36311E 3 +0.21643E 2 +0.14875E 2 +0.26704E 2 0.22162E 3
18 +0.20647E 2 0.10198E 2 +0.90073E 3  0.22749E 2 +0.32290E 3 0.19377E 2 +0.35362E 3 +0.45353E 4 +0.15745E 2 0.53749E 3
19 +0.34157E 2 +0.19845E 2 +0.31147E 2 0.36805E 3 +0.15223E 2 0.12135E 2 +0.25772E 2 0.88702E 3 +0.24500E 3  0.35190E 2
20 0.58703E 3 0.13980E 2 0.10633E 3 0.12350E 2 0.10151E 2 0.31678E 3 0.18279E 2 0.94609E 3 0.42370E 4 0.42846E 3
Ciny O 0.14276E+0 +0.00000E+0 0.12764E+0 +0.00000E+0 0.11257E+0 +0.00000E+0 0.10166E+0 +0.00000E+0 0.86955E 1 +0.00000E+0
1 0.55946E 2  0.21875E+0 +0.68679E 3  0.24100E+0 +0.93340E 2 0.26265E+0 +0.18593E 1 0.27769E+0 +0.30046E 1  0.29799E+0
2  +0.15519E+0 +0.10114E 1 +0.14639E+0 +0.18919E 1 +0.13788E+0 +0.27587E 1 +0.13408E+0 +0.35459E 1 +0.12651E+0 +0.43403E 1
3  +0.15915E 1 +0.47120E 1 +0.23195E 1 +0.55513E 1 +0.33223E 1 +0.65262E 1 +0.43767E 1 +0.72317E 1 +0.55034E 1 +0.83309E 1
4 +0.66633E 2 0.58914E 1 +0.10292E 1 0.12453E 2 +0.12672E 1 0.40234E 2 +0.13604E 1 0.83408E 2 +0.19376E 1 0.14571E 1
5 +0.89343E 3 0.12958E 2 +0.86651E 2 0.14748E 2 +0.14250E 1 +0.10255E 2 +0.18658E 1 +0.44854E 2 +0.22082E 1 +0.43398E 2
6 0.38876E 2 0.20824E 2 0.39124E 2 0.21899E 2 0.30407E 3 0.32045E 2 +0.26598E 2 0.37642E 2 +0.76282E 2 0.39256E 2
7 +0.10976E 1 +0.52475E 2 +0.15984E 1 +0.56694E 2 +0.19888E 1 0.21752E 2 +0.24097E 1 +0.75727E 3 +0.31821E 1 0.23504E 2
8 +0.31959E 2 0.15428E 2 +0.46295E 2 0.49911E 2 +0.48334E 2 0.59535E 2 +0.47924E 2 0.88802E 2 +0.51835E 2 0.13633E 1
9 +0.14201E 2 +0.23580E 2 +0.68371E 3 +0.13631E 2 +0.28427E 2 +0.90664E 3 +0.36556E 2 +0.40541E 3 +0.38898E 2 0.14000E 2



+0.13507E
+0.50526E

0.90855E
+0.42758E
+0.42084E
+0.20269E

0.79748E
+0.97452E
+0.48897E
+0.84347E

0.39298E

+0.17084E
+0.10550E+
0.27380E
0.11827E
+0.28671E
+0.42504E
0.78835E
0.70981E
+0.76691E
0.12506E
0.70343E
0.10254E
+0.25186E
+0.96613E
+0.14934E
0.28323E
0.30360E
+0.20889E
+0.31929E
0.91635E
0.23922E
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+0.23491E
0.26868E
0.45635E
0.44554E
0.18564E
0.80547E
0.10170E
0.46721E
0.17088E
0.60673E
0.36317E

+0.00000E+0
0.78070E+0
+0.38134E 1
+0.74292E 1
0.13568E 1
+0.66595E 1
+0.10330E 1
0.17885E 1
0.36187E 2
+0.10015E 1
+0.55926E 2
+0.69688E 2
0.47676E 2
2

2

4

2

2

2

2

2
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+0.88889E
+0.49081E

0.58150E
+0.52044E
+0.12522E
+0.33109E
+0.52446E

0.20591E

+0.16740E
+0.83495E

0.77063E
+0.14936E
+0.11017E
+0.16804E

0.10338E
+0.22409E
+0.11000E
+0.48406E

0.33008E

2
2
3
2
2
2
2
2
2
3
3
+0.19368E 1
+0.17050E+0
0.11901E 1
0.25601E 2
+0.17763E 1
+0.82085E 2
0.34336E 2
0.24534E 1
0.10289E 2
0.74938E 2
+0.15444E 2
0.14173E 1
0.28034E 2
+0.14246E 1
+0.34663E 2
+0.20764E 2
0.29424E 2
+0.30149E 2
+0.27714E 2
+0.18423E 3
0.81634E 4

+0.12877E
0.35176E
0.55571E
+0.31438E
0.11179E
0.24577E
0.55484E
+0.10968E
0.73945E
0.15400E
+0.22408E

+0.00000E+0
0.99912E+0
+0.31924E 1
+0.81384E 1
0.35096E 3
+0.10631E 0
+0.15116E 1
0.27045E 1
0.59389E 2
+0.11085E 1
+0.83787E 2
+0.15192E 1
0.51507E 2
1

2

3

2

3

3

2

3
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+0.14836E
+0.25041E
0.78615E
0.24526E
0.32187E
0.48551E
+0.35455E
0.34936E

+0.32326E
+0.97693E

0.28378E
+0.29395E
+0.53177E
+0.16229E

0.27265E
+0.20276E
+0.35477E
+0.39082E

0.92513E

+0.35189E
+0.24406E+
0.73880E
+0.28260E
0.55959E
+0.26558E
+0.11368E
0.47401E
0.65686E
0.74990E
+0.12873E
+0.46502E
0.46676E
+0.33438E
+0.22046E
+0.70034E
+0.39147E
+0.73719E
0.94083E
+0.60560E
0.42390E
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0.10222E
0.48133E
0.56355E
0.18248E
0.20263E
0.30382E
0.11128E
0.15327E
0.12433E
0.20069E
0.48842E

+0.00000E+0
0.11717E+1
+0.51155E 1
+0.89069E 1
0.65670E 2
+0.14204E+0
+0.77052E
0.36091E 1
+0.42036E 2
+0.21139E 2
+0.13095E 1
+0.30961E 1
0.99459E 2
+0.17921E 1
0.81917E 2
3

2

2

2

2

2
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N

0.78428E
+0.72661E
0.47316E
0.25731E
+0.11136E
0.15470E

+0.39850E
+0.10643E
+0.25495E
+0.29347E
+0.36599E
+0.13115E

0.13511E
+0.17101E
+0.33765E

0.39681E

0.11814E

2
1
3
2
3
2
2
2
3
3
2
+0.43800E 1
+0.35299E+0
0.10917E 1
+0.47062E 1
0.10779E 1
0.10193E 1
0.88824E 3
0.37893E 1
0.70346E 2
0.81030E 2
+0.72622E 2
0.54390E 2
0.20060E 2
+0.39281E 2
0.65256E 3
+0.15414E 1
+0.30356E 2
+0.59073E 2
+0.41433E 2
+0.46102E 2
0.57423E 3

0.12811E
0.55230E
0.63566E
0.25338E
0.20504E
0.38485E
0.63908E
0.10819E
0.96321E
0.20969E
0.19298E

+0.00000E+0
0.12949E+1
+0.59030E 1
+0.93540E 1
0.61148E 2
+0.16121E+0
+0.14624E
0.53549E
0.31589E
+0.14382E
+0.99836E
+0.38781E
0.46749E
+0.14944E
0.63253E
+0.22275E
+0.71826E
+0.10229E
0.59201E
0.14814E
0.43092E
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+0.49300E
+0.10731E
+0.11388E
+0.31378E
0.82607E
0.17537E
0.36227E
0.22400E
0.58416E
0.12806E
0.19870E

2
1
2
2
3
4
2
3
3
2
2
+0.73202E 1
+0.47301E+0
0.33300E 1
+0.62786E 1
0.19511E 1
0.27569E 1
0.38296E 2
0.23310E 1
0.84525E 2
0.48956E 2
+0.48544E 2
0.71945E 2
0.53185E 2
+0.13281E 2
+0.68695E 2
+0.18071E 1
0.15725E 2
+0.11527E 1
+0.10168E 1
+0.81504E 3
+0.14051E 2

0.28212E
0.77360E
0.68665E
0.42392E
0.33252E
0.45496E
0.12282E
0.15759E
0.77655E
0.17787E
+0.49570E

+0.00000E+0
0.14062E+1
+0.71683E 1
+0.11449E+0
0.13400E
+0.17547E
+0.25715E
0.54967E
0.12576E
+0.13084E
+0.10733E
+0.44142E
0.10945E
+0.12209E
0.14074E
+0.17837E
+0.37948E
+0.49971E
0.42398E
0.77298E
0.34485E
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Table 6.19 Fourier coef cients of K, 4-70 propeller in No. 37 duct (Oosterveld (Reference 25))

K P/D=0.6 P/D=0.8 P/D=1.0 P/D=1.2 P/D=14
A(K) B(K) AK) B(K) A(K) B(K) AK) B(K) AK) B(K)

Cy 0 0.78522E 1 +0.00000E+0 0.81169E 1 +0.00000E+0 0.78681E 1 +0.00000E+0  0.60256E 1 +0.00000E+0  0.47437E 1 +0.00000E+0
1 +0091962E 1 0.12241E+1 +0.12849E+0  0.11842E+1 +0.17005E+0  0.11152E+1 +0.22360E+0  0.10687E+1 +0.26393E+0  0.10004E+1
2 +096733E 1 0.10805E 1 +0.11331E+0 +0.58341E 3 +0.12604E+0 +0.20371E 1 +0.12353E+0 +0.29643E 1 +0.11478E+0 +0.46145E 1
3 0.14657E 2 +0.16207E+0 +0.15131E 1 +0.16441E+0 +0.24444E 1 +0.15275E+0 +0.24086E 1 +0.14275E+0 +0.47309E 1 +0.14074E+0
4 +0.10810E 1 +0.10642E 2 +0.41567E 2 +0.62103E 2 0.69987E 2 +0.28881E 2 0.14518E 1 0.14016E 1 0.11061E 1 0.21940E 1
5 0.20708E 1 +0.78648E 1 0.16220E 1 +0.76506E 1  0.52998E 2 +0.78299E 1 0.62461E 2 +0.73413E 1 +0.11308E 1 +0.67294E 1
6 0.80316E 2 +0.14098E 1  0.11305E 1 +0.96359E 2  0.77500E 2 +0.18865E 2  0.43441E 2 +0.70950E 3  0.83647E 3  0.44987E 2
7 +0.11052E 1 0.11329E 1 +0.93452E 2 0.18036E 1 +0.67088E 2  0.24665E 1 +0.17726E 1 0.26735E 1 +0.24933E 1  0.25518E 1
8 +0.21070E 2  0.52596E 2 +0.17779E 2  0.12146E 1 +0.78818E 2  0.82956E 2 +0.10820E 1  0.10309E 1 +0.19552E 2  0.12518E 1
9 0.16466E 1 +0.11815E 1 0.62214E 2 +0.92879E 2 +0.83058E 2 +0.15085E 1 +0.89902E 2 +0.15399E 1 +0.60531E 2 +0.14151E 1

10 +0.85238E 3  0.23771E 2 +0.46290E 2 +0.40488E 2 +0.20833E 2 +0.15879E 2  0.24474E 2  0.72466E 2  0.28748E 2 +0.12588E 2
11 +0.39384E 2 +0.64113E 2 +0.69293E 2 +0.73891E 2 +0.72262E 2 +0.95129E 2 +0.51620E 2 +0.93292E 2 +0.64118E 2 +0.55618E 2
12 0.32905E 2 +0.50027E 2  0.20445E 2 0.40761E 2 0.58329E 3 0.73249E 2 0.48962E 2 0.39241E 2 0.48164E 2  0.53289E 2
13 +0.25672E 2 +0.60467E 2 +0.59366E 2 +0.59307E 2 +0.88467E 2 +0.34931E 2 +0.80184E 2 +0.55616E 2 +0.64267E 2 +0.44079E 2
14 +0.24770E 2  0.28242E 2  0.44055E 3  0.22663E 2 0.29559E 2 0.63570E 2 0.25019E 2  0.31513E 3  0.40358E 2 +0.48467E 3
15 +0.62208E 2 +0.20489E 2 +0.72301E 2  0.15148E 2 +0.11530E 1 0.22474E 2 +0.14983E 1 0.17566E 2 +0.16051E 1  0.18905E 2
16 +0.34143E 3 +0.31069E 3  0.53198E 3 0.13262E 3  0.83057E 3 +0.25069E 2  0.28220E 3 +0.18409E 2  0.32816E 2 +0.29965E 2
17 +0.19780E 2 +0.63925E 3 +0.26809E 2 +0.40086E 2 +0.31339E 2  0.12990E 2 +0.23533E 2 +0.29180E 2 +0.30250E 2  0.37761E 2
18 +0.60762E 3  0.22082E 2  0.85582E 3 0.11431E 2 0.13290E 2 0.41905E 3  0.64457E 3 +0.63270E 3  0.13567E 2 +0.32763E 2
19 +0.34488E 2 +0.30421E 2 +0.32728E 2 0.25883E 2 +0.30666E 2  0.28288E 2 +0.12248E 2  0.31003E 2 +0.31794E 2  0.44109E 2
20 0.17166E 2 0.52892E 3 0.11347E 2 0.93290E 4 0.13749E 2 0.45929E 3 0.17391E 2 0.31826E 3 +0.44946E 3 +0.10459E 2

Ciy O 0.75854E 1 +0.00000E+0  0.85104E 1 +0.00000E 1 0.80432E 1 +0.00000E+0  0.72310E 1 +0.00000E+0  0.63893E 1 +0.00000E+0
1 +0091152E 2  0.34397E+0 +0.15122E 1  0.33237E+0 +0.29904E 1  0.32774E+0 +0.47220E 1  0.32899E+0 +0.60260E 1  0.33060E+0
2 +0.85316E 1 0.60863E 2 +0.10325E+0 +0.24803E 2 +0.10546E+0 +0.81952E 2 +0.10455E+0 +0.17983E 1 +0.10016E+0 +0.28880E 1
3 +0.47203E 2 +0.82506E 1 +0.15649E 1 +0.89761E 1 +0.21277E 1 +0.93073E 1 +0.23912E 1 +0.93061E 1 +0.33369E 1 +0.99036E 1
4 +0.31838E 2 +0.51816E 2 +0.75680E 3 +0.45883E 2  0.14818E 2 +0.38289E 2 0.32961E 2 0.63572E 2 0.17785E 2  0.10075E 1
5 +0.45464E 2 +0.99282E 2 +0.92408E 2 +0.26548E 2 +0.15667E 1 +0.21950E 3 +0.24863E 1 +0.74431E 3 0.38604E 1 +0.71186E 1
6 +0.31828E 2 +0.59292E 3 0.25160E 8 0.42819E 2 0.17592E 2  0.63045E 2 +0.17700E 3  0.30252E 2 +0.43713E 2 0.48584E 1
7 +0095481E 2 0.19148E 2 +0.18041E 1 0.24385E 2 +0.25671E 1 0.23125E 2 +0.30933E 1 0.26122E 2 +0.35035E 1  0.18671E 1
8 0.19432E 2 0.17686E 2 0.14737E 2  0.45051E 2 0.90447E 3 0.36290E 2 +0.15955E 2  0.64419E 2 +0.50841E 3  0.10093E 1
9 +058607E 2 0.78198E 3 +0.48237E 2  0.15233E 2 +0.88204E 2  0.90853E 3 +0.12406E 1 +0.33704E 3 +0.12764E 1 +0.24435E 4



0.15047E
+0.38003E
0.63250E
+0.10102E
0.28923E
+0.26588E
0.11302E
+0.19966E
0.56644E
+0.95964E
0.58527E

2
2
3
2
3
2
3
2
3
3
3
+0.14884E 1
+0.10044E+0
0.25182E 1
0.10918E 1
+0.27502E 1
0.26072E 2
0.11409E 1
+0.93808E+3
+0.82783E 2
0.17756E 1
0.42598E 2
0.46664E 2
+0.10278E 2
+0.20667E 2
+0.18501E 2
+0.26112E 2
0.32505E 2
0.77389E 3
+0.13220E 2
+0.16856E 2
0.48127E 3

0.30445E 2
0.27783E 2
+0.17514E 3
0.60004E 3
0.32771E 3
+0.16418E 3
0.14323E 2
0.11456E 2
0.74530E 3
0.83559E 3
0.54179E 4

+0.00000E+0

0.79096E+0
+0.12206E
+0.90718E
+0.72669E
+0.57653E
+0.11032E

0.99388E

0.22892E
+0.53796E
+0.36876E
+0.96603E
+0.41719E
+0.72900E
+0.96970E
+0.87227E
+0.21002E
+0.28832E
+0.70445E
+0.39547E
+0.17791E
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0.99338E
+0.48625E
0.11657E
+0.43615E
0.38004E
+0.32422E
0.37155E
+0.22704E
0.11253E
+0.19759E
0.96980E

3
2
2
2
3
2
3
2
2
2
3
+0.20089E 1
+0.16636E+0

0.18383E 1

0.19051E 1
+0.16808E 1
+0.52434E 2

0.11019E 1

0.26942E 1
+0.94780E 2

0.19689E 2
+0.16447E 2

0.14766E 1

0.22670E 2
+0.93023E 2
+0.41823E 2
+0.77675E 2

0.13283E 2

0.92032E 3
+0.25952E 3
+0.23462E 2
+0.69823E 3

0.15358E 2
0.32041E 2
+0.17286E 4
0.80871E 3
0.21661E 2
0.21791E 3
0.72641E 3
0.13466E 2
0.23762E 3
0.10735E 2
0.57005E 5

+0.00000E+0
0.99219E+0
+0.12892E 1
+0.95272E 1
+0.16045E+1
+0.94354E
0.36169E
0.22539E
0.30457E
+0.21436E
+0.37463E
+0.21398E
+0.19168E
+0.76358E
0.33249E
+0.24934E
+0.39206E
0.83670E
0.31653E
+0.41032E
+0.20375E
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0.18008E
+0.81643E
0.97356E
+0.69039E
0.56244E
+0.45475E
0.38196E
+0.31160E
0.11878E
+0.19158E
0.13129E

2
2
3
2
3
2
3
2
2
2
2

0.30767E 1
+0.24472E+0

0.11316E 1

0.81658E 2
+0.16208E 2
+0.86632E 2

0.34936E 2

0.46075E 1
+0.66651E 2
+0.61510E 2
+0.51947E 2

0.13702E 1
+0.12766E 3
+0.61680E 2
+0.12713E 2
+0.14570E 1
+0.44360E 2
+0.18140E 2

0.43127E 2
+0.38794E 2
+0.14728E 3

0.18997E 2
0.40480E 2
0.34197E 3
0.13522E 2
0.22322E 2
0.14808E 2
0.11481E 2
0.28678E 2
0.25410E 3
0.25631E 2
+0.22029E 4

+0.00000E+0
0.11315E+1
+0.33712E 1
+0.90343E 1
+0.12113E 1
+0.12138E+0
0.54322E
0.35712E
+0.63862E
+0.14021E
+0.28095E
+0.32828E
0.19195E
+0.88817E
0.71309E
+0.30977E
+0.64517E
0.22876E
0.98748E
+0.10718E
0.23283E
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0.13918E
+0.10216E
+0.16203E
+0.72150E
0.39249E
+0.48746E
0.21174E
+0.31669E
0.13671E
+0.16721E
0.19020E

+0.44351E
+0.34230E+
0.18087E
+0.35568E
0.63786E
0.13513E
+0.94572E
0.35793E
+0.10295E
+0.22438E
0.26275E
0.17427E
0.21233E
+0.98031E
+0.38115E
+0.22608E
0.37227E
+0.14353E
+0.16375E
+0.51490E
+0.26719E
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0.29805E 2
0.50133E 2
0.28858E 2
0.28057E 2
0.11737E 2
0.34043E 2
0.20546E 2
0.31834E 2
0.11222E 2
0.26716E 2
0.49627E 3

+0.00000E+0
0.12562E+1
+0.55298E 1
+0.92837E 1
0.49373E 2
+0.14129E+0
0.31662E
0.45159E
+0.56348E
+0.28053E
+0.23267E
+0.38309E
0.69986E
+0.14268E
0.77495E
+0.32200E
+0.69956E
0.21184E
0.84958E
0.14700E
0.27758E
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0.24911E
+0.13320E
0.18539E
+0.77057E
+0.22148E
+0.51024E
0.26606E
+0.24555E
0.26363E
+0.10883E
0.28978E

3
1
2
2
3
2
2
2
2
2
2
+0.64033E 1
+0.45620E+0

0.26747E 1
+0.16152E 1

0.15846E 1

0.19336E 1
+0.55030E 2

0.28670E 1
+0.28700E 3

0.49652E 2
+0.23913E 2

0.20976E 1
+0.14416E 2
+0.39953E 2

0.13605E 2
+0.28437E 1
+0.19337E 2
+0.75472E 2
+0.29007E 2
+0.32369E 2
+0.32247E 2

0.22708E
0.77347E
0.40802E
0.20523E
0.21040E
0.47028E
0.19265E
0.39615E
0.60252E
0.27663E
+0.10214E

+0.00000E+0
0.13383E+1
+0.57075E 1
+0.89051E 1
0.97724E 2
+0.15575E+0
+0.25599E
0.42572E
+0.29638E
+0.24850E
+0.30607E
+0.41837E
0.32116E
+0.17848E
+0.30114E
+0.75977E
+0.27087E
0.13255E
+0.30258E
0.37368E
0.23794E
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128 Marine propellers and propulsion

Table 6.20 Coef cients for Strom-Tejsen polynomials de ning the Gutsche Schroeder series thrust (taken from

Reference 34)

A coef cients A(L, M, N) 108 B coef cients B(L, M, N) 10°

N M=0 1 2 3 4 5 M=0 1 2 3 4 5
L=0

0 3055 8255 2412 3344 531 468 0 0 0 0 0 0
1 21920 325109 2702 4081 344 646 | 781450 58146 94995 3948 9| 4189
2 3788 4004 1217 2091 1045 266 10445 11179 6492 10669 1714 | 1954
3 33766 55497 6639 13267 7191 852 65631 19985 53191 14561 4949 | 4129
4 4176 2115 2876 1533 1651 97 7884 7946 4414 6304 138 | 1549
5 19955 38365 6849 2351 758 160 75207 9133 6045 11322 714 | 2566
6 492 6657 3006 2619 411 101 2706 1972 2150 2104 806 814
7 8923 18381 5533 1756 2055 391 25357 13015 18690 4754 3027 | 1404
8 5 5883 3671 3389 176 40 1551 1903 95 1112 135 99
9 7832 5642 6948 1283 276 75 29992 5151 2897 1913 209 106
10 482 4105 2507 1989 580 373 931 585 679 19 88 322
11 626 9723 1720 431 1745 444 3172 3470 10337 6767 1973 585
12 226 4453 909 1458 538 275 1335 242 1977 1158 158 478
13 5755 13923 1571 1958 2669 348 5390 3640 396 2450 510 137
14 365 2814 321 593 190 24 1196 64 1544 565 122 504
15 1559 7313 45 701 314 284 137 3618 3589 810 883 820
16 334 1561 47 414 522 266 712 111 731 147 113 137
17 1274 6396 3567 930 132 153 1327 4113 3339 1200 368 149
18 916 40 473 120 158 81 553 250 94 24 304 76
19 225 1818 1704 1930 213 10 1357 2334 4036 1506 183 329
20 348 207 275 145 131 36 565 576 254 233 6 29
21 601 719 1132 1511 903 257 1833 2294 1620 1176 256 106
22 515 262 680 407 74 158 228 233 282 415 54 130
23 932 1075 1922 1391 608 99 514 468 610 798 76 97
24 291 267 146 17 55 86 143 176 132 107 36 103
L=1

0 930 457 2417 627 1599 268 0 0 0 0 0 0
1 5560 35199 2215 5043 1334 | 1448 87660 3013 2277 4736 4304 | 2672
2 278 4286 1106 2442 1082 786 2340 1514 5003 3866 336 | 1044
3 16436 7937 4940 3197 890 | 2011 39708 14817 2086 447 2085 807
4 3837 1713 1185 1923 300 | 1020 2190 1872 5151 3950 76 311
5 16902 1515 1015 758 10 159 22508 11572 2165 5732 1117 390
6 1803 778 3364 50 372 195 82 437 2086 530 340 291
7 7349 7633 6192 1604 246 566 2373 497 4279 210 763 743
8 55 688 4577 2291 382 63 1426 3428 207 199 205 202
9 2745 6168 1898 326 635 36 14199 1281 4762 4345 1906 | 1196
10 149 1956 417 261 473 365 1878 3528 597 371 523 182
11 3305 4518 1406 397 1630 0 8888 995 1792 1752 1344 657
12 56 1434 931 157 163 114 431 1907 848 1352 770 16
13 1063 2444 822 904 455 123 4444 5828 419 1940 284 267
14 804 2297 1016 907 225 202 1275 1578 1128 512 624 253
15 2553 3274 3444 354 59 2 2303 1520 1760 567 165 255
16 490 2436 737 259 66 36 941 516 214 245 186 63
17 1944 752 441 724 110 100 1462 644 2032 2322 439 103
18 199 628 170 18 167 96 878 700 365 360 11 27
19 1837 1653 129 232 585 118 161 1086 460 595 41 177
20 201 753 578 151 53 34 373 395 160 514 320 29
21 375 433 803 27 5 117 542 912 3 853 84 134
22 744 572 270 444 270 59 51 221 484 149 167 11
23 51 1265 864 367 178 5 675 163 507 327 39 251
24 564 488 41 56 49 16 233 836 657 414 117 143

Continued
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Table 6.20 (cont)

A coef cients A(L, M, N) 10° B coef cients B(L, M, N) 10°
N M =0 1 2 3 4 5 M=0 1 2 3 4 5
L=2
0 1858 2160 339 1565 716 262 0 0 0 0 0 0
1 5491 4872 575 2650 641 196 4845 9037 4263 5372 1176 256
2 1235 1831 1031 1248 323 59 4966 5145 2923 4738 852 819
3 3549 17 1598 1886 261 951 355 961 873 701 345 967
4 1689 2875 202 1366 151 17 3842 3410 1954 2584 126 77
5 2078 4121 2644 1146 527 696 1541 5925 1516 1287 731 993
6 119 491 58 337 659 75 1526 744 626 539 203 218
7 1389 2406 5103 2698 814 85 1449 3291 2144 1010 135 156
8 504 115 1102 1228 362 305 1370 793 354 582 42 333
9 720 938 4174 1982 624 0 1523 297 1073 1157 413 493
10 238 142 371 409 101 132 226 366 25 55 102 113
11 66 1373 570 295 230 576 701 2248 858 1258 151 410
12 640 755 174 264 91 58 293 523 847 932 102 67
13 751 1405 431 707 518 248 260 508 904 71 255 321
14 146 391 716 256 158 154 253 352 594 591 41 92
15 326 47 287 569 707 129 801 365 371 159 387 17
16 103 338 592 287 55 138 91 27 538 448 120 177
17 145 298 676 545 129 216 569 61 408 68 63 156
18 174 98 318 196 39 39 135 93 323 358 68 153
19 517 141 439 204 180 235 114 1331 412 127 100 81
20 17 102 14 56 59 102 281 369 37 125 71 36
21 596 591 117 32 144 169 49 42 341 80 156 10
22 108 43 202 107 40 34 19 60 128 86 10 102
23 11 202 96 96 16 10 87 71 266 259 13 61
24 107 11 32 20 27 5 144 50 16 9 20 42
Coef cients for Strom-Tejsen polynomials de ning the Gutsche Schrouder series torque
L=0
0 5224 7097 3358 4473 3041 860 0 0 0 0 0 0
1 283498 105460 391193 7431 400 | 2300 | 241457 1211300 80321 65830 13946 | 5256
2 2361 5401 4755 1329 339 305 1447 3138 308 5690 4903 | 1186
3 4626 30645 31836 2313 764 328 | 28541 57594 4960 28659 9074 44
4 6544 13318 2369 5157 3336 126 304 1966 4951 3924 558 956
5 30438 21864 21469 6644 4951 | 2600 | 21066 127800 14368 4137 415 | 2594
6 1011 142 7201 2119 346 661 643 3704 3358 1047 2824 | 1403
7 20754 3236 28269 1160 1133 | 1634 2371 45356 23439 17969 3844 487
8 4584 3992 4253 2827 1937 840 906 960 2239 3190 1860 273
9 3803 24969 1468 5987 1828 | 1517 6720 78975 9414 2656 2003 | 1103
10 4882 4494 3950 2282 1158 199 1005 1106 1313 577 124 65
11 13344 60 21041 2939 21 2 3240 3368 5230 4811 4211 156
12 4039 3206 3752 613 236 116 962 1337 2601 1732 172 96
13 10403 14236 11831 4367 94 644 1834 13753 7111 5097 1390 594
14 2500 890 1653 1003 246 145 400 440 197 2 246 36
15 5294 3369 9874 1982 331 427 1856 5692 3713 3019 305 234
16 1246 579 1381 474 352 199 525 151 521 8 358 21
17 6537 1127 5471 3833 696 578 3379 9884 2963 3672 770 230
18 245 1555 75 72 139 57 168 1014 422 381 145 112
19 650 35 2755 1385 1061 206 1634 6289 1642 2826 1180 87
20 216 798 392 601 164 20 151 1090 152 264 485 127
21 489 4630 2405 1581 1048 511 2020 7368 312 311 706 96
22 244 794 171 308 96 12 389 146 393 16 228 39
23 1430 1749 5017 943 638 256 60 2317 1202 328 593 423
24 461 827 700 67 20 85 11 425 25 81 131 71

Continued
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Table 6.20 (cont.)
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A coef cients A(L, M, N) 10°

B coef cients B(L, M, N) 10°

N M=0 1 2 3 4 5 M=0 1 2 3 4 5
L=1
0 9424 13356 731 3382 1996 116 0 0 0 0 0 0
1 55888 14526 49411 3400 7754 | 1769 | 55003 119608 7412 5292 5423 | 6134
2 14831 23859 5164 832 1620 7 4005 9943 6587 1536 4015 1675
3 19531 23447 11081 7816 9892 1883 10736 28008 21466 7133 1292 | 4745
4 1132 2698 1536 6920 1830 852 1316 3353 8037 3160 2432 1771
5 1976 34238 4648 2054 4018 94 1676 29233 10863 894 894 527
6 4286 5416 1003 8609 2272 528 3025 155 6340 4801 284 801
7 222 18644 7190 735 455 378 648 21742 7485 3452 1759 1824
8 8048 13227 5046 2936 742 593 1337 4706 4231 1606 128 186
9 1191 3493 4079 3133 2881 474 4855 11699 6139 2186 1211 1549
10 6779 11303 3004 2760 672 422 952 1091 1858 1658 167 840
11 8417 2428 9459 3462 2476 348 1140 1265 2616 2964 292 1888
12 3001 6360 1543 1351 486 6 735 1188 285 18 590 442
13 382 7205 626 2438 440 306 3191 2228 6197 639 886 560
14 1161 636 20 199 602 283 697 1836 2483 1214 79 305
15 2804 8763 5562 2238 230 104 316 5018 1043 439 65 87
16 2436 1925 2635 624 481 6 659 1328 278 775 650 213
17 102 3301 2018 830 1060 8 1287 2977 1019 2547 1139 530
18 957 1255 318 79 52 353 267 294 130 313 153 59
19 2432 3712 2846 615 653 57 447 1497 1377 2460 6 449
20 1417 408 1703 403 104 169 424 894 522 179 357 197
21 659 1995 672 202 124 292 797 371 3233 713 192 166
22 202 1418 66 14 100 112 53 301 919 982 321 38
23 1253 1514 1940 1300 25 142 41 1084 211 209 43 285
24 373 484 98 165 211 17 818 1674 1168 45 205 80
L=2
0 667 2038 637 1161 1244 298 0 0 0 0 0 0
1 554 7720 1326 4857 453 706 558 4300 2556 3381 2542 1485
2 3194 2831 1895 1012 677 574 774 344 895 810 1930 862
3 2703 1389 6164 12655 1152 1605 403 1131 78 5553 1034 576
4 4377 5899 4002 1540 964 260 106 1226 1498 1122 515 22
5 3174 990 8664 7321 2829 1039 1598 313 3787 4531 2320 30
6 1162 89 842 810 122 119 697 819 1737 264 916 673
7 1301 3368 3117 454 1490 54 2252 630 2404 3766 3161 59
8 4 1418 1358 890 848 340 1226 714 245 908 1073 794
9 2261 2467 713 2376 1003 25 2195 3687 679 2615 1205 33
10 705 2529 568 899 748 336 1219 11901 507 117 335 61
11 87 1335 992 2572 1117 134 1840 2341 4119 967 82 130
12 553 2154 193 288 106 123 1260 1486 939 263 178 100
13 345 2443 715 878 1046 61 1409 2660 3194 954 610 23
14 145 776 551 230 82 78 618 325 148 277 274 75
15 1407 360 174 499 18 517 1964 241 2290 936 163 51
16 226 618 104 110 212 177 368 169 132 131 109 175
17 292 1007 95 500 171 51 1376 95 1849 961 361 176
18 368 65 404 165 119 130 58 30 55 38 157 32
19 26 181 775 678 191 1 94 713 357 361 307 113
20 293 63 70 155 307 23 235 334 379 180 138 6
21 89 1069 54 271 466 11 62 128 230 324 10 12
22 95 189 5 70 2 87 71 169 31 55 7 27
23 418 341 235 254 133 148 425 41 302 432 53 87
24 180 157 112 57 9 25 148 128 71 33 112 87
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6.8 Behind-hull propeller
characteristics

The behind-hull propeller characteristics, so far as pow-
ering is concerned, have been traditionally accounted
for by use of the term relative rotative ef ciency .
This term, which was introduced by Froude, accounted
for the difference in power absorbed by the propeller
when working in a uniform ow eld at a given speed
and that absorbed when working in a mixed wake eld
having the same mean velocity:

__ power absorbed in open water of speed Va

power absorbed in mixed wake eld of
mean velocity V,

r

(6.26)

Normally the correction de ned by this ef ciency
parameter is very small since  is usually close to unity
unless there is some particularly abnormal characteris-
tic of the wake eld. Typically, one would expectto nd
rinthe range 0.96 < , <1.04.

As a consequence of this relationship the behind-hull
ef ciency ( p), that is the ef ciency of the propeller
when working behind a body, is de ned as

b= o*r
_ rKT\]
T2 Ko

(6.27)

Such considerations as relative rotative ef ciency are
clearly at the global level of ship propulsion. At the more
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Figure 6.22 Axial distribution of hydrodynamic pitch for KCD19 propeller
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detailed level there is much still to be understood about
the nature of the interactions between the propeller, its
induced and interaction velocities and the wake eld in
which it operates.
As might be expected the effect of the mixed wake
eld induces on the propeller a series of uctuating load
components due to the changing nature of the ow inci-
dence angles on the blade sections. Figure 11.4 shows a
typical example of the variation in thrust acting on the
blade of a single-screw container ship due to the oper-
ation of the propeller in the wake eld. The asymmetry
is caused by the tangential velocity components of the
wake eld, which act in opposite senses in each half
of the propeller disc. Clearly such considerations apply

to the torque forces on the blade and also the hydro-
dynamic spindle torque in the case of a controllable
pitch propeller. Figure 6.24 shows the resulting bear-
ing forces, that is those reacted by the bearings of the
vessel, which are the sum of the individual blade com-
ponents at each shaft angular position. From the gure
it is seen that not only is there a thrust and torque uctu-
ation as derived from individual blade loads, similar to
that shown in Figure 11.4, but also loads in the vertical
and horizontal directions, Fy and Fz, and also moments
Mz and My. In Figure 11.5 the orbit of the thrust eccen-
tricity relative to the shaft centre line is shown for a
merchant ship. These orbits de ne the position of thrust
vector in the propeller disc at a given instant; it should,
however, be noted that the thrust vector marches around
the orbit at blade rate frequency.
In addition to the blade loadings the varying inci-
dence angles around the propeller disc introduce a
uctuating cavitation pattern over the blades. Typical of
such a pattern is that shown in Figure 6.25, from which
it is seen that the wake-induced asymmetry also man-
ifests itself here in the growth and decay of the cavity
volume.

6.9 Propeller ventilation

Propeller ventilation can have a signi cantin uence on
the performance characteristics of a propeller. Koushan
(Reference 45) has investigated these effects in relation
to a non-ducted thruster. He showed that in a ventilated
condition even when the propeller is well submerged the
loss of thrust can be as much as 40 per cent. In the cor-
responding condition of partial-submergence this loss
may rise to as high as 90 per cent. Moreover, the mech-
anism of ventilation can take many forms; for example,
it may be a direct drawing of air from the water surface
or, alternatively, it might be that the air uses some other
path such as down the surface of A or P brackets or some
other appendage and then passes to the propeller.

Scale effects are particularly in uential in assess-
ing the propeller characteristics and, in particular, the
in uence of the Weber (We), Depth Froude (Fn,) and
Ventilation ( ) number need to be considered. In this
context these numbers are de ned as:

We=nD ( D/S) Fnp= nD/ (gh)
2gh/(VR2)

\

where S is the air water surface tension
h is the propeller shaft immersion
VR is the propeller section in ow velocity
uncorrected for induction effects and normally
referred to the 0.7R radial location.

The remaining symbols
meaning.

In the case of the Weber number, because surface ten-
sion is a signi cant parameter in model testing, it has

,g,n and D have their usual
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a signi cant in uence on the measured results. Shiba
(Reference 46) based on a large set of model measure-
ments concluded that if the Weber number is greater
than 180 then its effect is probably insigni cant. Below
that critical number, however, it was concluded that less
or delayed ventilation might be observed at model scale
when compared to full scale.

When the propeller breaks the surface or is close to
the free surface and generates a system of local waves
and then the Froude depth number assumes importance.
In the case of the ventilation number, this is essentially
a cavitation number as discussed in Chapter 9 in which
the normal static vapour pressure is replaced with ambi-
ent pressure. From a little algebraic manipulation of the
relationships de ned above, it can be seen that if the
advance coef cient of a particular test is de ned and
then one of either the Froude depth number of the ven-
tilation number is satis ed then the other coef cientwill
also be satis ed.
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Theoretical methods to predict the action of propellers
began to develop in the latter part of the nineteenth cen-
tury. Perhaps the most notable of these early works was
that of Rankine, with his momentum theory, which
was closely followed by the blade element theories
of Froude. The modern theories of propeller action,
however, had to await the more fundamental works in
aerodynamics of Lanchester, Kutta, Joukowski, Munk
and Prandtl in the early years of the last century before
they could commence their development.

Lanchester, an English automobile engineer and self-
styled aerodynamicist, was the rst to relate the idea of
circulation with lift and he presented his ideas to the
Birmingham Natural History and Philosophical Society
in 1894. He subsequently wrote a paper to the Physical
Society, who declined to publish these ideas. Never-
theless, he published two books, Aerodynamics and
Aerodonetics, in 1907 and 1908 respectively. In these
books, which were subsequently translated into Ger-
man and French, we nd the rst mention of vortices
that trail downstream of the wing tips and the propos-
ition that these trailing vortices must be connected by a
vortex that crosses the wing: the rst indication of the

horse-shoe vortex model.

It appears that quite independently of Lanchesters
work in the eld of aerodynamics, Kutta developed the
idea that lift and circulation were related; however, he

Theoretical methods basic concepts 139

did not give the quantitative relation between these two
parameters. It was left to Joukowski, working in Russia
in 1906, to propose the relation

L=V (7.1)
This has since been known as the Kutta-Joukowski the-
orem. History shows that Joukowski was completely
unaware of Kuttas note on the subject, but in recog-
nition of both their contributions the theorem has
generally been known by their joint names.

Prandtl, generally acclaimed as the father of modern
aerodynamics, extended the work of aerodynamics into

nite wing theory by developing a classical lifting line
theory. This theory evolved to the concept of a lifting
line comprising an in nite number of horse-shoe vor-
tices as sketched in Figure 7.1. Munk, a colleague of
Prandtl at Gottingen, rst introduced the term induced
drag and also developed the aerofoil theory which has
produced such exceptionally good results in a wide
variety of subsonic applications.

From these beginnings the development of propeller
theories started, slowly at rst but then gathering
pace through the 1950s and 1960s. These theoreti-
cal methods, whether aimed at the design or analysis
problem, have all had the common aim of predict-
ing propeller performance by means of a mathematical
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model which has inherent assumptions built into it.
Consequently, these mathematical models of propeller
action rely on the same theoretical basis as that of aero-
dynamic wing design, and therefore appeal to the same
fundamental theorems of sub-sonic aerodynamics or
hydrodynamics. Although aerodynamics is perhaps the
wider ranging subject in terms of its dealing with a more
extensive range of ow speeds, for example subsonic,
supersonic and hypersonic ows, both non-cavitating
hydrodynamics and aerodynamics can be considered
the same subject provided the Mach number does not
exceed a value of round 0.4 to 0.5, which is where
the effects of compressibility in air start to become
appreciable.

This book is not a treatise on uid mechanics in gen-
eral, and therefore it will not deal in detail with the
more fundamental and abstract ideas of uid dynamics.
For these matters the reader is referred to References
1 to 4. In both this chapter and Chapter 8 we are con-
cerned with introducing the various theoretical methods
of propeller analysis, so as to provide a basis for further
reading or work. However, in order to do this certain
prerequisite theoretical ideas are needed, some of which
can be useful analytical tools in their own right. To
meet these requirements the subject is structured into
two parts; this chapter deals with the basic theoretical
concepts necessary to evolve and understand the the-
ories of propeller action which are then discussed in
more detail in Chapter 8: Table 7.1 shows this struc-
ture. The review of the basic concepts will of necessity

Table 7.1 Outline of Chapters 7 and 8

Chapter 7
Basic concepts and
theoretical methods

Chapter 8
Propeller theories

General Introduction

Experimental Single and
Cascade Aerofoil
Characteristics

Vortex Filaments and
Sheets

Momentum Theory

Blade Element Theory

Burrill Analysis Method

Lerbs Method

Early Design Methods
Burrill and Eckhardt and

Field Point Velocities Morgan
Kutta Condition Heavily Loaded Propellers
Kelvin's Theorem (Glover)

Thin Aerofoil Theory
Pressure Distribution

Lifting Surface Models
(Morgan et al., van-Gent,

Calculations Breslin)
NACA Pressure Advanced Lifting Line Lifting
Distribution Surface Hybrid Models

\otex Lattice Models
(Kerwin)

Approximation
Boundary Layer Growth

over Aerofoil Boundary Element Methods
Finite Wing and Special Propeller Types:
Downwash Controllable Pitch

Hydrodynamic Models of
Propeller Action

Vortex and Source Panel
Methods

Ducted Propellers
Contra-rotating
Supercavitating

be in overview terms consistent with this being a book
concerned with the application of uid mechanics to
the marine propeller problem. Furthermore, the discus-
sion of the propeller theories, if conducted in a detailed
and mathematically rigorous way, would not be con-
sistent with the primary aim of this book and would
also require many books of this size to do justice to
them. Accordingly the important methods will be dis-
cussed suf ciently for the reader to understand their
essential features, uses and limitations, and references
will be given for further detailed study. Also, where
several complementary methods exist within a certain
class of theoretical methods, only one will be discussed
and references given to the others.

7.1 Basic aerofoil section
characteristics

Before discussing the theoretical basis for propeller
analysis it is perhaps worth spending time considering
the experimental characteristics of wing sections, since
these are in essence what the analytical methods are
attempting to predict.

Figure 7.2 shows the experimental results for a
two-dimensional aerofoil having National Advisory
Committee for Aeronautics (NACA) 65 thickness form
superimposed onana = 1.0 mean line. The gure shows
the lift, drag and pitching moment characteristics of
the section as a function of angle of attack and for dif-
ferent Reynold numbers. In this instance the moment
coef cient is taken about the quarter chord point; this
point is frequently chosen since it is the aerodynamic
centre under the assumptions of thin aerofoil theory,
and in practice lies reasonably close to it. The aerody-
namic centre is the point where the resultant liftand drag
forces are assumed to act and hence do notin uence the
moment, which iscamber pro le and magnitude related.
The lift, drag and moment coef cients are given by the
relationships

L
L= 1 av?
D
Co=1—5 (7.2)
1 av?
and
M
R TVE

in which A is the wing area, | is a reference length, V
is the free stream incident velocity, the density of the

uid, L and D are the lift and drag forces, perpendicular
and parallel respectively to the incident ow, and M is
the pitching moment de ned about a convenient point.

These coef cients relate to the whole wing section
and as such relate to average values for a nite wing
section.
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Figure 7.2 Experimental single aerofoil characteristics (NACA 65-209) (Reproduced with permission from Reference 11)

For analysis purposes, however, it is of importance
to deal with the elemental values of the aerodynamic
coef cients, and these are denoted by the lower case
letters c1, €4, Cm, given by

_ L
Cl_% cv2
D
C=1T—> (7.3)
5 cv?
and
M
Cm - l CZVZ

2

in which c is the section chord lengthand L , D and M
are the forces and moments per unit span.

Returning now to Figure 7.2, it will be seen that whilst
the life slope is not in uenced by Reynolds number,
the maximum lift coef cient C_mnax is dependent upon
Rp. The quarter chord pitching moment is also largely
unaffected by Reynolds numbers over the range of non-
stalled performance and the almost constant nature of
the quarter chord pitching moment over the range is typ-
ical. There is, by general agreement, a sign convention
of the aerodynamic moments which states that moments
which tend to increase the incidence angle are conside-
red positive, whilst those which decrease the incidence
angle are negative. Moments acting on the aerofoil can
also be readily transferred to other points on the blade
section, most commonly the leading edge or, in the case
of a controllable pitch propeller, the spindle axis. With

reference to the simpli ed case shown in Figure 7.3 it
can be seen that

cL

Clearly, in the general case of Figure 7.3 both the lift
and drag would need to be resolved with respect to the
angle of incidence to obtain a valid transfer of moment.

In equation (7.4) the term X¢p is de ned as the centre
of pressure of the aerofoil and is the location of the
point where the resultant of the distributed load over the
section effectively acts. Consequently, if moments were
taken about the centre of pressure the integrated effect
of the distributed loads would be zero. The centre of
pressure is an extremely variable quantity; for example,
if the lift is zero, then by equation (7.4) it will be seen
that Xcp , and this tends to reduce its usefulness as
a measurement parameter.

The drag of the aerofoil as might be expected from
its viscous origin is strongly dependent on Reynolds
number, this effect is seen in Figure 7.2. The drag coef-

cient ¢, shown in this gure is known as the pro le
drag of the section and it comprises both a skin fric-
tion drag c, and a pressure drag c,,, both of which are
due to viscous effects. However, in the case of a three-
dimensional propeller blade or wing there is a third drag
component, termed the induced drag, c,;, which arises
from the free vortex system. Hence the total drag on the
section is given by equation (7.5):

Cq = Cyt + Cyp + Cy (7.5)
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Figure 7.3 Moment and force de nitions for aerofoils

The results shown in Figure 7.2 also show the zero lift
angle for the section which is the intersection of the lift
curve with the abscissa; as such, it is the angle at which
the aerofoil should be set relative to the incident ow in
order to give zero lift. The propeller problem, however,
rather than dealing with the single aerofoil in isolation
is concerned with the performance of aerofoils in cas-
cades. By this we mean a series of aerofoils, the blades
in the case of the propeller, working in suf cient prox-
imity to each other so that they mutually affect each
other s hydrodynamic characteristics. The effect of cas-
cades on single aerofoil performance characteristics is
shown in Figure 7.4. From the gure it is seen that both
the lift slope and the zero lift angle are altered. In the

ag, = zero lift angle for single aerofoil
og_ = zero lift angle for cascade

'\\ Lift coefficient C,

Angle of attack «

s

Figure 7.4 Effect of cascade on single aerofoil properties

case of the lift slope this is reduced from the single
aerofoil case, as is the magnitude of the zero lift angle.
As might be expected, the section drag coef cient is
also in uenced by the proximity of the other blades;
however, this results in an increase in drag.

7.2 Vortex laments and sheets
The concept of the vortex lament and the vortex sheet
is central to the understanding of many mathematical
models of propeller action. The idea of a vortex ow,
Figure 7.5(a), is well known and is considered in great
detail by many standard uid mechanics, textbooks. It
is, however, worth recalling the sign convention for
these ow regimes, which state that a positive circu-
lation induces a clockwise ow. For the purposes of
developing propeller models, this two-dimensional vor-
tex ow has to be extended into the concept of a line
vortex or vortex lament as shown in Figure 7.5(b).
The line vortex is a vortex of constant strength
acting along the entire length of the line describing its
path through space; in the case of propeller technol-
ogy this space will be three-dimensional. With regard
to vortex laments Helmholtz, the German mathemati-
cian, physicist and physician, established some basic
principles of inviscid vortex behaviour which have gen-
erally become known as Helmholtz vortex theorems:

1. The strength of a vortex
its length.

2. Avortex lament cannot end ina uid. As a conse-
quence the vortex must extend to the boundaries of
the uid which could be at —  or, alternatively, the
vortex lament must form a closed path within the

uid.

These theorems are particularly important since they
govern the formation and structure of inviscid vortex
propeller models.

lament is constant along
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Line vortex of strength I"

Figure 7.5 Vortex ows: (a) two-dimensional vortex and (b) line vortex
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Figure 7.6 Vortex sheet
The idea of the line vortex or vortex lament can

be extended to that of a vortex sheet. For simplicity at
this stage we will consider a vortex sheet comprising
anin nite number of straight line vortex laments side
by side as shown in Figure 7.6. Although we are here
considering straight line vortex laments the concept
is readily extended to curved vortex laments such as
might form a helical surface, as shown in Figure 7.7.
Returning, however, to Figure 7.6, let us consider the
sheet end-on looking in the direction Oy. If we de ne
the strength of the vortex sheet, per unit length, over

!

/

Figure 7.7 Helical vortex sheet

the sheetas (s) where s is the distance measured along
the vortex sheet in the edge view, we can then write for
an in nitesimal portion of the sheet, ds, the strength as
being equal to  ds. This small portion of the sheet can
then be treated as a distinct vortex strength which can
be used to calculate the velocity at some point P in the
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neighbourhood of the sheet. For the point P(x, z) shown
in Figure 7.6 the elemental velocity dV, perpendicular
to the direction r, is given by

ds
2r

Consequently, the total velocity at the point P is the sum-
mation of the elemental velocities at that point arising
from all the in nitesimal sections from a to b.

The circulation  around the vortex sheet is equal to
the sum of the strengths of all the elemental vortices
located between a and b, and is given by

av = (7.6)

b
= ds

a

(7.7)

In the case of a vortex sheet there is a discontinuity in
the tangential component of velocity across the sheet.
This change in velocity can readily be related to the
local sheet strength such that if we denote upper and
lower velocities immediately above and below the vor-
tex sheet, by u; and uy respectively, then the local jump
in tangential velocity across the vortex sheet is equal to
the local sheet strength:

=u U

The concept of the vortex sheet is instrumental in
analysing the properties of aerofoil sections and nds
many applications in propeller theory. For example,
one such theory of aerofoil action might be to replace
the aerofoil with a vortex sheet of variable strength, as
shown in Figure 7.8. The problem then becomes to cal-
culate the distribution of (s) so as to make the aerofoil
surface become a streamline to the ow.

v(s)

[

Figure 7.8 Simulation of an aerofoil section by a vortex
sheet

These analytical philosophies were known at the time
of Prandtl in the early 1920s; however, they had to await
the advent of high-speed digital computers some forty
years later before solutions on a general basis could be
attempted.

In addition to being a convenient mathematical
device for modelling aerofoil action, the idea of
replacing the aerofoil surface with a vortex sheet also
has a physical signi cance. The thin boundary layer
which is formed over the aerofoil surface is a highly
viscous region in which the large velocity gradients
produce substantial amounts of vorticity. Consequently,
there is a distribution of vorticity along the aerofoil sur-
face due to viscosity and the philosophy of replacing the
aerofoil surface with a vortex sheet can be construed as a
way of modelling the viscous effects in an inviscid ow.

7.3 Field point velocities

The eld point velocities are those uid velocities that
may be in either close proximity to or remote from the
body of interest. In the case of a propeller the eld
point velocities are those that surround the propeller
both upstream and downstream of it.

The mathematical models of propeller action are
today based on systems of vortices combined in a
variety of ways in order to give the desired physical
representation. As a consequence of this a principal
tool for calculating eld point velocities is the Biot
Savart law. This law is a general result of potential theory
and describes both electromagnetic elds and inviscid,
incompressible ows. In general terms the law can be
stated (see Figure 7.9) as the velocity d¥ induced at
a point P of radius r from a segment d§ of a vortex

lament of strength  given by

_dh o
dW—TW (7.8)

Figure 7.9 Application of the Biot Savart law to a
general vortex lament

To illustrate the application of the Biot Savart law, two
common examples of direct application to propeller the-
ory are cited here: the rstisasemi-in nite line vortex
and the second is a semi-in nite regular helical vortex.
Both of these examples commonly represent systems of
free vortices emanating from the propeller.

First, the semi-in nite line vortex. Consider the sys-
tem shown in Figure 7.10, which shows a segment dé of
a straight line vortex originating at O and extending to
in nity in the positive x-direction. Note that in practice,
according to Helmholtz theorem, the vortex could not
end at the point O but must be joined to some other
system of vortices. However, for our purposes here it is
suf cientto consider this part of the system in isolation.
Now the velocity induced at the point P distant r from
d# is given by equation (7.8) as

sin df
r2
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Figure 7.11 Application of Biot Savart law to a semi-in nite regular helical vortex lament

from which the velocity at P is written as
sin ds
Vp=— —
4 = r2

and since s =h (cot
0

cot ) we have

Vp = i sin d

that is
Vp= —(1 7.
P=7 h( cos ) (7.9)

The direction of Vp is normal to the plane of the paper,
by the de nition of a vector cross product.

In the second case of a regular helical vortex the
analysis becomes a little more complex, although the

concept is the same. Consider the case where a helical
vortex lament starts at the propeller disc and extends
to in nity having a constant radius and pitch angle, as
shown in Figure 7.11. From equation (7.8) the velocity
at the point P due to the segment d§ is given by

di dé &)

4 a3

and from the geometry of the problem we can derive
from

d=ad+af+ak
that
4= rsin( +

+(ro

(v + yolf
rcos( + )R
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Similarly,

§()=rsin( + W+r tan J+rcos( + M
from which we can derive

dii= ——
4 a3
i i k
rcos( + ) r tan j rsin( + )
rsin( + ) (y+yo) ro rcos( + )

where the scalar a is given by
[y +yo)2+r2+r2 2rgrcos( + )*¥?

Hence the component velocities uy, uy and u, are given
by the relations

_r
Ue =7
tan j(rcos( + )) (y+yo)sin( + )
o [y+yo)2+r2+r3 2rrocos( + )32
Uy = r
YT
r rgcos( + )
o [y+yo)2+r2+r3 2rrgcos( + )32
_ r
Uz = 7=

rtan jsin( + )
o [(y+yo)2+r2+r?

(y +vyo)cos( + )
2rrgcos( + )32

(7.10)

These two examples are suf cientto illustrate the proce-
dure behind the calculation of the eld point velocities
ininviscid ow. Clearly these principles can be extended
to include horse-shoe vortex systems, irregular helical
vortices, that is ones where the pitch and radius vary,
and other more complex systems as required by the
modelling techniques employed.

Itis, however, importantto keep in mind, when apply-
ing these vortex lament techniques to calculate the
velocities at various eld points, that they are simply
conceptual hydrodynamic tools for synthesizing more
complex ows of an inviscid nature. As such they are
a convenient means of solving Laplace s equation, the
equation governing these types of ow, and are not by
themselves of any great signi cance. However, when
a number of vortex laments are used in conjunction
with a free stream ow function it becomes possible
to synthesize a ow which has a practical propeller
application.

7.4 The Kutta condition

For potential ow over acylinder we know that, depend-
ing on the strength of the circulation, a number of possi-
ble solutions are attainable. A similar situation appliesto

the theoretical solution for an aerofoil in potential ow;
however, nature selects just one of these solutions.

In 1902, Kutta made the observation that the ow
leaves the top and bottom surfaces of an aerofoil
smoothly at the trailing edge. This, in general terms,
is the Kutta condition. More speci cally, however, this
condition can be expressed as follows:

1. The value of the circulation for a given aerofoil ata
particular angle of attack is such that the ow leaves
the trailing edge smoothly.

2. If the angle made by the upper and lower surfaces of
the aerofoil is nite, that is non-zero, then the trailing
edge is a stagnation point at which the velocity is
zero.

3. If the trailing edge is cusped , that is the angle
between the surfaces is zero, the velocities are
non-zero and equal in magnitude and direction.

By returning to the concept discussed in Section 7.2,
in which the aerofoil surface was replaced with a system
of vortex sheets and where it was noted that the strength
of the vortex sheet (s) was variable along its length,
then according to the Kutta condition the velocities
on the upper and lower surfaces of the aerofoil are equal
at the trailing edge. Then from equation (7.7) we have

(g = U W
which implies in order to satisfy the Kutta condition

@ =0 (7.11)

7.5 The starting vortex

Kelvins circulation theorem states that the rate of
change of circulation with time around a closed curve
comprising the same uid element is zero. In math-
ematical form this is expressed as

D

Dt
This theorem is important since it helps explain the gen-
eration of circulation about an aerofoil. Consider an
aerofoil at rest as shown by Figure 7.12(a); clearly in this
case the circulation  about the aerofoil is zero. Now
as the aerofoil beings to move the streamline pattern in
this initial transient state looks similar to that shown in
Figure 7.12(b). From the gure we observe that high-
velocity gradients are formed at the trailing edge and
these will lead to high levels of vorticity. This high vor-
ticity is attached to a set of uid elements which will
then move downstream as they move away from the trail-
ing edge. As they move away this thin sheet of intense
vorticity is unstable and consequently tends to roll up
to give a point vortex which is called the starting vortex
(Figure 7.12(c)). After a short period of time the ow
stabilizes around the aerofoil, the ow leaves the trail-
ing edge smoothly and the vorticity tends to decrease
and disappear as the Kutta condition establishes itself.

=0 (7.12)
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1, 2 are stagnation points

(b}

Kutta condition established

(c}

Starting vortex

Figure 7.12 Establishment of the starting vortex: (a) aerofoil at rest; (b) streamlines on starting prior to Kutta condition

being established and (c) conditions at some time after starting

The starting vortex has, however, been formed during
the starting process, and then continues to move steadily
downstream away from the aerofoil.

If we consider for a moment the same contour com-
prising the same uid elements both when the aerofoil
is at rest and also after some time interval when the
aerofoil is in steady motion, Kelvin s theorem tells us
that the circulation remains constant. In Figure 7.12(a)
and (c) this implies that

1= ,=0
for the curves Cq and C, which embrace the same uid
elements at different times, since 1 =0 when the aero-
foil was at rest. Let us now consider C, split into two
regions, Cs enclosing the starting vortex and Cy4 the
aerofoil. Then the circulation around these contours 3
and 4 is given by

st 4=

but since ,=0, then
4= 3 (7.13)

which implies that the circulation around the aerofoil is
equal and opposite to that of the starting vortex.

In summary, therefore, we see that when the aerofoil
is started large velocity gradients at the trailing edge are
formed leading to intense vorticity in this region which
rolls up downstream of the aerofoil to form the starting

vortex. Since this vortex has associated with it an
anticlockwise circulation itinduces a clockwise circula-
tion around the aerofoil. This system of vortices builds
up during the starting process until the vortex around the
aerofoil gains the correct strength to satisfy the Kutta
condition, at which point the shed vorticity ceases and
steady conditions prevail around the aerofoil. The start-
ing vortex then trails away downstream of the aerofoil.

These conditions have been veri ed experimentally
by ow visualization studies on many occasions; the
classic pictures taken by Prandtl and Tietjens (Reference
5) are typical and well worth studying.

7.6 Thin aerofoil theory

Figure 7.8 showed the simulation of an aerofoil by a vor-
tex sheet of variable strength  (s). If one imagines a thin
aerofoil such that both surfaces come closer together,
it becomes possible, without signi cant error, to con-
sider the aerofoil to be represented by its camber line
with a distribution of vorticity placed along its length.
When this is the case the resulting analysis is known as
thin aerofoil theory, and is applicable to a wide class of
aerofoils, many of which nd application in propeller
technology.

Consider Figure 7.13, which shows a distribution of
vorticity along the camber line of an aerofoil. For the
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Figure 7.13 Thin aerofoil representation of an aerofoil

camber line to be a streamline inthe ow eld the com-
ponent of velocity normal to the camber line must be
zero along its entire length. This implies that

n(s)=0

where Vj, is the component of free stream velocity nor-
mal to the camber line, see inset in Figure 7.13; and
n(s) is the normal velocity induced by the vortex sheet
at some distance s around the camber line from the
leading edge.
If we now consider the components of equation (7.14)
separately. From Figure 7.13 it is apparent, again from
the inset, that for any point Q along the camber line,

1 &
dx

For small values of and dz/dx, which are condi-
tions of thin aerofoil theory and are almost always met
in steady propeller theory, the general condition that

Vi + (7.14)

Vo =Vsin  +tan

sin tan holds and, consequently, we may write
for the above equation
dz
Vh =V — 7.15
" o (7.15)

where , the angle of incidence, is measured in radians.

Now consider the second term in equation (7.14), the
normal velocity induced by the vortex sheet. We have
previously stated that dz/dx is small for thin aerofoil
theory, hence we can assume that the camber chord
ratio will also be small. This enables us to further

o
x Y

assume that normal velocity at the chord line will be
approximately that at the corresponding point on the
camber line and to consider the distribution of vorticity
along the camber line to be represented by an identical
distribution along the chord without incurring any sig-
ni cant error. Furthermore, implicit in this assumption
is that the distance s around the camber line approxi-
mates the distance x along the section chord. Now to
develop an expression for (s) consider Figure 7.14,
which incorporates these assumptions.

From equation (7.6) we can write the following
expression for the component of velocityd n(x) normal
to the chord line resulting from the vorticity element d
whose strength is  ( ):

()d
2 (x )
Hence the total velocity n(x) resulting from all the
contributions of vorticity along the chord of the aerofoil
is given by
¢ ()

X) =
n(X) 26X )

Consequently, by substituting this equation together
with equation (7.15) back into equation (7.14), we
derive the fundamental equation of thin aerofoil theory

C

1, @

2 o (x ) dx
This equation is an integral equation whose unknown
is the distribution of vortex strength () for a given

d n(x)=

(7.16)



Z |

Theoretical methods basic concepts 149

dE|-r\
(\r\c-am\rJ A A W o W o o Vo W o M S
ZANZIA VIR VI S B AT VS M I VR V2 TR STy
¢ :
X
Ywnlx)

Figure 7.14 Calculation of induced velocity at the chord line

incidence angle and camber pro le. In this equation
,asinall of the previous discussion, is simply adummy
variable along the Ox axis or chord line.

In order to nd a solution to the general problem
of a cambered aerofoil, and the one of most practical
importance to the propeller analyst, it is necessary to
use the substitutions

c
= —(1
2( cos )
which impliesd =(c/2)sin d and
c
= —(1
X 2( CoS o)

which then transforms equation (7.16) into

1 sin d dz
1 (Qsind _ v i (7.17)
2 o cos cos o) dx

In this equation the limits of integration = corres-

pondsto =cand =0to =0, as can be deduced
from the above substitutions.

Now the solution of equation (7.17), which obeys the
Kutta condition at the trailing edge, thatis ( )=0,
and make the camber line a streamline to the ow, is
found to be

(Y=2v Ay 25 4 Asin(n) (7.18)

sin
n=1

in which the Fourier coef cients Ag and A, can be
shown, as stated below, to relate to the shape of the
camber line and the angle of the incidence ow by the
substitution of equation (7.18) into (7.17) followed by
some algebraic manipulation:

1 dz
Ay = - — d 7.18
0 . oax do (7.18a)
2 dz
An=2 - d
n o dx cos(n o)d o

For the details of this manipulation the reader is referred
to any standard textbook on aerodynamics.

In summary, therefore, equations (7.18) and (7.18a)
de ne the strength of the vortex sheet distributed over

a camber line of a given shape and at a particular
incidence angle so as to obey the Kutta condition at
the trailing edge. The restrictions to this theoretical
treatment are that:

1. the aerofoils are two-dimensional and operating as
isolated aerofoils,

2. the thickness and camber chord ratios are small,

3. the incidence angle is also small.

Conditions (2) and (3) are normally met in propeller
technology, certainly in the outer blade sections. How-
ever, because the aspect ratio of a propeller blade is
small and all propeller blades operate in a cascade, Con-
dition (1) is never satis ed and corrections have to be
introduced for this type of analysis, as will be seen later.

With these reservations in mind, equation (7.18) can
be developed further, so as to obtain relationships for
the normal aerodynamic properties of an aerofoil.

From equation (7.7) the circulation around the cam-
ber line is given by

Cc
= ()d
0
which, by using the earlier substitution of =(c/2)
(1 cos ), takes the form
C

= ()sin d (7.19)
2 9
from which equation (7.18) can be written as

=cV Ao (1 +cos )
0

+ An sin sin(n )d
n=1 0
which, by reference to any table of standard integrals,
reduces to

=V Ao+ oA (7.20)
Now by combining equations (7.1) and (7.3), one can
derive an equation for the lift coef cient per unitspan as

2

C = —
YT ve
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from which we derive from equation (7.20)
C, = [2A0 + Al] (721)

Consequently, by substituting equations (7.18a) into
(7.21) we derive the general thin aerofoil relation for
the lift coef cient per unit span as
1 d
c, =2 + — &
0 dx
Equation (7.22) can be seen as a linear equation between
cand for a given camber geometry by splitting the
terms in the following way:

(cos ¢ 1)d o (7.22)

2 2

c,=2
! 0 dx

(cos o 1) o

Lift Lift at zero incidence
slope

in which the theoretical life slope

dc,
— =2 /rad
5 ra

(7.23)
Figure 7.15 shows the thin aerofoil characteristics
schematically plotted against experimental single and
cascaded aerofoil results. From the gure it is seen that
the actual life slope curve is generally less than 2 .

Thetheoretical zeroliftangle ¢ istheangle forwhich
equation (7.22) yields avalue of c, = 0. Assuchitis seen
that

0= - — (cos ¢ 1d o (7.24)

0 dx

Lift slope doy w 2n
20

Lift coefficient C;

/ Angle of incidence o

Theoretical
zero lift angle o

Figure 7.15 Thin aerofoil and experimental aerofoil
characteristics
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-
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Figure 7.16 Calculation of moments about the leading
edge

Again from Figure 7.15 it is seen that the experimental
results for zero lift angle for single and cascaded aero-
foilsare less than these predicted by thin aerofoil theory.
Thin aerofoil theory also predicts the pitching
moment of the aerofoil. Consider Figure 7.16 which
shows a more detailed view of the element of the vortex
sheet shown in Figure 7.14. From Figure 7.16 we see
that the moment per unit span of the aerofoil is given by
C C
Mg = (b= Vv ()d
0 0
which by substituting in the distribution of vorticity
given by equation (7.18) and again using the transform-

ation =(c/2)(1 cos ) gives
VZCZ
Mg = Ao(l  cos? )d
0
+ Apsin sin(n )d
0 h=1

Apsin cos sin(n )d
0 =1
which, by solving in an analogous way to that for c,
and using the de nition of the moment coef cient given
in equation (7.3), gives an expression for the pitch-
ing moment coef cient about the leading edge of the
aerofoil as

Az
Crmg = 5 Ao +A; 7

or by appeal to equation (7.21)

c

Cme = 4+ (A1 A9) (7.25)
and since from equation (7.4)

Cme = Zl + Cmeyy
we may deduce that

Cmes = 7 (A2 Ad] (7.26)

Equation (7.26) demonstrates that, according to thin
aerofoil theory, the aerodynamic centre is at the quarter
chord point, since the pitching moment at this point



is dependent only on the camber pro le (see equation
(7.18a) for the basis of the coef cients A; and Ap) and
independent of the lift coef cient.

Equations (7.23) to (7.26) are signi cant results in
thin aerofoil theory and also in many branches of pro-
peller analysis. It is therefore important to be able
to calculate these parameters readily for an arbitrary
aerofoil. The theoretical lift slope curve presents no
problem, since it is a general result independent of aero-
foil geometry. However, this is not the case with the
other equations, since the integrals behave badly in the
region of the leading and trailing edges. To overcome
these problems various numerical procedures have been
developed over the years. In the case of the aero lift
angle, Burrill (Reference 6) and Hawdon et al. (Ref-
erence 7) developed a tabular method based on the
relationship

19

0=—  fa(X) yn(x) degrees (7.27)
n=1
where the chordal spacing is given by
cn
Xn = 2 (n=1,2,3,4,...,20)

The multipliers f,(x) are given in Table 7.2 for both sets
of references. The Burrill dataissuf cient for most con-
ventional aerofoil shapes; however, it does lead to inac-
curacies when dealing with S shaped sections, such as
might be encountered when analysing controllable pitch
propellers in off-design pitch settings. This is due to its
being based on a trapezoidal rule formulation. The Haw-
don relationship was designed to overcome this problem

Table 7.2 Zero lift angle multiplies for use with
equation (7.27)

n Xe fn(x) Burrill fn(x) Hawdon et al.
LE
1 0.15 5.04 5.04
2 0.10 3.38 3.38
3 0.15 3.01 3.00
4 0.20 2.87 2.85
5 0.25 2.81 2.81
6 0.30 2.84 2.84
7 0.35 2.92 2.94
8 0.40 3.09 3.10
9 0.45 3.32 3.33
10 0.50 3.64 3.65
11 0.55 4.07 4.07
12 0.60 4.64 4.65
13 0.65 5.44 5.46
14 0.70 6.65 6.63
15 0.75 8.59 8.43
16 0.80 11.40 11.40
17 0.85 17.05 17.02
18 0.90 35.40 22.82
19 0.95 186.20 310.72
TE
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by using a second-order relationship and systematic
tests with camber lines ranging from a parabolic form to
asymmetrical S shape showed this latter relationship
to agree to within 0.5 per cent of the thin aerofoil results.

With regard to the pitching moment coef cientasimi-
lar approximation method was developed by Pankhurst
(Reference 8). In this procedure the pitching moment
coef cient is given by the relationship

14

Cmes = 2 Ba(Vb(Xn) + s (xn) (7.28)

n=1

where y, and ys are the back and face ordinates of
the aerofoil at each of the x, chordal spacings. The
coef cients By, are given in Table 7.3.

Table 7.3 Pitching moment coef cient multipliers
for equation (7.28) (taken from Reference 11).

n Xn Bn
1 0 (LE) 0.119
2 0.025 0.156
3 0.05 0.104
4 0.10 0.124
5 0.20 0.074
6 0.30 0.009
7 0.40 0.045
8 0.50 0.101
9 0.60 0.170
10 0.70 0.273
11 0.80 0.477
12 0.90 0.786
13 0.95 3.026
14 1.00 (TE) 4.289

7.7 Pressure distribution calculations

The calculation of the pressure distribution about an
aerofoil section having a nite thickness has trad-
itionally been undertaken by making use of conformal
transformation methods. Theodorsen (References 9 and
10) recognized that most wing forms have a general
resemblance to each other, and since a transformation
of the type

=7+ —

z
transforms a circle in the z-plane (complex plane) into
a curve resembling a wing section in the plane (also
a complex plane), most wing forms can be transformed
into nearly circular forms. He derived a procedure that
evaluated the ow about a nearly circular curve from
that ground a circular form and showed this process to
be a rapidly converging procedure. The derivation of
Theodorsen s relationship for the velocity distribution
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about an arbitrary wing form is divided into three stages
as follows:

1. The establishment of relations between the ow in
the plane of the wing section ( -plane) and that of
the near circle plane (z -plane).

2. Thederivation of the relationship betweenthe ow in
z -planeandthe ow inthetruecircle plane (z-plane).

3. The combining of the two previous stages into the

nal expression for the velocity distribution in the
-plane in terms of the ordinates of the wing section.

The derivation of the nal equation for the velocity dis-
tribution, equation (7.29), can be found in Abbott and
van Doenhoff (Reference 11) for the reader who is inter-
ested in the details of the derivation. For our purposes
here, however, we merely state the results as

y=VlsinCo+ )*sin( o+ I+ (d /d )le °

{(sinh2  +sin? )[1+(d 7d )]}
(7.29)

where v is the local velocity on any point on the surface
of the wing section and V is the free streams velocity.

In order to make use of equation (7.29) to calculate
the velocity at some point on the wing section it is neces-
sary to de ne the coordinates of the wing section with
respect to a line joining a point which is located mid-
way between the nose of the section and its centre of
curvature to the trailing edge. The coordinates of these
leading and trailing points are taken to be ( 2a, 0) and
(2a, 0) respectively with a=1 for convenience. Next
the valuesof and are found from the coordinates (x,
y) of the wing section as follows:

2
2sin2 =p+ p2+ % (7.30)
with
X 2 y 2
=1 - =
P 2a 2a
and
y = 2asinh sin
(7.31)

X = 2asinh  cos

The function ¢=(1/2 ) 02 d hasthentobe deter-
mined from the relationship between and . A
rst approximation to the parameter can be found

by conjugating the curve of  against using the
relationship
1" k
()=- ( x Weot — (7.32)
n 2n
k=1
with
k
k= + —
n

where the corrdinates in the z-plane are de ned by
z=ael +)

For most purposes a value n=40 will give suf -
ciently accurate results.

Finally the values of (d /d ) and (d /d ) are deter-
mined from the curves of and against and hence
equation (7.29) can be evaluated, usually in terms
of viV.

For many purposes the rst approximation to s
suf ciently accurate; however, if this is not the case
then a second approximation can be made by plotting

against + and re-working the calculation from the
determination of the function g.

This procedure is exact for computations in ideal

uids; however, the presence of viscosity to a real uid
leads to discrepancies between experiment and calcula-
tion. The growth of the boundary layer over the section
effectively changes the shape of the section, and one
result of this is that the theoretical rate of changes of
lift with angle of incidence is not realized. Pinkerton
(Reference 12) found that fair agreement with exper-
iment for the NACA 4412 aerofoil could be obtained
by effectively distorting the shape of the section. The
amount of the distortion is determined by calculating
theincrement  ;requiredtoavoidin nite velocities at
the trailing edge after the circulation has been adjusted
to give the experimentally observed life coef cient. This

gives rise to a modi ed function:
= —+

(7.33)
is the

.
1 cos
S cos )

where is the original inviscid function and
modi ed value of the section.

Figure 7.17 shows the agreement obtained from the
NACA 4412 pressure distribution using the Theodorsen
and Theodorsen with Pinkerton correction methods.

The Theodorsen method is clearly not the only
method of calculating the pressure distribution around
an aerofoil section. It is one of a class of inviscid
methods; other methods commonly used are those
by Riegels and Wittich (Reference 13) and Weber

ok

-3.0+

Theodorson theory

—==—— Theodorson theory with
Pinkerton correction

x  Experimental result

NACA 4412

~1.0+ Incidence = 8°

Figure 7.17 Comparison of theoretical and experimental
pressure distributions around an aerofoil



(Reference 14). The Weber method was based origi-
nally on the earlier work of Riegels and Wittich, which
in itself was closely related to the works of Goldstein,
Thwaites and Watson, and provides a readily calculable
procedure at either 8, 16 or 32 points around the aero-
foil. The location of the calculation points is de ned by
a cosine function, so that a much greater distribution of
calculation points is achieved at the leading and trail-
ing edges of the section. Comparison of the methods,
those based on Theodorsen, Riegels Wittich and Weber,
shows little variation for the range of aerofoils of interest
to propeller designers so the choice of method reduces
to one of personal preference for the user. The invis-
cid approach was extended to the cascade problem by
Wilkinson (Reference 15). In addition to the solutions
to the aerofoil pressure distribution problem discussed
here, the use of numerical methods based on vortex
panel methods have been shown to give useful and reli-
ableresults. These will be introduced later in the chapter.

The calculation of the viscous pressure distribution
around an aerofoil is a particularly complex procedure,
and rigorous methods such as those by Firmin (Refer-
ence 16) need to be employed. Indeed the complexity
of these methods has generally precluded them from
propeller analysis and many design programmes at the
present time in favour of more approximate methods,
as will be seen later.

If the section thickness distribution and camber line
are of standard forms for which velocity distributions
are known, such as the NACA forms, then the resulting
velocity distribution can be readily approximated. The
basis of the approximation is that the load distribution
over a thin section may be considered to comprise two
components:

1. A basic load distribution at the ideal angle of attack.

2. An additional distribution of load which is propor-
tional to the angle of attack as measured from the
ideal angle of attack.

The basic load distribution is a function only of the
shape of the thin aerofoil section, and if the section is
considered only to be the mean line, then it is a function
only of the mean line geometry. Hence, if the parent
camber line is modi ed by multiplying all of the ordin-
ates by a constant factor, then the ideal design of attack

i and the design lift coef cient ¢); of the modi ed cam-
ber line are similarly derived by multiplying the parent
values by the same factor.

The second distribution cited above results from the
angle of attack of the section and is termed the additional
load distribution; theoretically this does not contribute
to any additional moment about the quarter chord point
of the aerofoil. In practice there is a small effect since
the aerodynamic centre in viscous ow is usually just
astern of the quarter chord point. This additional load
distribution is dependent to an extent on aerofoil shape
and is also non-linear with incidence angle but can be
calculated for a given aerofoil shape using the methods
cited earlier in this chapter. The non-linearity with inci-
dence angle, however, is small and for most marine
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engineering purposes can be assumed linear. As a
consequence, additional load distributions are normally
calculated only for a series of pro le forms at a repre-
sentative incidence angle and assumed to be linear for
other values.

In addition to these two components of load, the
actual thickness form at zero incidence has a velocity
distribution over the surface associated with it, but this
does not contribute to the external load produced by
the aerofoil. Accordingly, the resultant velocity dis-
tribution over the aerofoil surface can be considered
to comprise three separate and, to a rst approxima-
tion, independent components, which can be added to
give the resultant velocity distribution at a particular
incidence angle. These components are as follows:

1. A velocity distribution over the basic thickness form
at zero incidence.

2. A velocity distribution over the mean line corres-
ponding to the load distribution at its ideal angle of
incidence.

3. A velocity distribution corresponding to the add-
itional load distribution associated with the angle of
incidence of the aerofoil.

Figure 7.18 demonstrates the procedure and the
velocity distributions for standard NACA aerofoil forms

1.2-/,_—\

— 0.8F
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: : : 0.4
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at zero angle of attack
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Figure 7.18 Synthesis of pressure distribution
(Reproduced with permission from Reference 11)
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Table 7.4 Typical NACA data for propeller type sections

X y (VIV)? A% ValV
(%) (%c)
0 0 0 0 5.471
1.25 0.646 1.050 1.029 1.376
25 0.903 1.085 1.042 0.980
5.0 1.255 1.097 1.047 0.689
75 1.516 1.105 1.051 0.557
10 1.729 1.108 1.053 0.476
15 2.067 1.112 1.055 0.379
20 2.332 1.116 1.057 0.319
30 2.709 1.123 1.060 0.244
40 2.927 1.132 1.064 0.196
50 3.000 1.137 1.066 0.160
60 2.917 1.141 1.068 0.130
70 2.635 1.132 1.064 0.104
80 2.099 1.104 1.051 0.077
90 1.259 1.035 1.017 0.049
95 0.707 0.962 0.981 0.032
100 0.060 0 0 0
LE radius: 0.176 % ¢
NACA 16-006 basic thickness form
c; =1.0 i=140 cm, = 0.219
X y dyc/dx Pr v/V =PRrl4
(%c) (%)
0 0
05 0.281 0.47539
0.75 0.396 0.44004
1.25 0.603 0.39531
25 1055 0.33404
1.092 0.273
50 1.803 0.27149
75 2432 0.23378
10 2.981 0.20618
15 3.903 0.16546
20 4.651 0.13452
1.096 0.274
25 5.257 0.10873
30 5.742 0.08595
35 6.120 0.06498
40 6.394 0.04507 1.100 0.275
45 6.571 0.02559
50 6.651 0.00607
55 6.631 0.01404 1.104 0.276
60 6.508 0.03537
65 6.274 0.05887 1.108 0.277
70 5.913 0.08610 1.108 0.277
75 5.401 0.12058 1.112 0.278
80 4.673 0.18034 1.112 0.278
85 3.607 0.23430 0.840 0.210
90 2.452 0.24521 0.588 0.147
95 1.226 0.24521 0.368 0.092
100 0 024521 0 0

Data for NACA mean line a=0.8 (modi ed)

2.0
1.6
1.2
) =
0.8 \\
NACA 16-008
0.4 i
0 0.2 0.4 0.6 08 1.0
x/e
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0
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2
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c
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can be obtained from Reference 11. By way of example
of this data, Table 7.4 shows the relevant data for
a NACA 16-006 basic thickness form and a NACA
a=0.8 modi ed mean line. It will be seen that this
data can be used principally in two ways: rst, given
a section form at incidence, to determine the resulting
pressure distribution and secondly, given the section
form and lift coef cient, to determine the appropriate
design incidence and associated pressure distribution.
In the rst case for a given maximum camber of
the subject aerofoil the value of ¢;;, i, Cm, and the
v/V distribution are scaled by the ratio of the max-
imum camber chord ratio, taking into accountany ow
curvature effects from that shown in Table 7.4.

In the case of the a=0.8 (modi ed) mean line:

y/c of actual aerofoil
0.06651
(7.34)

The values of v/V relating to the basic section thick-
ness velocity distribution at zero incidence can be
used directly from the appropriate table relating to the
thickness form. However, the additional load velocity
distribution requires modi cation since that given in
Table 7.4 relates to a speci c lift coef cientc,: in many
cases this lift coef cient has a value of unity, but this
needs to be checked (Reference 11) for each particu-
lar application in order to avoid serious error. Since the
data given in Reference 11 relates to potential ow, the
associated angle of incidence for the distribution can be
calculated as

_C
)

Hence the
factor of

camber scale factor (S¢)

(7.35)

va/V distribution has to be scaled by a

additional load scale factor (Sa) =
(7.36)

The resultant velocity distribution over the surface of
the aerofoil is then given by

v v Va
V)= — + — + —_—
/vy v Sc v Sa v
(7.37)
WV) =2 s —Y 54 2
LTV Y ATV

where the suf ces U and L relate to the upper and lower
aerofoil surfaces respectively.

In the second case, cited above, of a given section
form and desired lift coef cientan analogous procedure
is adopted in which the camber scale factor, equation
(7.34), isapplied to the  v/V distribution. However, in
this case equation (7.36) is modi ed to take the form

C. Cy

7.36
& (7.362)

S/_\:
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The resultant surface velocity distribution is then cal-
culated using equations (7.37).

The pressure distribution around the aerofoil is
related to the velocity distribution by Bernoullis
equation:

1 1
p o5 Vi=p+o U (7.38)
where p and p, are the static pressures remote from

the aerofoil and at a point on the surface where the local
velocity is u respectively. Then by rearranging equation
(7.38), we obtain

1
P. P =§(V2 u?)

and dividing by the free stream dynamic pressure % Ve,
where V is the free stream velocity far from the aerofoil,
we have

P P -1

u 2
12
IV v

(7.39)

The term [(p. p )/% V2] is termed the pressure
coef cient (Cp) for a point on the surface of the aero-
foil; hence in terms of this coef cient equation (7.39)
becomes

u 2

Co=1 (7.40)

7.8 Boundary layer growth over
an aerofoil

Classical theoretical methods of the type outlined in this
chapter very largely ignore the viscous nature of water
by introducing the inviscid assumption early in their
development. The viscous behaviour of water, however,
provides a generally small but, nevertheless, signi cant
force on the propeller blade sections, and as such needs
to be taken into account in calculation methods.

Traditionally viscous effects have been taken into
account in a global sense by considering the results of
model tests on standard aerofoil forms and then plot-
ting faired trends. Typical in this respect are the drag
characteristics derived by Burrill (Reference 6) which
were based on the NACA and other data available at
that time. For many propeller sections, typically in the
tip region, where the thickness to chord values are low,
and also for non-conventional propulsors, it becomes
necessary either to extrapolate data, develop new data
or establish reliable calculation procedures. Of these
options the rst can clearly lead to errors, the second
can be expensive, which leaves the third as an alternative
course of action.

Boundary layer theory in the general sense of its
application to the aerofoil problem and the complete
solution of the Navier Stokes equations is a complex
and lengthy matter. As such, it has only been attempted
for propeller design and analysis procedures, outside of



156  Marine propellers and propulsion

research exercises, in a relatively small number of cases
and approximate methods have largely been applied in
the various propeller theories. Schlichting (Reference
17) gives a very rigorous and thorough discussion of
the boundary layer and its analysis and for a detailed
account of this branch of the subject the reader is
referred to this work, since all that can be provided
within the con nes of this chapter is an introduction to
the subject in the context of propeller performance.
For the general case of an aerofoil the boundary
layer development commences from the leading edge,
or more speci cally, the forward stagnation point. In
these early stages of development the ow around the
section is normally laminar; however, after a period of
time the ow undergoes a transition to a fully turbulent
state. The time, or alternatively the distance around the
section, at which the transition takes place is a variable
dependent upon the ow velocities involved and the
blade surface texture; in the case of a full-size propeller
these times and distances are very short, but in the case
of model this need not be the case. When transition
takes place between the laminar and turbulent ow it
takes place overa nite distance, and the position of the
transition is of considerable importance to the growth
of the boundary layer. Figure 7.19 shows the typical
growth of a boundary layer over a symmetrical aerofoil,

E}x 100
c
(]
[ ]
T

(

L.E:

Chord

) ! ] L 1
0.2 0.4 0.6 0.8 1.0

Mon-dimensional chord length x./c

Boundary layer thickness

Figure 7.19 Typical growth of boundary layer thickness
over an aerofoil section

as found from experiment. It will be seen that in this case
the boundary layer thickens rapidly between 0.27¢ and
0.30c, which is a common feature in the presence of an
adverse pressure gradient, and is also associated with
the transition from laminar to turbulent ow.

The work of a number of researchers has established
that the boundary layer transition process can be charac-
terized into anumber of stages for aquiet boundary layer

ow over a smooth surface. Moving downstream from
the stable laminar ow near the leading edge an unsta-
ble two-dimensional series of Tollmien Schlichting
waves start to develop from which three-dimensional
unstable waves and hairpin eddies are then generated.
Vortex breakdown in high localized shear regions of
the ow are then seen to occur after which cascading
vortex break down into fully three-dimensional ow

uctuations become apparent. At these locally intense

uctuations turbulence spots then appear after which
they then coalesce into a fully turbulent ow regime.

Separation is a phenomenon which occurs in either
the laminar or tubulent ow regimes. In the case of
laminar ow the curvature of the upper surface of the
aerofoil may be suf cient to initiate laminar separation,
and under certain conditions the separated laminar layer
may undergo the transition to turbulent ow with the
characteristic rapid thickening of the layer. The increase
in thickness may be suf cient to make the lower edge of
the shear layer contact the aerofoil surface and reattach
as a turbulent boundary layer, as seen in Figure 7.20.
This has the effect of forming a separation bubble which,
depending on its size, will have a greater or lesser in u-
ence on the pressure distribution over the aerofoil. Owen
and Klanfer (Reference 18) suggested a criterion that if
the Reynolds number based on the displacement thick-
ness (R ) of the boundary layer is greater than 550,
then a short bubble, of the order of one per cent of the
chord, forms, and has a negligible effect on the pressure
distribution. If R, <400, then a long bubble, ranging
from a few per cent of the chord up to almost the entire
chord length, forms. In the case of the turbulent ow
regime the ow will separate from the surface of the
aerofoil in the presence of an adverse pressure gradi-
ent, this being one where the pressure increases in

Transition region at
max. bubble height

Upper boundary
of bubble

Laminar
separation point _ |
» 2 |~
. o o s 7 e TR,
«f " . ,

Turbulent re-attachment point

Modified turbulent
boundary layer
profile

Circulatory flow

Aerofoil section

Stagnant region

Figure 7.20 Laminar separation bubble



magnitude in the direction of travel of the ow. Here,
as the uid close to the surface, which is travelling at a
lower speed than uid further away from the surface due
to the action of the viscous forces, travels downstream it
gets slowed up to a point where it changes direction and
becomes reversed ow. The point where this velocity

rst becomes zero, apart from the uid layer immedi-
ately in contact with the surface whose velocity is zero
by de nition, istermed the stagnation point. Figure 7.21
shows three possible ow regimes about an aerofoil:
the rst is of a fully attached ow comprising a lami-
nar and turbulent part whilst the second, Figure 7.21(b),
illustrates a laminar separation condition without reat-
tachment and the nal ow system, Figure 7.21(c),
shows a similar case to Figure 7.21(a) but having turbu-
lent separation near the trailing edge. Figure 7.22 shows
in some detail the structure and de nitions used in the
analysis of boundary layers.
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Figure 721 Schematic ow regimes over the suction
surface of an aerofoil: (a) fully attached laminar followed
by turbulent boundary layer ow over suction surface;

(b) laminar, leading edge separation without reattachment
of ow over suction surface and (c) laminar followed by
turbulent boundary layer with separation near the

trailing edge
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Van Oossanen (Reference 19) establishes a useful
boundary layer approximation for aerofoil forms com-
monly met in propeller technology. The laminar part of
the boundary layer is dealt with using Thwaites approx-
imation, which results from the analysis of a number of
exact laminar ow solutions:

Vs 2 045 S
= = . Vo ds (7.41)
\' VS 0

in which Vs is the velocity at the edge of the boundary
layer at a point s around the pro le from the stagnation
pointand is the momentum thickness.

From the momentum thickness calculated by equa-
tion (7.41) a parameter m can be evaluated as follows:

dvs 2
Gf"? (7.42)

where v is the kinematic viscosity of water.

Curl and Skan (Reference 20) de ned a relation-
ship between the form parameter H and m together
with a further shear stress parameter I; these values are
shown in Figure 7.23. Consequently, the boundary layer
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Figure 7.23 Laminar boundary layer parameter
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Figure 7.22 Boundary layer structure
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displacement thickness * and wall shear stress y can
be calculated from

= H(m)
woo_ I(m) (7.43)
V2 Vs

Separation of the laminar boundary layer is predicted
to occur when m = 0.09.

To determine when the laminar to turbulent transi-
tion takes place the method developed by Michel, and
extended by Smith (Reference 21), appears to work rea-
sonably well for pro le having a peaked minimum in the
pressure distribution. For at pressure distribution pro-

les, however, the method is less accurate. According to
the correlation upon which the Michel Smith method
is based, laminar to turbulent transition is predicted to
occur when the Reynolds number based on momentum
thickness R reaches the critical value given by

R = 1.174R%46 (7.44)
in which
Y V,
Re=— and R = —

and V and Vs are the free stream and local velocities
respectively, s is the distance of the point under consid-
eration around the surface of the foil from the stagnation
pointand is the momentum thickness.

Van Oossanen suggests that the validity of this crite-
rion can be consideredtobeintherange 10° Rs 108,

For the turbulent part of the boundary layer, which
is principally con ned to the region of increasing pres-
sure for most aerofoils, the method proposed by Nash
and Macdonald (Reference 22) provides a useful assess-
ment procedure. In this method the turbulent boundary
layer is characterized by a constant value pressure gra-
dient parameter  and a corresponding constant value
shape factor G along the body. These parameters are
de ned by

dp
T4 ds
and - (7.45)
V2 1
G= s 1 =
W H

where dp/ds is the pressure gradient at the edge of the
boundary layerandH =/ .
Nash showed that a good empirical tto experimental
data gave rise to a unique function G () de ned as
1.81) 1.7

G=61 ( (7.46)

To establish the growth of the turbulent boundary
layer over the aerofoil surface in two dimensions it is
necessary to integrate the momentum-integral equation

d
£( V52 Y= w(@l+ ) (7.47)

This equation, which can be written as

i = (H + 2)7 % + W

dxs Vs ds V2
if used in association with Nash s skin friction law for
incompressible ow,

(7.47a)

V.
W2 = 24711In == +475+ 1.5G
V¢ v
1724 2
+ """ 1687 7.48
(G2 + 200) (7.48)

can be used to calculate the growth of the turbulent
boundary layer from the point of transition. At the tran-
sition point, given by equation (7.44), the continuity of
momentum thickness is assumed to give a Reynolds
number based on momentum thickness greater than
320: if this is not the case, then the momentum thick-
ness is increased so as to give a value of 320. In order
to start the calculation procedure at the transition point,
which is an iteration involving , , G, wandH in
equations (7.45) and (7.46), an initial value of G =6.5
can be assumed.
Turbulent separation is predicted to occur when

TV/V < 0.0001 (7.49)

S

Van Oossanen (Reference 19) has shown that the result-
ing magnitude of the effective wake thickness (Fig-
ure 7.22) of the aerofoil has a signi cant effect on the
lift slope curve and the zero lift angle correlation factor.
As such, a formulation of lift slope and zero lift angle
correlation factors based on the effective boundary layer
thickness was derived using the above analytical basis
and represented the results of wind tunnel test well.
These relationships are

d t

% 7462 1352 3 2.899

d c

2 _go 50 =T s (7.50)
02p Ysp+ g

for (yss + ) < (Ysp + p)

and
%2 _159 o2 Yss* s
02p Ysp+ g
for (yss + ) = (Ysp + sp)
where  » is the two-dimensional angle of attack,

o2 is the two-dimensional zero lift angle and
o2p is the two-dimensional zero lift angle
from thin aerofoil theory.

Equations (7.50) are in contrast to the simpler formu-
lations used by Burrill (Reference 6), which are based



on the geometric thickness to chord ratio of the section.
Therefore, these earlier relationships should be used
with some caution, since the lift slope and zero lift angle
correction factors are governed by the growth of the
boundary layer over the aerofoil to a signi cant degree.

With the increasing use of computational uid
dynamics in propeller and ship ow analysis problems
a number of turbulence models are encountered. For
example, these might include:

The k  model in either the standard or Chen and
Kim extended model.

The k  model in the standard, Wilcox modi ed or
Menter s baseline model.

Menter s one equation model.

The RNG k  turbulence model.

Reynolds stress models.

Menters SST k  turbulence model.

The Splalart Allmaras turbulence model.

In the case of the k  model it was found that if the
generic turbulent Kinetic energy equation were coupled
to either a turbulence dissipation or turbulence length
scale modelling equation, then it gave improved per-
formance. The energy and dissipation equations as
formulated by Jones and Launder (Reference 23) rely
on ve empirical constants, one of which controls the
eddy viscosity and two others, which are effectively
Prandtl numbers, which relate the eddy diffusion to the
momentum eddy viscosity. Sadly these constants are
not universal constants for all ow regimes but when
combined with the continuity and momentum equations
form the basis of the k  model for the analysis of tur-
bulent shear ows. The k  model is not dissimilar
in its formulation to the k  approach, but instead of
being based on a two equation approach its formula-
tion is centred on four equations. The Reynolds stress
models, frequently called second-order closure, form
a rather higher level approach than either the k  or
k  approaches in that they model the Reynolds
stresses in the ow eld. In these models the eddy vis-
cosity and velocity gradient approaches are discarded
and the Reynolds stresses are computed directly by
either an algebraic stress model or a differential equa-
tion for the rate of change of stress. Such approaches
are computationally intensive but, in general, the
best Reynolds stress models yield superior results for
complex ows, particularly where separation and reat-
tachment are involved. Moreover, even for attached
boundary layers the Reynolds stress models surpass the
k  model results and it is likely that they will become
dominant in the future.

The boundary layer contributes two distinct com-
ponents to the aerofoil drag. These are the pressure
drag (Dp) and the skin friction drag (Df). The pres-
sure drag, sometimes referred to as the form drag, is
the component of force, measured in the drag direc-
tion, due to the integral of the pressure distribution
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over the aerofoil. If the aerofoil were working in an
inviscid uid, then this integral would be zero this is
d Alembert s well-known paradox. However, in the case
of a real uid the pressure distribution decreases from
the inviscid prediction in the regions of separated ow
and consequently gives rise to non-zero values of the
integral. The skin friction drag, in contrast, is the com-
ponent of the integral of the shear stresses y over the
aerofoil surfaces, again measured in the drag direction.
Hence the viscous drag of a two-dimensional aerofoil
is given by:

2D viscous drag = skin friction drag + pressure drag
that is,

Dy = Dt + D, (7.51)

7.9 The nite wing

Up to the present time discussion has largely been
based on two-dimensional, in nite aspect ratio, aero-
foils. Aspect ratio is taken in the sense de ned in the
classical aerodynamic way:

b2
T A

where b is the span of the wing and A is the plan form
area. Marine propellers and all wing forms clearly do
not possess the in nite aspect ratio attribute; indeed
marine propellers generally have quite low aspect ratios.
The consequence of this is that for nite aspect ratio
wings and blades the ow is not two-dimensional but
has a spanwise component. This can be appreciated by
studying Figure 7.24 and by considering the mechanism
by which lift is produced. On the pressure surface of
the blade the pressure is higher than for the suction sur-
face. This clearly leads to a tendency for the ow on
the pressure surface to spill around onto the suction
surface at the blade tips. Therefore, there is a tendency
for the streamlines on the pressure surface of the blade
to de ect outwards and inwards on the suction sur-
face (Figure 7.24(a) and (b)). Hence the ow moves
from a regime which is two-dimensional in the case of
the in nite aspect ratio wing case to become a three-
dimensional problem in the nite blade. The tendency
forthe owto spill around the tip establishes a circula-
tory motion at the tips as seen in Figure 7.24(b), and this
creates the trailing vortex which is seen at each wing
or blade tip, and is sketched in Figure 7.24(c). These
tip vortices trail away downstream and their strength is
clearly dependent upon the pressure differential, or load
distribution, over the blade.

One consequence of the generation of trailing vor-
tices is to produce an additional component of velocity
at the blade section called downwash. For the case
of the two wing tip vortices shown in Figure 7.24(c),
the distribution of downwash (y) along the chord is

AR (7.52)
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Figure 7.24  Flow over a “nite aspect ratio wing: (a) plan view of blade; (b) "ow at blade tip and (c) schematic view of
wing tip vortices

Figure 7.25 Downwash distribution for a pair of tip vortices on a “nite wing



