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Preface

This book reflects the work of a great number of researchers as well as
our own experience from research and teaching of hydrodynamics and
ship-propeller theory over a combined span of more than 60 years. Its
development began in 1983-84 during the senior author's tenure as visiting
professor in the Department of Ocean Engineering, The Technical Univer-
sity of Denmark, by invitation from Professor Sv. Aa. Harvald. During
this sabbatical year he taught a course based on his knowledge of propel-
ler theory garnered over many years as a researcher at Davidson Laborat-
ory and professor at Stevens Institute of Technology. Written lecture
notes were required, so we were soon heavily engaged in collecting mater-
ial and writing a serial story of propeller hydrodynamics with weekly pub-
lications. As that large audience consisted of relatively few masters and
doctoral students but many experienced naval architects, it was necessary
to show mathematical developments in greater detail and, in addition, to
display correlations between theory and practical results.

Encouraged by Professor P. Terndrup Pedersen, Department of Ocean
Engineering, The Technical University of Denmark, we afterwards started
expanding, modifying and improving the notes into what has now become
this book. In the spirit of the original lecture notes it has been written
primarily for two groups of readers, viz. students of naval architecture
and ship and propeller hydrodynamics, at late undergraduate and gradu-
ate levels, and practicing naval architects dealing with advanced propul-
sion problems. It is our goal that such readers, upon completion of the
book, will be able to understand the physical problems of ship-propeller
hydrodynamics, comprehend the mathematics used, read past and current
literature, interpret calculation and experimental findings and correlate
theory with their own practical experiences.
To make reading as easy as possible the mathematical concepts and deri-

vations which might have caused trouble for those readers of a more prac-
tical background have been explained and executed in far greater detail
than found in the literature. Physical interpretations are given throughout
together with explanations of the procedures and results in engineering
terms and with simple solutions of practical utility wherever possible. We
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hope that the book in this form will be equally suitable as a text in uni-
versity courses, a guide for self-tuition and a reference book in ship-design
offices.

The subject matter is broadly divided into two parts. In the first, basic
hydrodynamics is outlined with comprehensive applications to the con-
struction of practical representations of the steady performance of hydro-
foils, with and without cavitation, wings and propellers. Here lifting-line
theory is described, including propeller design and analysis via computer
and pragmatic considerations from actual performance. The last part ad-
dresses the unsteady forces on propellers in wakes via lifting-surface
theory as well as propeller-induced vibratory forces on simple, nearby
boundaries and upon ship hulls. Both non-eavitating and cavitating pro-
pellers are treated. In the final chapter a rational procedure for the optim-
ization of compound propulsors for increased efficiency is described.
Throughout the book, in addition to the theoretical developments, the
results of calculations are correlated with experimental findings. Remarks
and developments that the reader may wish to skip in his first reading are
set in small print. No exercises are provided; to achieve proficiency, the
reader, after initial study of the text, should derive the results indepen-
dently.

An immense pleasure, when writing this book, has been to experience
the interest and help from colleagues, institutions and companies all over
the world. They generously spent their time answering our questions and
supplied us with material, including photographs and figures, with permis-
sion to reproduce them in the text. These sources are acknowledged in the
figure captions. We are very grateful for this assistance without which
this book would have been much more incomplete and less useful. We are
particular indebted to Dr. W. van Gent, Maritime Research Institute
Netherlands; Professor M. D. Greenberg, University of Delaware; Mr. C.-
A. Johnsson, SSPA Maritime Consulting AB; Professor J. E. Kerwin and
Dr. S. A. Kinnas, Massachusetts Institute of Technology. Our sincere
thanks are also due to Mr. J. H. McCarthy, David Taylor Research
Center; Dr. K. Meyne, Ostermann Metallwerke; Dr. W. B. Morgan, David
Taylor Research Center; Mr. P. Bak Olesen, A.P. M011er;and Mr. H.
Vagi, Mitsui Engineering and Shipbuilding Co., Ltd. for help and suppoit
and to Professor R. Eatock Taylor, Oxford University, for his effective
proposal of our manuscript to Cambridge University Press. We also wish
to express our gratitude to present and former colleagues at the Depart-
ment of Ocean Engineering, The Technical University of Denmark. They
include Professor Emeritus Sv. Aa. Harvald and Professor P. Terndrup
Pedersen who initiated vital parts of the entire process and later together
with Professor J. Juncher Jensen, Head of Department, gave us encour-
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agement and support. Invaluable help was provided by the Staff; Ms. L.
Flicker typed the lecture-notes version of the manuscript and later ver-
sions were typed by Ms. V. Jensen.
We acknowledge the financial support of F. L. Smidth & Co. A/S who,

on the occasion of their lOOth-year anniversary, sponsored the first au-
thor's stay as visiting professor. Later support was provided by The Dan-
ish Technical Research Council under their Marine Design Programme.

Lyngby, Denmark John P. Breslin
October 1992 Poul Andersen



Notation

The following list of symbols is provided partly as an aid to the reader
who wants to use this text as a reference book and read selected chapters.
The list contains mainly globally used symbols while many other symbols,
including those distinguished by subscript, are defined locally. The nota-
tion is not entirely consistent, symbols being used with different defini-
tions, however, rarely in the same sections. Practical usage has been given
priority. For this reason ITTC notation has only been partly used.

The coordinate systems are as follows: For two-dimensional flows the x-
axis is horizontal, generally displayed in figures as pointing to the right,
with the y-axis vertical and positive upwards. Incoming flow is along the
x-axis but opposite in direction. For three-dimensional flows the x-axis is
horizontal, with a few exceptions coinciding with the propeller axis and
generally displayed in figures as pointing to the right. The y-axis is also
horizontal, pointing to port and the z-axis is vertical, pointing upwards.
As in the two-dimensional case the incoming flow is along the x-axis but
opposite in direction. Moreover, a cylindrical system is used. Its x-axis
coincides with that of the cartesian system while the angle is measured
from the vertical (z-axis), positive in the direction of rotation of a right-
handed propeller.

For the two-dimensional case this orientation of axes is in contrast to
that used by aerodynamicists (who take the incoming flow along the pos-
itive x-axis). However, it is consistent with the three-dimensional defini-
tion as well as with the long tradition in naval architecture that the ship
is viewed from starboard and the bow consequently is to the right hand.
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Abbreviations

ATTC American Towing Tank Conference
CETENA Centro per gli Studi di Tecnica Navale
DTMB David Taylor Model Basin

- later DTRC
DTRC David Taylor Research Center
HSVA Hamburgische Schiffbau-Versuchsanstalt
INA Institution of Naval Architects

- later RINA
ITTC International Towing Tank Conference
L.E. leading edge
MARIN Maritime Research Institute Netherlands
MIT Massachusetts Institute of Technology
NACA National Advisory Committee for Aeronautics

-later NASA
NASA National Air and Space Administration
NPL National Physical Laboratory
PUF Propeller Unsteady Force (MIT computer program)
RINA The Royal Institution of Naval Architects
SNAME The Society of Naval Architects and Marine Engineers
SSPA SSPA Maritime Consulting AB

- (SSPA: Statens Skeppsprovningsanstalt)
T .E. trailing edge
TMB Taylor Model Basin

- later DTRC
VWS Versuchsanstalt fUr Wasserbau und Schiffbau
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1 Brief Review of Basic Hydrodynamic Theory

An extensive, highly mathematical literature exists dealing with fluid-
mechanical aspects of ship propellers.
Invariably, the mathematical developments are only outlined, impeding

easy comprehension even by knowledgeable readers. Our aim is to eluci-
date the mathematical theory in much greater detail than is generally
available in extant papers. In this context, the first three chapters are
provided as aids for those who have not had extensive practice in the ap-
plication of classical hydrodynamical theory to flows induced in fluids by
the motions of bodies. The fluid of interest is water which is taken to be
incompressible and inviscid. Modifications arising from viscosity are de-
scribed in a later chapter (Chapter 7) through reference to experimental
observations.

This review begins with the derivation of the concept of continuity or
conservation of mass at all points in sourceless flow and proceeds to the
development of the Euler equations of motion. In the restricted but
important class of irrotational motions (zero vorticity) Laplace's equation
for the velocity potential is obtained. The remainder of this chapter is
devoted to derivations of fundamental solutions of Laplace's equation in
two and three dimensions.
It is emphasized that these first two chapters are necessarily limited in

scope, being directed to our needs in subsequent chapters. There are many
excellent books which should be consulted for those seeking greater depth
and broader description of hydrodynamic theory. Among these we suggest
Batchelor (1967), Lamb (1963), Lighthill (1986), Milne-Thomson (1955),
and Yih (1988), and Newman (1977) for modern applications.

CONTINUITY
Consider a general, three-dimensional flow field whose vector velocity is
defined by

q = iu(x,y,z,t) + jv(x,y,z,t) + kw(x,y,z,t) (Ll)

for an incompressible fluid.
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Planar Distributions in Two Dimensions 27

2 Properties of Distributions of Singularities

In this chapter we determine the basic behavior of the velocity fields of
the various singular solutions of Laplace's equation when they are dis-
tributed or "smeared" along lines and surfaces of finite extent. Their
properties are particularly important on the lines and surfaces as they will
be repeatedly used to generate approximate flow envelopes about thin
hydrofoil sections in two dimensions and about slender bodies and lifting
surfaces in three space dimensions.

PLANAR DISTRIBUTIONS IN TWO DIMENSIONS

Source Distributions
Source distributions are useful in generating section shapes symmetrical
about the long axis. It is therefore important to understand the connec-
tion between the source density and the velocity components induced by
the entire distribution of sources.

From the foregoing, the potential of a line of sources in two dimensions
is from (1.35)
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Thus the curvature imposed by the thickness distribution is a dominant
mechanism in producing the minimum pressure. Indeed, when the curva-
ture is constant as in the case of the ogive, then 7"(0) = -2i, and as all
higher derivatives are zero, we recapture our previous result, Cpmin =
- (8/7r)i. However, this analysis is far from complete because it fails to
give a correct leading term in the case of an ellipse. We can only conclude
that for sections having blunt leading edges the first order theory is
inadequate and moreover we cannot expect to capture the effect of the
distribution of section slopes by a Taylor expansion about Xm·Indeed the
linearized theory for an ellipse as given by the integral in (4.30) suggests
strong contributions from the leading and trailing edges by the presence of
the weighting factor 1/ ~ 1 - x'2 which becomes square-root singular at x'
=±1.

Approximate Formulae for Families of 2-D Hydrofoils 59

7 = (1 - xn)l/n

Freeman (1942)4 has shown that for n < 2 (less blunt than an ellipse) the
minimum pressure occurs at midlength but is always more negative than
for the ellipse. For n > 2 (more blunt than an ellipse) the minimum
pressure occurs very close to the leading edge and is again more negative
than that for an ellipse. These results are displayed in Figure 4.11. Data
from measurements made in the NACA (now NASA) windtunnels show
the effect of leading-edge curvature and suggests that a curvature slightly
greater than that at the nose of an ellipse yields a small improvement
over the ellipse. See Figures 4.12 and 4.13. For our purposes, the ellipse
will be taken as the best possible (i.e., having the least negative Cpmin).
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and B is similarly some definite integral of the distribution of section
shape. To test this hypothesis we have plotted results from exact numeri-
cal calculations for families of sections as generally given in Abbott & von
Doenhoff (1959). A tabulation of the coefficients (from Breslin & Land-
weber (1961)) is given Table 4.1 and a graphical comparison is provided
in Figure 4.14. It is clear from this figure that the assumed relation (4.39)
fits the results from exact evaluations over the range of thickness ratios 0
< t ~ 0.3. The elliptical section is the best but of course is not suitable

Approximate Formulae for Families of 2-D Hydrofoils 61

Figure 4.15 Examples of several thickness distributions.

From: Breslin, J.P. & Landweber, L. (1961). A manual for calculation of
inception of cavitation on two- and three-tiimensional forms. SNAME
T&R Bulletin, no. 1-21. New York, N.Y.: SNAME.
Copyright © (1961) SNAME. All rights reserved.
By courtesy of SNAME, USA.
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A BRIEF LOOK AT THREE-DIMENSIONAL EFFECTS
To apply the foregoing to propeller blades one is assuming that the blade
sections at different radii are hydrodynamically uncoupled, Le., the radial
flow component and the radial pressure gradient are ignored. This is of
course not the case particularly for ship propellers where the blade aspect
ratio is of the order of unity. To grasp some sense of the effects of three-
dimensionality on the pressures induced by symmetrical sections of finite
span we may consider a non-cambered, rectangular wing with thickness.

We treat at first a wing having ogival or lenticular sections whose
thickness is independent of the spanwise coordinate z. To generate this
form in a uniform flow -U we distribute three-dimensional sources over
the plane z == 0 in Ixl $ a; Jyl $ b (2b being the span). This distribution
induces the potential

A Brief Look at Three-Dimensional Effects 63
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5 Pressure Distributions and Lift on Flat and
Cambered Sections at Small Angles of Attack

The non-symmetrical flow generated by flat and cambered laminae at
angles of attack is at first modelled by vorticity distributions via classical
linearized theory. Here, in contrast to the analysis of symmetrical sec-
tions, we encounter integral equations in the determination of the vorti-
city density because the local transverse component of flow at anyone
point depends upon the integrated or accumulated contributions of all
other elements of the distribution. Pressure distributions at non-ideal
incidence yield a square-root-type infinity at the leading edge because of
the approximations of first order theory. Lighthill's (1951) leading edge
correction is applied to give realistic pressure minima at non-ideal angles
of incidence.

Our interest in pressure minima of sections is due to our concern for
cavitation which can occur when the total or absolute pressure is reduced
to the vapor pressure of the liquid at the ambient temperature. Since
cavitation may cause erosion and noise it should be avoided or at least
mitigated which may possibly be done by keeping the minimum pressure
above the vapor pressure. This corresponds to maintaining the (negative)
minimum-pressure coefficient Cpminhigher than the negative of the cav-
itation index.

At this point we shall not go deeper into the details of cavitation which
is postponed until Chapter 8. Instead we shall continue our theoretical
development with flat and cambered sections.

THE FLAT PLATE
We now seek the pressure distributions and the lift on sections having
zero thickness but being cambered and, in general, set at any arbitrary
(but small) angle of attack to the free stream, -D. Consider a flat plate
at small angle a.

Then we might envisage a flow pattern as sketched in Figure 5.1 as a
plausible one with stagnation points Sand S', S being on the lower side
and S' on the upper side. The flow around the leading edge is strongly
curved (very small radius of curvature) resulting in high local velocity and
hence (by Bernoulli) develops very low pressure on the upper side, par-
ticularly near the leading edge. (In a real fluid the flow about such a
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first order between this force and its vertical projection but it will have a
component in the negative x-direction, a drag D' = l'a = 27rpaU2a2• The
leading--€dgesuction force L8 will be opposite and equal to this drag to
balance it, d. Figure 5.4. The sharp leading edge (where in contrast to
the trailing edge no Kutta condition applies) causes a strongly curved flow
around this edge. As a consequence of this the flow has a low pressure
over this region which then produces the leading--€dgesuction force. A
more detailed derivation of this force is given by Sparenberg (1984).

The result given by (5.32), which was obtained at the turn of this
century (actually CL = 211"sina from non-linear theory), had a pro-
nounced impact on the prevalent attitudes of scientists and engineers who
had regarded inviscid theory to be only a "playground" for mathema-
ticians since it produced the uniform result that the drag on all non-
lifting (in both two and three dimensions) and lifting bodies (in two
dimensions) was (and still is, of course) zero in steady flow. The compari-
son of (5.32) and the corresponding result for cambered sections with
experimental data convinced most of these "doubting Thomases" of a new
practical utility for inviscid flow theory. We shall review this comparison
after dealing with the more general and much more useful case of cam-
bered sections at angles of attack.

Cambered Sections 75
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6 Design of Hydrofoil Sections

Criteria for the design of blade sections may be selected to include:

i. Minimum thickness and chord to meet strength requirements;

ii. Sufficient camber to generate the design lift;

iii. Distribution of thickness and camber to yield the least negative
pressure coefficient to avoid or mitigate cavitation;

iv. Thickness- and loading-pressure distributions to avoid boundary
layer separation with least chord to yield minimum drag consist-
ent with requirements i. and iii.;

v. Leading and trailing edges to satisfy strength and manufacturing
requirements.

The first part of this chapter follows from linearized theories developed
by aerodynamicists more than 50 years ago, placing emphasis on the use
of existing camber and thickness distributions yielding least negative
minimum pressure coefficients, Cprninat ideal angle of attack. At non-
ideal angles (which always occur in operation in the spatially and tem-
porally varying hull wake flows) we are required to seek sections having
greatest tolerance to angle deviations and at the same time having nega-
tive minimum pressure coefficients exceeding the level that indicates
occurence of cavitation. This tolerance depends critically upon the leading
edge radius and the forebody shape as well as upon the extent of the flat
part of the pressure distribution. Thus we are led to the more recent
findings of researchers who have developed profiles having greater toler-
ance to angle of attack. When cavitation is unavoidable the latest ap-
proach is to use blunter leading edges to generate shorter, more stable
cavities thereby avoiding "cloud" cavitation which causes highly deleteri-
ous erosion or pitting of the blades. The older procedures are treated next
under the heading of Applications of Linearized Theory and the modern
developments are described in the section entitled Application of Non-
Linear Theory, p. 103 and sequel.

86

Application of Linearized Theory 87

Since propeller blade sections operate in real water, cavitation and friction must be
taken into account in an actual design. The authors have chosen, however, to
highlight the application of the theories developed in the preceding chapters without
letting the real fluid effects obscure the development. Such effects are pursued later
in Chapter 7 (Real Fluid Effects) and Chapter 8 (Cavitation), but are dealt with
briefly in the present chapter in the form of comments in the text. This applies in
particular to the section on Application of Non-Linear Theory since such applications
have been devised to include more real fluid effects to provide superior designs.
Readers who find this order awkward may prefer to read Chapters 7 and 8 prior to
reading this chapter.
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where Cr is the expanded chord at the root and the coefficient depends on
the steady and fluctuating loading, allowable stress, fatigue factors, dia-
meter and number of blades. The thickness at other radii decreases ap-
proximately linearly from the root to the tip.

It is clear from this that the chord must be known in order to determine
the required thickness. A criterion for minimum expanded-blade-area ratio
for avoidance or mitigation of cavitation as a function of thrust loading
(given in Chapter 12) may be used together with a selection of blade
outline to determine the expanded chord Cr.

It should be noted that the skin friction drag of the sections increases
with chord and the viscous pressure drag as C(t/C)2 as may be deduced
from Equations (7.4) and (7.5). Hence increase of blade area or chord
length is attended by a decrease in propeller efficiency.

Having determined the thickness and chord distribution from the fore-
going we can proceed with the design process involving the addition of
camber and thickness.
We are now in a position to complete the formulation of the approxi-

mate total minimum pressure on thin sections as arising from thickness,
camber and angle of attack.



96 Design of Hydrofoil Sections

which are the relations imposed by the kinematic conditions found earlier
when we considered the symmetrical and asymmetrical flows about sec-
tions separately (d. Equations (5.34) and (4.14)). This is not surprising as
we have neglected the axial components of the perturbation velocities due
to thickness, camber and angle of attack in the kinematic condition which
if retained would couple the source and vorticity densities through the
inclusion of terms which are of second order except in the neighborhood of
the leading and trailing edges. It is important to realize that the bound-
ary or kinematic condition is linear in all the velocity components and in
the slopes Yf' and r' 10. This is not true of the full Bernoulli equation. We
must not think of the first order kinematic condition as a linearization
since the exact kinematic condition is always linear in u, v, U, Yf' and
r'. It is a first order approximation where terms of order of the square of
the thickness and camber ratios and their products are neglected. Indeed,
as we have seen, the approximations are not uniformly valid and give rise
to unrealistic results at the leading edge (due to loading and thickness)
and at the trailing edge (due to thickness).

As the pressure equation has been linearized, to obtain the combined
pressures due to loading and thickness we can add their separate contribu-
tions to get, at ideal angles of attack, on the upper side

Application of Linearized The0T'1J 97
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APPLICATION OF NON-LINEAR THEORY
With the advent of digital computers and the development of versatile
design theory, two-dimensional blade sections can now be "tailored" to
specific applications. These procedures incorporate the effective camber
arising from the three-dimensional inductions over the blade and produce
total section shapes (camber and thickness) which have greater tolerance
to angle of attack variations encountered in the hull wake.

The design method most commonly used by members of the Interna-
tional Towing Tank Conference (ITTC) as reported by the Propulsor
Committee in the Proceedings of the 19th ITTC (1990b) is that developed
by Eppler (1960, 1963, 1969). Applications of the Eppler procedure were
made to design of sections for hydrofoil craft by Eppler & Shen (1979)
(symmetrical sections) and by Shen & Eppler (1981). Wide utilization of
Eppler's method is due to the readily available computer programs pro-
vided by Eppler & Somers (1980).

This procedure is based on a conformal mapping of the flow about a unit
circle in a (-plane to generate a profile shape in the physical plane
through a complex variable function Z((). The mapping technique has
been explained, for example, by von Karman & Burgers (1935). Eppler's
application permits specification of a velocity distribution over sub-regions
along the profile in which the velocity is constant at some angle of attack,
ll', one for each such sub-region. These constant-velocity regions together
with specification of velocity in the pressure-recovery region and in a
closure region near the trailing edge provide through the mapping function
an initial profile definition. Then a boundary-layer calculation is made to
determine the margin (if any) against separation in the pressure-recovery
region on the aft end of the suction side. Iterations are performed until
acceptable cavitation buckets are determined consistent with no bound-
ary-layer separation in the pressure recovery zone.

Generally at large angle ll' (ll' = 0'2, d. Figure 6.9) the aft suction side
may be determined by a requirement that the forward suction side should
have constant pressure (constant velocity) to suppress leading-edge cavit-
ation and similarly at small ll' = ll'3 on the pressure side. The adverse
pressure gradient effect on the boundary layer in the aft region of the
suction side must then be examined against empirical criteria for separa-.
tion by a complete boundary-layer calculation over the entire profile.
After the initial profile design, iterations are typically required to correct
non-<>ptimumfeatures.

The sections developed for hydrofoil craft (much larger tic than for
propeller sections in outer radii) by Eppler & Shen (1979) were shown
theoretically to have wider buckets of minimum pressure coefficient
allowing larger cavitation-free angle-<>f-attackvariation than the NACA-
16 and NACA--{)6(mod.)sections as displayed in Figure 6.10. The shape of
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Experimental verification was conducted at DTRC by Shen (1985).
Excellent agreement between measurements and predicted cavitation in-
ception was obtained with leading--€dge roughened models to overcome
scale effects associated with boundary-layer transition pressure variations.

The sections developed in the foregoing are applicable to high-speed
ships and naval vessels for which the mean blade loadings are low and the
focus is upon raising the cavitation-inception speed. However, on large
single-screw, slow-speed ships with consequent high mean loadings and
strong wake variations cavitation is inevitable, most generally occurring
intermittently on each blade during every revolution between 10 and 2
o'clock blade positions when viewing the propeller disc as the face of a
watch.

The use of sections with small leading--€dge radii and extensive, flat
pressure distributions (at ideal angle) on such ships has been observed to
generate long partial cavities which are very unstable, giving rise to
"cloud" or fine bubble cavitation causing severe erosion of the blades. In
addition, as Johnsson (1980) has pointed out, the NACA-type sections,
originally designed for subsonic-aircraft wings, have leading-edge radii
which are much too small (especially for the thin sections in the outer
radii of ship propellers) to satisfy strength and manufacturing require
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ments. In actual constructions, the leading-€dge radii are some 10 to 20
times those of the NACA tables. This requires modification of a substan-
tial portion of the forebody. We have seen in Chapter 4, p. 59, that sec-
tions blunter than an ellipse produce sharp minimum pressures hard upon
the leading edge at ideal incidence and that the minimum pressure at
non-ideal incidence is dominated by the leading-ooge contribution which
varies inversely to the leading-€dge radius of curvature. It is clear that to
accommodate the large excursion in incidence angles in the wakes of full
form ships it is necessary to employ sections with larger leading-ooge radii
and hence maximum thickness locations much closer to the nose. This and
other factors lead Johnsson (ibid.) to design a new class of sections
composed of
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While a less negative Cpminis obtained from the joining of two semi-
ellipses giving the maximum thickness at Cm = 0.0375c from the leading
edge its value of ~. 70 is more than 10 times that of a complete ellipse
for which Cpmin = -2(tjc) = ~.0692! All of these surely giving low
cavitation inception speeds at ideal incidence! Johnsson's measurements
with a model propeller (built with this type of sections having radial
distributions of position of maximum thicknesses as shown in Figure 6.14)
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Our own interpretation of the superior performance of Johnsson's sec-
tional design relies on two mechanisms:

i. The rising pressure downstream of his minimum Cp produces
short cavities as compared to the flat pressure distribution over
an extensive portion of the chord provided by the NACA-16
sections.

ii. The far blunter leading edge dramatically reduces cavity length
and volume.

These mechanisms are revealed by the theories elaborated in Chapter 8.
Similar studies of blunter bladEHection design have been underway in

Japan, see for example Yamaguchi et al. (1988). The subject of blade
section design is well summarized in the ITTC Propulsor Committee
Report, ITTC (1990b), which should be consulted for further information
and references.

7 Real Fluid Effects and Comparisons of
Theoretically and Experimentally Determined
Characteristics

We have this far completely neglected the fact that all fluids possess
viscosity. This property gives rise to tangential frictional forces at the
boundaries of a moving fluid and to dissipation within the fluid as the
"lumps" of fluid shear against one another. The regions where viscosity
significantly alters the flow from that given by inviscid irrotational theory
are confined to narrow or thin domains termed boundary layers along the
surfaces moving through the fluid or along those held fixed in an onset
flow. The tangential component of the relative velocity is zero at the
surface held fixed in a moving stream and for the moving body in still
fluid all particles on the moving boundary adhere to the body.

The resulting detailed motions in the thin shearing layer are compli-
cated, passing from the laminar state in the extreme forebody through a
transitional regime (due to basic instability of laminar flow) to a chaotic
state referred to as turbulent. We do not calculate these flows.

In what follows we show that viscous effects are a function of a dimen-
sionless grouping of factors known as the Reynolds number and review the
significant influences of viscosity in terms of the magnitude of this num-
ber upon the properties of foils as determined by measurements in wind-
tunnels at low subsonic speeds.

PHENOMENOLOGICAL ASPECTS OF VISCOUS FLOWS
The equations of motion for an incompressible but viscous fluid can be
derived in the same way as for a non-viscous fluid, d. Chapter 1, p. 3 and
sequel, but now with inclusion of terms to account for the viscous shear
stresses. The assumption that the fluid is Newtonian yields a Si~
relationship between stresses and rates of deformation, d. for example Ih
(1988). The equations of motion or Namer-Stokes Equations for an incom-
pressible, Newtonian fluid are then, in vector notation, and in the
presence of gravity



112 Theoretically and Experimentally Determined Characteristics

where v = ILl p is termed the kinematic viscosity.
Our primary interest in what follows is in the effects of viscosity or

more properly the effects of Reynolds number (based on the properties of
blade sections as deduced from extensive experimentation conducted in
wind tunnels on airfoil sections). The Reynolds number can be seen to be
the ratio of inertial to viscous forces and what our dimensionless equation
tells us is that regardless of scale or fluid media (all being incompressible)
the motion will be identical for geometrically similar forms if both the

Froude number Fr = Ur/~gLr and the Reynolds number Re = UrLr/v are
respectively the same in both scales.
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One can immediately see the incompatibility in regard to model-to""i>hip scaling, but
we shall not dwell on this here and consequently ignore Fr, setting Fr = O.

We see that as Re ...•00 the dimensionless equation of motion reduces to
that to which we have limited our attention thus far. Unfortunately in the
real world Re is never infinite. We can also see that as Re ...•0 the viscous
term dominates as it does for flows about micr()-{)rganisms, flow through
capillaries, oil films etc.

It is also to be noted that the acceleration of a material element due to
viscous stresses arising from a given rate of strain is evidently determined
by the ratio ILl p and not by the viscosity IL alone. In as much as the
equation of motion (in dimensional variables) has the form
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As turbulence is achieved in ship-hull and propeller-blade boundary
layers hard upon the leading edge, the non-scaled persistence of laminar
boundary layers on ship and propeller models downstream of their leading
edges is a basic cause of lack of flow similarity which affects drag and lift
or thrust at high angles of attack. For this reason trip wires and studs are
used on hull models and fine leading-€dge roughness is frequently applied
to model propellers to artificially induce early transition to turbulence
thereby securing a more stable boundary layer.

The foregoing overview of the phenomenological aspect of viscous flows
about sections enables us to interpret, in a qualitative sense, the experi-
mental characteristics obtained from wind tunnel measurements of airfoil
sections of interest to us. We may now turn to an inspection of selected
experimental results.

EXPERIMENTAL CHARACTERISTICS OF WING
SECTIONS12 AND COMPARISONS WITH THEORY

To overcome the deficiencies of earlier tests of wing models of finite
aspect ratio (whose history predated the successful flight of aircraft) the
U.S. National Committee for Aeronautics (NACA) built a two--dimen-
sional, low turbulence wind tunnel. This enabled measurements of lift,
drag, moments and pressure distributions to be made at elevated Re using
models of 0.61 m (2 ft.) chord length which completely spanned the 0.91
m (3 ft.) width of the test section. Lift was measured by integration of
pressures arising from reactions on the floor and ceiling of the tunnel.
Drag was obtained from wake survey measurements (momentum defect)
and pitching moments directly by a balance.

Usual tests were made over a Reynolds number range of 3-9.106 and at
Mach numbers (the ratio of the velocity of the flow to the velocity of
sound) less than 0.17. Free stream turbulence intensities the order of a
few hundredths of one per cent of the speed were maintained. With this
understanding of the model test conditions we may turn to an inspection
of the significant characteristics and their comparison with theory. ~

Reactions due to the hydrodynamic pressures and shearing stresses on a
foil section can be specified by two force components, perpendicular and
parallel to the direction of the ambient flow, (the lift and drag respective-
ly) and by a moment perpendicular to their plane (the pitching moment).
These forces and moments are primarily a function of the angle of attack
and camber and secondarily of the thickness distribution. We may now
examine several significant characteristics.

12 Partly abstracted from Abbott & von Doenhoff, (1959), by courtesy of Dover
Publications, USA.
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The variation of CL with angle and with zero and standard roughness for
four sections at Re = 9.106 is given in Figure 7.10. Here we see that the
older section NACA 23012 (zero camber, 12 per cent thick) exhibits
abrupt stall at 18 degrees. It also shows a small negative angle of zero lift
which since it is a symmetrical section should be zero according to theory.

The dependence of drag coefficient on the operating CL is also shown in
Figure 7.10. Here, in smooth condition, it is important to note the low
drag obtained at and to either side of the design C

L
.= 0040, for NACA-

64:0415, the s~alled drag bucket, and the steep risel in CD below CL =
0.2 and above CL = 0.6. It is also to be noted that for moments taken
about the aerodynamic center, the moment coefficients are independent of
CL· The listed values of the position, xac/a, of the aerodynamic center
(about which point the moment is essentially constant) are quite close to
the theoretical value of 0.50 (an aspect we did not examine in our
theoretical development but it is of structural significance).

The drag or resistance of a section is made up of the tangential stress
arising from skin friction and a form drag from the lack of full pressure
recovery (attained in inviscid flow) over the afterbody. The skin-friction
drag is comparable to that of a flat plate of the same length in that the
shearing stresses in the region of the forebody where the pressure is falling
(negative pressure gradient) are greater than that of a flat plate (both
having turbulent or both having laminar flows) and in the afterbody the



Experimental Characteristics of Wing Sections 123



124 Theoretically and Experimentally Determined Characteristics Experimental Characteristics of Wing Sections 125



126 Theoretically and Experimentally Determined Characteristics

- -- -. _0Pressure DIstributIons
A single comparison of calculated and measured pressure coefficient
distributions on a sectibn is provided in Figure 7.14 showing excellent
agreement on both lower and upper sides, especially in the region of most
negative Cpo This comparison is based on a superposition-{)f-velocities
procedure described in Abbott & von Doenhoff, (1959) (pp. 75 - 79) and
cannot be regarded as representative of all theoretical processes which
include non-linear and precise representation of the geometry. Nonetheless
other correlations between measured and calculated pressure distributions
have shown comparable agreement so the reader may rest assured that
two-dimensional theoretical estimates can be used with confidence and
that they will generally be conservative when applied to propeller blade
sections when the angle of flow incidence is known to be accurate. Both
the unsteady and three-dimensional effects present on ship propeller
sections serve to reduce the negativeness of Cpmin as determined from
quasi-steady, two-dimensional values as deduced from the theory pre-
sented herein. This is in keeping with the traditional conservatism of the
naval architect!
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In summary, the foregoing overview of experimental characteristics
reveals that in a comfortable range about the design lift coefficient, the
lift associated characteristics are very well predicted by theory (with the
exception of the rectangular (a = 1.0) camber loading). As inviscid theory
predicts zero drag and no stalling characteristics we must employ empiri-
cisms for these aspects. Thus relatively simple theory is found to be of
great utility in the understanding of the performance of blade sections and
in the pragmatic design of propellers.

We may now turn with increased confidence to the prediction of condi-
tion of cavitation inception and thereafter to the theory of cavitating
hydrofoils.
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Here, following a brief account of early observations of the effects of cav-
itation on ship propellers, we present methods of estimation of conditions
at inception of cavitation followed by an outline of the development of
linearized theory of cavitating sections. Application of this theory is made
to partially cavitating sections, employing the rarely used method of
coupled integral equations. The chapter concludes with important correc-
tions to linear theory and a brief consideration of unsteady cavitation.

HISTORlCAL OVERVIEW
Cavitation or vaporization of a fluid is a phase change observed in high
speed flows wherein the local absolute pressure in the liquid reaches the
vicinity of the vapor pressure at the ambient temperature. This phenom-
enon is of vital importance because of the damage (pitting and erosion) of
metal surfaces produced by vapor bubble collapse and degradation of per-
formance of lifting surfaces with extensive cavitation. It is also a source of
high-frequency noise and hence of paramount interest in connection with
acoustic detection of ships and submarines. Both "sheet" and "bubble"
forms of cavitation are shown in Figure 8.1.

One of the earliest observations of the effects of extensive cavitation on
marine propellers was made by Osborne Reynolds (1873) when investiga-
ting the causes of the "racing" or over-speeding of propellers. The first
fully recorded account of cavitation effects on a ship was given by Barna-
by (1897) in connection with the operation of the British destroyer Daring
in 1894. About that time, Sir Charles Parsons (inventor of the steam tur-
bine) obtained very disappointing results from the initial trials (1894) of
his vessel Turbinia, fitted with a single, two-bladed propeller 0.75 m in
diameter. He concluded from the trials of the Daring, that the limiting
thrust because of the formation of large cavities corresponded to an aver-
age pressure on the blades of 77.6 kN/m2 (11.25 Ibs/in2). After experi-
mentation with three tandem propellers on a single shaft, he finally fitted
the Turbinia with three shafts, each with three tandem propellers of 0.46
m (1.50 ft) diameter and blade-area ratio of 0.60. His vessel then achieved
the very remarkable speed of 32.75 knots at 1491 kW (2000 hp) and later
was said to have reached 34 knots as detailed by Burrill (1951).
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Since the turn of this century an enormous literature has grown dealing
with the physics of cavitation and the damage to pumps, propellers, hy-
drofoils etc. as well as the effect on their hydrodynamic performance. It
will be far beyond the limits of this book to give even a review of this
literature. Instead we refer interested readers to the limited number of
books on the subject where also such reviews of the literature can be
found. They give comprehensive treatments of the phenomena of
cavitation such as its formation, the dynamics of bubbles, their collapse
and the erosion. Knapp, Dailey &. Hammitt (1970) also describe the
effects on flow over hydrofoils and treat cavitation scaling which is of
importance in connection with model testing of hydrofoils and propellers.
We also mention Young (1989), and Isay (1981) who includes cavitation
on hydrofoils and propellers.

PREDICTION OF CAVITATION INCEPTION
To predict the inception of cavitation we are interested in finding the
conditions, in particular the position on the body, where the local pressure
drops to the vapor pressure. The vapor pressure of a liquid is a fundamen-
tal characteristic (analogous to density, surface tension, viscosity etc.)
which depends on the temperature. Volatile liquids such as benzine have
high vapor pressures relative to water for which at lOoC (50°F) the vapor
pressure Pv = 1227.1 N/m2 (0.178 Ibs/in2). We may immediately note
that this vapor pressure at sea temperature is very small compared to the
atmospheric pressure which is 101325 N/m2 (14.696 Ibs/in2). The vari-
ation of Pv with temperature for water is given in Table 8.1.
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Although cavitation according to theory should take place when the
pressure drops to the vapor pressure it has been observed to occur at
pressures above and below the vapor pressure depending on the amount
and distribution of nuclei or particles to which minute pockets of undis-
solved gas or air are attached. These act as interfaces on which vaporiz-
ation or boiling initiates. Indeed, Harvey, the great researcher of human
blood, showed long ago that distilled water requires an enormous negative
pressure, some -60 atmospheres before rupture and vaporization ensued.
However in our application to propellers, sea water is profused with undis-
solved air and we may take the condition for the onset of cavitation to
occur where the local total pressure is close to the vapor pressure.

In this connection it is important to realize that in model test facilities
such as variable pressure tunnels and towing tanks it is necessary to
ensure a sufficient supply of nuclei; otherwise cavitation inception and its
subsequent extent will not comport to full scale. There are many other
factors which affect the scaling of such test results, cf. for instance Knapp,
Daily & Hammitt (1970).

In flowing liquids the tendency of the flow to cavitate is indicated by
the so-called cavitation index or vapor cavitation number which (by the
ITTC Standard Symbols (1976)) is expressed by
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CAVITATING SECTIONS
The dominant feature of steady high-speed flows of inviscid fluids about
blunt forms, as for example, displayed in Figure 8.8, is the development of
free-stream surfaces or streamlines. Along these the pressure is the con-
stant vapor pressure and hence, by Bernoulli's equation, the magnitude of
the tangential velocity is also constant. For the pressure in the cavity
equal to the ambient total pressure, the tangential velocity component
along the stream surface is equal to the speed of the incident flow far up-
stream, yielding an open cavity extending (theoretically) to infinity down-
stream.

Mathematical solutions of such flows about two-dimensional forms were
derived more than 120 years ago by Helmholtz (1868) and Kirchhoff
(1868) using complex-variable theory and mapping procedures, see Milne-
Thomson (1955) for a detailed account. An excellent summary of the ex-
tensive literature about cavity flows has been given by Wu (1972) who
has made basic contributions. However, as Tulin (1964) pointed out, there
were no important applications of free-streamline theory to flows about
forms of engineering interest for more than 60 years until Betz & Peter-
sohn (1931) explained the stalled operation of pumps and compressors by
extension of the theory to an infinite cascade of flat foils.
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Figure 8.8 Flow past a flat plate with a cavity at ambient pressure corresponding to
a cavitation number of zero.

During World War II the impetus of naval problems lead to the devel-
opment of approximate theories for cavities of finite length by assuming
the existence of re-entrant flow at the aft end of the cavity and alterna-
tively by use of a flat plate to permit the cavity to close and the pressure
to rise on the flat plate to the stagnation pressure. The assumption was
that for cavities of sufficient length, the flow at their termini has little
effect on the flow about the body. This allowed the use of mapping pro-
cedures to cavities of finite length. Posdunin (1944, 1945) pioneered
research on propellers designed to operate with large trailing cavities
which he referred to as "supercavitating" propellers. This appellation has
been in common use thereafter for all flows with cavities which extend
beyond the trailing edge of the body.

The highly significant application of theory to supercavitating flows of
interest to nav·al architects began in the early 1950's by the dramatic
breakthroughs made by Tulin (1953) at DTRC who introduced lineariz-
ation of the equations of motion. As an aeronautical engineer fully famil-
iar with the application of linearized theory to thin wing sections, Tulin
quickly perceived that the same procedure (with some modifications)
could be applied to cavity flows generated by thin wedges and hydrofoils.
In contrast, and prior to that time most professors of naval architecture
as well as mathematicians regarded the non-linearity of the Bernoulli
equation as sacrosant and were uninformed of the wide use of linear
theory by aerodynamicists.

Tulin's first analysis in 1953, clearly displayed the adaption of small
perturbation, aerodynamic-type procedures to the flow about slender,
blunt-based strut sections (with port-starboard symmetry) with trailing
cavities of finite length at small cavitation indices. His result for the
limiting case of (J = 0 for which the cavity is theoretically open and of
infinite length agreed with the exact results of Kirchhoff for wedges of
small apex angles. He next demonstrated (with Burkart), Tulin & Burkart
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(1955), by an ingenious procedure, that the now about supercavltatmg
lifting sections at (J = 0 is directly related to a shortened aerodynamic
section and gave simple formulas relating the force coefficients of super-
cavitating sections to those of the related airfoil.

Thereafter, Tulin and others extended the theory to a variety of bound-
ary-value problems and developed high-€fficiency sections as illustrated in
Tulin (1956), Johnson & Starley (1962) and Auslaender (1962); see also
Tulin (1964) for a second order theory and for an extensive citation of the
literature. More recently, interesting and useful extensions have been
made by Tulin & Hsu (1977) and by Kinnas (1985), and Kinnas & Fine
(1989, 1991) at MIT to which reference is made later.

PARTIALLY CAVITATING HYDROFOILS
A linearized theory of a flat plate with partial, sheet cavitation extending
from the leading edge has been given by Acosta (1955). Later Geurst
(1959, 1960) solved the problems of partial and supercavitating cambered
sections. Geurst represented the foil by the camber curve alone and solved
the problem using complex-variable theory in which the physical plane
with boundary conditions on the upper and lower banks of a cut in way of
the foil are mapped on the entire real axes of an auxiliary plane. This
gives a Hilbert problem with mixed conditions for which a known integral
plus two simple functions with unknown coefficients is the solution. The
unknown constants are (laboriously) computed from conditions at infinity.
Here we shall proceed in the way with which we have become familiar
from the previous chapters and address this problem (including section
thickness) with distributions of sources for the blade and cavity thick-
nesses and vortices for the loading. This is analogous to the analysis of
supercavitating sections by Daviesl3 (1970) done independently of the work
of Hanaoka (1964), also later by Kinnas (1985).

When we attempt to regard in exact theory a cavity as closed and also
as a surface of constant pressure (the vapor pressure) in an inviscid fluid
we are confronted with a dilemma because the pressure cannot be con-
stant at the terminus rising as it must in the ideal fluid to the stagnation
pressure. This led to formulations by earlier researchers to provide flow
terminations on flat plates, normal to the surface. Wu (1975) and Tulin
(1964) give extensive discussions of cavity termination models. The basic
assumption is that generally the character of the cavity termination af-
fects only the local behavior for long-€nough cavities, but the cavity shape
and length can depend critically upon the termination model and the
detachment point (d. Franc & Michel (1985) and Kinnas & Fine (1989)).
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In contrast to this, the cavity thickness in linearized theory is found to
be of higher order in the vicinity of the terminus, allowing one to impose
closure, or zero ordinate there. However, as both Acosta (1955) and
Geurst (1959, 1960) found, linearized theory becomes invalid for cavity
terminations approaching the foil trailing edge. Experimentally, cavities
on hydrofoil sections are found to be unstable for lengths in the region
3cj4 to 5cj4.
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Figure 8.9 Schematic of a partially cavitating foil.

The geometry connected to the partially cavitating foil problem is out-
lined in Figure 8.9. The following six conditions must be met:

i. The velocity potential for the fluid disturbance flow, </>,must be a
solution of Laplace's Equation, (1.17);

ii. The velocity components must vanish for ~ x2 + y2 --+ 00;

iii. The kinematic condition on the wetted positions of the foil, viz.
0( ~Ux)j an = 0, Equation (3.9);

iv. The pressure on the cavity surface is constant, being equal to the
pressure Pc (d. p. 131);

v. The cavity is closed;

vi. A Kutta condition at the trailing edge, x = -a, Le., V</>finite.

The pressure at any field point is provided by the Bernoulli equation (see
Equation (1.23) reduced to two dimensions and dropping of subscript b)

(u - U)2 + v2 P _ P q2
(8.21 )=1- 00=_

U2 tpU2 U2
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This result can be shown to agree with that of Acosta (1955) and Geurst
(1959). We observe that, in general, the cavity length is an implicit func-
tion of q and a functional of the horizontal component of the flow induced
by the camber, thickness and angle of attack of the fully wetted section.

A graph of (8.46) given in Figure 8.11 shows that two cavity lengths are
given for a single value of the parameter al q in the range al q < 0.0962
and none for larger values as found by Acosta (ibid.). Observations of
tests of two-<limensional sections in a water tunnel by Wade & Acosta
(1966) confirmed that stable short cavities exist for al q < 0.10, giving
good agreement with the theory. For 0.10 < alq < 0.20, the flow was
found to give cavity oscillations having low reduced frequencies welU in
the range 0.10 to 0.20. For al q > 0.20 quite steady, supercavitating flow
ensued. Hence the theory is useful only for cavityIchord length, lc < 0.75
or al q < 0.10. Unrealistic lift and cavity cross-sectional areas are
obtained for lc > 0.75.
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which for lc = 0 (q ...,00) gives agreement with the fully wetted result.
However as lc"" 1, CL ...,00 ! Again we see that the theory applies only to
short cavities. It is to be noted in Figure 8.12 that the lift coefficient is
composed of the fully wetted linear variation with a plus a non-linear
increment which grows rapidly with alq to give Cd27r = 1.4 at the
largest value for which the theory may be valid. The increase in lift may
be thought of as due to the effective curvature or camber provided by the
cavity.
The fact that cavity length and area are highly non-linear in al q means

that we cannot identify contributions of individual harmonics of the in-
flow velocity to propellers as cavity area etc. depends on the total inflow
angle a to the sections.

MODIFICATION OF LINEAR THEORY
Linear theory is, of course, approximate because of the several simplifica-
tions made to secure tractable mathematics. Primary motivation to im-
prove prediction of cavity size has arisen from the need to predict fluc-
tuating pressures from intermittent sheet cavitation on propeller blades.
Numerical experience with representations of three-dimensional unsteady
cavities on blades revealed that the extent and volume of the cavities
were overly large in comparison with ship and model observations.

Tulin & Hsu (1977) were the first to show by an ingenious modification
of the exact flow about hydrofoils that the effect of forebody thickness is
to markedly reduce cavity length and sectional area. This follows from the
fact that linear theory gives a poor prediction of the horizontal velocity of
the non-cavitating section uo(x,O+)at and near the leading edge. We have
in Chapters 5 and 6 and the beginning of this chapter seen that the
Lighthill correction is essential to give predictions of inception of cavita-
tion. A most adroit correction to linearized cavity flow analogous to that
of Lighthill for the non-cavitating case has been developed by Kinnas
(1985, 1991). Although Kinnas' procedure involves only the leading-€dge
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9 Actuator Disc Theory

After the foregoing excursion into basic hydrodynamics and hydrofoil
theory we can now at long last begin on the subject we set out to exam-
ine: propellers. As a start we shall consider the propeller in its simplest
form as an actuator disc, a circular slab of negligible thickness of diameter
equal to that of the propeller. Through the disc the flow passes continu-
ously while subjected to an axial pressure jump across the disc. For the
time being we shall not bother ourselves with details, such as how this
pressure jump is created.

Since we are dealing with rotational symmetry it is obviously advantage-
ous to use a cylindrical coordinate system, with the x-axis along the axis
of the disc (or propeller) and the angle 'Ymeasured from the vertical axis
(z- or r-axis), d. Figure 9.1.
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HEAVILY LOADED DISC
In all textbooks of naval architecture the flow around an actuator disc is
described by a partly non-linear theory. We shall try to obtain additional
insight by avoiding this simplification as this allows us to deal with a disc
of heavy loading. We follow the elegant theory by Wu (1962) (a landmark
paper) with some alternatives and with greater exposition of mathematical
details.

In the previous paragraphs of this chapter all velocities were total veloc-
ities. Since in our applications we generally consider propellers in an axial
inflow of velocity -U we shall distinguish between the total velocity and
the perturbation velocity like we have done with wing sections in the
previous chapters. We shall then use Ua for the perturbation velocity and
u! for the total velocity ul = Ua - U. Since the inflow contains neither
swirl nor contraction, Ur and Ut represent both total and perturbation
velocities.

As a start we make a further, general modification of (9.8) by defining
the velocity vector
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where in the first term we have taken account of the fact that Ut is non-
zero only in the race and the sifting by 8(s') has been included in the last
term.

The last term in the right hand side of (9.57) does not appear in Wu's
integral equation as he contends that the term is small compared to the
first term and moreover argues that in the regions of interest outside of
the blade row, this term does not contribute. Greenberg (1972) does not
include the term either, with the argumentation that it would produce a
jump in the radial velocity over the disc. We shall see this later.

Whereas Wu (ibid.) did not include numerical results, Greenberg (1972)
calculated streamlines and velocities by solving a non-linear integral
equation similar to (9.57), (without the last term on the right side of the
equation). Results similar to his are shown in Figure 9.7 for three differ-
ent disc loadingsl5• It is clearly seen that with increasing disc loading CTh
the effects of non-linearities become more pronounced. The distribution of
loading is representative of propellers (Greenberg (ibid.)).

From Figure 9.7a, the heavily loaded disc, it is seen that the flow at the
tip is nearly in the plane of the disc. Analyses and calculations by
Schmidt & Sparenberg (1977) (for a disc of constant loading) indicate
that the flow in this region is even more complex. Their results show that
in the neighborhood of the edge there is a region where the fluid particles
cross the disc more than once! In the larger part of this region the par-
ticles come in from behind, cross the disc twice, turn around the edge and
then pass again aft through the front of the disc. For further details the
reader should consult the references.

An identification of the physical significance of Equation (9.57) (in the
form of Wu's expressions) has been provided by Greenberg & Powers

(1970). The kernel function 1/21r R Q.1(Z) is the stream function of a
ring vortex of unit strength located in gerieral at x = x', r = r' in a plane
perpendicular to the x-axis as shown in Figure 9.8.

15 The results presented here are obtained by the computer program listed by Green-
berg & Powers (1970) and re-implemented by the authors. The authors are grateful
not only for the permission to use this efficient code but also for the help and advice
of Professor Greenberg both in connection with the implementation of the code and
with various aspects of disc theory.
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The ideal efficiency must then be interpreted as an unrealistically high
efficiency that can never be achieved but which may be used when com-
paring two propellers for instance by comparing their efficiencies relative
to the ideal efficiency. This can be seen in Figure 9.17 where 17ideal has
been plotted over an enormous range of CTh together with practical
ranges of CTh and efficiencies for various classes of vessels.

Despite the lengthy treatment of actuator-disc theory in this chapter we
have so far omitted the case of the disc in a wake behind a ship where the
disc not only sees a radially varying inflow but where also the disc loading
must be increased relative to the open water situation to account for the
effects of suction from the disc on the hull. Goodman (1979) has examined
this case including the effects of shear. He calculated the optimum load
distribution and presented curves for the induced velocities.

We shall not go deeper into details about the actuator disc, in particular
because the aspects of wake in connection with propellers (still, however,
without shear) will be treated later.
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10 Wing Theory

The flows about wings of finite span are sufficiently analogous to those
about propeller blades to warrant a brief examination before embarking on
the construction of a mathematical model of propellers. A more detailed
account of wing theory is given for example by von Karman & Burgers
(1935).

A basic feature of the flow about a straight upward-lifting wing of finite
span and starboard-port symmetry in a uniform axial stream is that the
velocity vectors on both the lower and upper surfaces are not parallel to
the longitudinal plane of symmetry. On the lower side the vectors are
inclined outboard and on the upper side they are inclined inwardly in any
vertical plane or section parallel to the vertical centerplane. This is a
consequence of the pressure relief at the wing tips and the largest increase
in pressure being in the centerplane on the lower side and the greatest
decrease in pressure being in the centerplane on the upper or suction side.
Thus there are positive spanwise pressure gradients on the lower side and
negative spanwise gradients on the upper side which give rise to spanwise
flow components which ate obviously not present in two-dimensional
flows.

In many treatments of wing theory one finds figures purporting to show
the flow about a wing of finite aspect ratio in which there is a continuous
line of stagnation points near the leading edge, extending from one wing
tip to the other. Wehausen, (1976) has claimed that this is not possible
and has conjectured that continuous irrotational flow about a simply con-
nected body of finite extent placed in a uniform stream will have just two
stagnation points, one on the upstream side and one on the downstream
side. Wehausen points out that the analog of this statement for two-
dimensional flow is readily established via conformal mapping. Unfortu-
nately, in three-dimensional flows. the same procedure does not work (as
he points out by referring to Kellogg, (1967) pp. 235-{)). While he states
that his conjectured theorem has not been found in any treatises on po-
tential theory or fluid mechanics he points out that it is true for ellipsoids
in general and in particular for those of dimensions comparable to those of
a wing.

Assuming his conjecture to be true, Wehausen then provided the flow
schematic shown in Figure 10.1. Here we see that streamlines emanating
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from the single stagnation point S on the lower side in the centerplane
cover the lower and upper side but give rise to trajectories on the upper
and lower sides at or near the trailing edge which are not co-linear. In a
real fluid this behavior gives rise to a swirling or shearing flow directly
downstream of the trailing edge. The opposing directions of span wise
components pointed out earlier are consonant with Wehausen's picture of
the flow pattern on upper and lower sides and along the trailing edges.
The presence of viscosity must then give rise to the sheet of vorticity
downstream of the trailing edge driven by the difference in the transverse
components on upper and lower surfaces.

We owe it to the genius of L. Prandtl who from observations of the flow
about wing models devised an inviscid flow model to mimic the actual
flow about wings of large aspect ratio. Prandtl's model was built up of an
array of horseshoe vortices as depicted in the sketches on pages 37 and 38
in which the chord of the foil is considered to be shrunk to a loaded line
or bound vortex located at the quarter chord abaft the leading edge.

There are several approaches or representations of this lifting-line model
of wings. We have seen that the velocity field of any vortex array can be
calculated from the law of Biot and Savart, Equations (1.83) or (1.84).

Here we choose to write the velocity potential of the Prandtl lifting-line
model of wings of finite, but large aspect ratios, by exploiting Stokes'
theorem, p. 23. The result is given by Equation (2.50) and sequel. Let us
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Thus for an aspect ratio of 4 and a Cr = 0.2, xr/b = - 2.8, which is
approaching the value of 3.4 where the theoretical asymptotic downwash
is practically achieved. Thus the assumption of a planar wake of vorticity
is fortunately adequate, Le., the effective downwash at the wing is pre-
sumably accomplished by the portion of the assumed vortex wake forward
of the wrap-up region. The effect of vortex wake instability is significant
at low AR and high Cr. The helical sheets of vorticity abaft each propel-
ler blade also exhibit a similar instability and wrap-up.

In summary we see that the effects of finite aspect ratio are to degrade
the lift-€ffectiveness of wings relative to the two-dimensional value and to
incur induced drag which is directly proportional to the square of the lift
and inversely proportional to the aspect ratio. These effects are a con-
sequence of the downwash induced at the wing by the system of trailing
vortices shed into the wake abaft the wing. We are now prepared to
understand the analogous behavior encountered by propellers having a
finite number of blades. It is to the application of lifting-line theory to
propeller blades that we may now turn.

11 Lifting-Line Representation of Propellers

To construct a lifting-line model of propellers we can use the insight on
wings obtained in the previous chapter, since a propeller blade is analog-
ous to a rolling wing, pivoting about one tip while advancing. When the
circulation distribution is taken to be constant along the bound vortex
then an axial vortex is shed from the pivoting end (root) and a vortex is
shed from the tip which, while preserving the history of the motion, forms
a helical "chain" of vorticity extending downstream to the starting point
where an initially shed radial vortex closes the array.
Thus at the outset, for sake of simplicity, we consider a simple vortex

array as shown in the following Figure 11.1 which consists of hub, bound
and helical vortices.
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It is to be noted that the positive x-axis is taken forward (in conformity with ITTC
notation which stems from the long tradition in naval architecture that the bow is to
the right hand when viewed from the starboard. Howeverour z-axis is positive up-
ward in opposition to the ITTC because it is customary to measure the blade posi-
tion angle from the vertical). This axis system is in opposition to that used by many
who take +x downstream, a practice of aerodynamicists. Our objection to that sys-
tem is that the angular velocity of a right-handed propeller is then negative and,
worse, the thrust is negative and the torque is positive when the ship is driven
ahead. We depart, then, from most writers and incur the trouble of comparison
which requires x,y and W (angular velocity) to be replaced by their negatives.

We have three ways of calculating the velocity field induced by this
array:

i. By differentiating the velocity potential of dipoles of strength ro
distributed normally to the helicoidal surface bounded by the
hub, bound, and helical vortices.

ii. By differentiating the potential resulting from an integral of the
pressure field arising from a concentrated load on the bound
vortex.

iii. By the Biot-Savart formulation as given by Equation (1.85).

A fourth approach would be to find the solution to the Laplace equation
directly, under the assumption that the vortex system was infinitely long
in both directions of the x-axis. This was done by Kawada (1939), among
others. His expressions are the basis of the numerical evaluation of the
velocity field by Lerbs (1952).

We take option iii. as being most commonly employed in the literature.
Our ultimate goal is to calculate the induction normal to the lifting line
from all elements in analogy to the wing and thereby to secure an analog-
ous integro-differential equation for the circulation density.

To this end we examine the induced components generated by a hub
vortex, a single bound-to-the-blade vortex and a trailing "tip" vortex. As
the flow relative to a blade which rotates at angular rate w while
advancing at speed Ua is of tangential velocity -rw and axial velocity -Ua
the vorticity swept away from the blade lies on a distorted helical surface
(as demonstrated in Chapter 9, p. 184) because by the theorem of Helm-
holtz (d. for example Yih (1988)) vorticity is convected with the total
flow components. Hence the trailing vortices are actually convected with
component velocities of Ua - Ua, Ut - rw and Ur where ua, Ut and Ur are
the axial, tangential and radial components induced by all the vortices
and all other disturbances. For lightly loaded propellers the trajectories of
the trailing vortices are virtually helices of pitch 27rUa/ w or pitch angle /3a
= tan-1 Ua/rw. Figure 11.2 is a photograph of a propeller in a water tun-
nel at reduced pressure in which the tip and hub vortices are made evi-
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Hence

The bound vortices in concert play no role in the induction on
themselves.

Helical Vortex Inductions
Vortex elements shed by the propeller blade rotating about a fixed point
at angular velocity w (positive clockwise viewed from aft) in a stream -Va
are in principle convected by the resultant relative velocity composed of
-Va, -rw plus the axial, tangential and radial components induced at the
shed element by all members of the vortex array. Thus the trajectory of
vortices shed from any radial blade element is not a true helix as the
induced velocities vary with distance from the propeller. In the ultimate
wake of the screw propeller (some two - three diameters downstream) a
true helical pattern is achieved as the axial inductions achieve their
asymptotic values and the radial component vanishes. Moreover, as the
vortices act on each other the sheet of vorticity shed from all blade
elements quickly becomes unstable as in the flow abaft wings and wraps
up into two concentrated vortices, a straight one streaming aft of the hub
and one inboard of the tip radius in a quasi-helical pattern. At this point
we shall be content to ignore these vortex interactions and moreover take
V instead of Va. We then examine the implications of a single tip vortex
whose trajectory relative to the bound vortex can be specified in the
following parametric way.

A vortex element shed t' seconds ago from the tip of the key blade
which at present time is at angle "Yois assumed to be located by
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which removes the implicitness of (11.57) (and similarly for ut(O,r,O))
since Pi depends on Ua and Ut. Thus the lightly loaded propeller is
analogous to the wing where the trajectories of the trailing vortices are
assumed to be independent of the loading on the wing.

However, unlike the wing the inductions from the free vortices are not
easy to evaluate. In the linear (lightly loaded) theory a special case arises
when the pitch of the free vortices is constant as always obtains when the
inflow is uniform. This special case was first solved analytically by Gold-
stein (1929) by considering the flow generated by a translating, rigid heli-
coidal surface.

The case of radially non-uniform pitch of the trailing vortices, as occurs
in operation abaft a hull, was first solved by Lerbs (1952) whose method
will be outlined herein as it forms the basis of many existing lifting-line
computer programs (for example, Caster, Diskin & La Fone (1975) and
van Oossanen, (1975)).

The integrations required in (11.57) cannot be effected analytically, a
major obstacle in the pre-i;omputer era. An approximate development by
Lerbs (1952) for the induction of single helical vortex elements resulted in
a formulation involving an infinite series of products of modified Bessel



222 Lifting-Line Representation of Propellers

functions of the first and second kind (analogous to the development
leading to Equation (11.34) which is more adroit than that of Lerbs
(ibid.». The advantage of this procedure is that it allows the use of
asymptotic approximations of the Bessel functions and then the sums are
relatively easy to compute. An improved version of Lerbs' development
was evaluated by Wrench (1957) via computer with an algorithm current-
ly in use.

Kerwin (1981) relates that his subsequent direct numerical integration of
expressions for all components of .the induced velocities confirmed the
accuracy of the Lerbs-Wrench procedure (and vice versa) and proceeds to
remark that "while the computational effort of direct numerical integra-
tion is now trivial by current standards the Wrench formulation is still
more efficient".

Once the ¢'-integration is performed by either procedure there remains
the tasks of evaluating the singular integral over the radius. Lerbs (1952)
evidently exploited the work of Moriya (1933) who factored out the
singular part thereby introducing "induction factors" which have finite
limits as r' -; r (Rh $ r ~ R). We now consider this process in some detail.

INDUCTION FACTORS
The singular behavior of the velocity components when the field point is
brought to a helical (or bound) vortex is asserted by various writers to be
of the Cauchy type, Le., proportional to l/(r-r') on the basis that all
curved vortices appear straight and two-dimensional when one is close
enough, and that is the singularity of straight vortices (d. Newman,
(1977». For sake of completeness we offer the following demonstration to
show that this is indeed the character of the singularity.

Returning to the axial component induced by a single helical vortex
(11.29) we rewrite as follows replacing ro by r'
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12 Propeller Design via Computer and
Practical Considerations

Here we present the essential steps in the problems posed by the design
and analysis of propellers. In design we are required to develop the diam-
eter, pitch, camber and blade section to deliver a required thrust at maxi-
mum efficiency (minimum torque). There are other criteria such as to
design a propeller to drive a given hull (of known or predicted resistance
over a range of speeds) with a specified available shaft horsepower and to
determine the ship speed.

The analysis procedure requires prediction of the thrust, torque and ef-
ficiency of propellers of specified geometry and inflow.

We begin with the development of the criteria for the radial distribution
of thrust-density to achieve maximum efficiency in uniform and non-uni-
form inflows. This is followed by methods for determining optimum diam-
eter for given solutions and optimum solutions for a given diameter.

The derivation and reason for the induction factors in the lifting-line
theory of discrete number of blades, as displayed in the previous chapter,
is followed by formulas for the thrust and torque coefficients in terms of
the circulation amplitude function Go.

Applications are then made to the design and analysis of propellers.
Means for selection of blade sections to avoid or mitigate cavitation are
followed by extensive discussion of practical aspects of tip unloading via
camber and pitch variation. Effects of blade form and skew on efficiency
and pressure fluctuations at blade frequency (number of blades times rev-
olution per second) are presented.

CRITERIA FOR OPTIMUM DISTRIBUTIONS OF
CIRCULATION

Before going into details we may remark (with Kerwin, Coney & Hsin
(1986)) that lifting-line theory is the basis for propeller design since it
provides the radial distribution of loading or circulation. This distribution
is obtained by use of criteria for optimum efficiency (as will be derived
shortly) or modifications of such a distribution, for example to reduce the
tip loading, to avoid unacceptable unsteady cavitation, high vibratory
forces and noise, as outlined at the end of this chapter.
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In the design process the more elaborate lifting-surface methods are used
to trace the blade geometry from data mainly generated by lifting-line
procedures, viz. overall geometry and radial distribution of loading.
Chordwise load distribution may be of the roof-top type.

A more numerically oriented version of the lifting line method has been
developed by Kerwin et al. (ibid.). While it has been designed to treat
multi-component propulsors such as contrarotating propellers, propellers
with vane wheels etc., it can also be used for the single propeller. We
postpone a description of this method until Chapter 23 on unconventional
propulsion and take what one may call the classical approach to lifting-
line propeller theory.

Propellers in Uniform Inflow
Formal analyses yielding criteria for optimum propeller efficiency when
viscous-drag and cavity-drag effects are included have been carried out by
Yim, (1976). His conclusion is that for non-cavitating propellers the
criteria for optimum efficiency in both uniform and non-uniform inflow
can be secured by ignoring viscous effects but that the optimum distribu-
tion of pitch for supercavitating propellers is highly dependent on the lift-
drag ratio of the sections. Consequently we proceed to determine a cri-
terion for optimum efficiency by setting CD = 0 in (11.74) and (11.75).
We follow the development by Wehausen, (1964) in part, considering at
first the case of the propeller in open water (freely running).

As the forces on an element of the bound vortex are at right angles to
the incident velocity, the thrust is generated by the net tangential veloc-
ity and the torque-producing force by the net axial component. Hence we
have, cf. p. 226, (11.74) and (11.75), with V cos(3i= wr-Ut and V sin(3i
= U + IUa I
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As Vim, (1976) notes this equation is the same as those derived by We-
hausen, (1964) or Morgan & Wrench, (1965). For the special case of a
propeller with infinite number of blades, i.e. an actuator disc, Morgan &
Wrench (ibid.) considered the integral terms and were able to show that
these terms are equal to -Ut and rua, respectively. A comparison of terms
in (12.13) and (9.101) clearly confirms this finding. Andersen (1986) found
by numerical calculations that this was also the case for a propeller with
finite number of blades.

For the general case of a propeller ·with finite number of blades we shall
not go through the complication of inverting (12.13). Instead let us as
Vim (1976) seek an answer via another procedure in which one assumes
that Munk's (1919) "displacement law" developed for wing theory applies
to propellers. This was the basis of Betz's theory. Munk's law (as applied
to propellers) states that the thrust and the loss of energy are not altered
when the blade elements are displaced along the vortex lines of the free
vortex sheet without altering the circulation of the blade elements. In
other words, the Munk law indicates that the thrust and energy loss is
only a function of the radial distribution of integrated chordwise pressures
when the chord is considered to lie along a free vortex line of the sheet
and does not depend upon the modes of chordwise distribution as long as
the integrated lift is the same. Let us now return to (12.1) and write the
variation in T as
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OPTIMUM DIAMETER AND BLADE-AREA-RATIO
DETERMINATIONS

Before turning to the design of a propeller by lifting-line procedures, it is
necessary to obtain a series of starting data. These data are typically ob-
tained by a number of calculations with series propellers.

It should be pointed out that the modern calculation methods provide
for much greater flexibility in the design of propellers as compared to the
use of data from systematic propeller series as produced in the past by
MARIN (Wageningen series), Troost (1937-38), (1939-40), (1950-51),
Oosterveld & van Oossanen (1975), Admiralty Experiment Works (Gawn
series), Gawn (1937, 1953), SSPA (SSP A standard series), Lindgren &
Bjarne (1967) and DTRC (Admiral Taylor series), Taylor (1933). The use
of these series restricts one to the fixed geometry, section characteristics
and hub radius employed and does not allow for distributions in the
inflow to the propeller disc as experienced in the wake behind a ship.
Moreover, they do not include skew as a parameter as can be incorporated
in lifting-line and lifting-surface theories.

The most efficient propeller is generally that having the greatest diam-
eter permissible in the aperture and turning as slowly as possible. To see
this, remember from figure 9.16 that the highest efficiency was obtained
for CTh = T/(ipUl1l"(D2/4)) as small as possible. For a fixed thrust T
and mean inflow velocity UA the smalles~ possible CTh is obtained by as
big a diameter, D, as possible. T and UA are both given when the speed
of the ship is specified (through t and w), but they generally show a weak
dependence on the propeller diameter, cf. for example Harvald (1983).
There may therefore be cases where the entire propulsion efficiency will
not increase even if the propeller diameter is made bigger.

The determination of optimum revolutions for a fixed diameter (as big
as possible) from systematic series is made by eliminating the unknown
rate of revolutions N between the thrust coefficient KT and advance ratio
JA = UA/ND

11"
KT = - CThJ A2 (12.28)

8

where now CTh will be a constant for fixed T, speed of advance UA and
diameter D.
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In this case a further check must be made to secure that the thrust de-
livered by the propeller corresponds to the ship speed and hence to the
speed of advance specified at the outset.

Required blade-area ratios can generally be determined through the use
of Burrill's empirical criterion shown in Figure 12.3.

The series propellers with characteristics presented in the form of charts,
as used in the above processes have been tested in open-water conditions.
Experience as well as model experiments, as reported by van Manen &
Troost (1952), have shown that the optimum diameter as obtained from
the charts is not the diameter for optimum results in the "behind" condi-
tion. A propeller of smaller diameter will give the highest efficiency. This
can also be found by calculation, as shown in Figure 12.4. The curves in-
dicated lifting-line calculation are the results of a series of calculations of
an optimum propeller by the lifting-line theory (which will be explained
in detail shortly). Each point of the curve has been obtained by several
calculations with systematic variation of the diameter, and the optimum
(with respect to efficiency) has been selected.
All of the above calculations including optimization of diameter or rate

of revolutions are most efficiently effected by computer with the series
propeller characteristics given in polynomial form (MARIN-series: Ooster-
veld & van Oossanen (1973), (1975), MARIN-ducted propellers: Ooster-
veld (1970)).
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reduce the efficiency). Although this is not an optimal design in its
mathematical sense it may be optimal from an engineering point of view
since it is the task of the naval architect to design the propeller to per-
form as well as possible in the given conditions. This aspect will be dis-
cussed in the section on Pragmatic Considerations at the end of this chap-
ter. The calculations in such cases will start with a specified distribution
of blade loading over the radius, save for a constant. Again an iterative
procedure is used to find this constant and to make sure, the proper
thrust or torque is obtained. Details about this can be found in Lerbs
(1952).

Analysis Problem
We shall now for a moment depart from the design problem and consider
the characteristics calculation where we seek to find KT and KQ over a
range of J's for a specified propeller. Opposed to the design case where we
sought the pitch and loading that would give the required (optimum) dis-
tribution of hydrodynamic pitch angle (Ji, the pitch is now known and we
must calculate (Ji. We must then establish a relationship between the
pitch and the local load which is also unknown. We use the blade-section
characteristics and their lift properties of the form
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Lifting-Surface Correction Factors
When we calculated the induced velocity by (11.63) we evaluated it in
only one point on the lifting line. But the induced velocity and hence the
total inflow velocity will vary along the chord length of the blade section.
To allow for such three-dimensional effects and to account for the effect of
thickness which we also omitted and still be able to use results for two-
dimensional wing sections, lifting-surface correction factors should be
used. We postpone the development of lifting-surface theory until later
because the steady form is subsumed in unsteady lifting-surface theory,
thereby avoiding unnecessary redundance.

Various correction factors exist, e.g. due to Morgan, Silovic & Denny,
(1968) and Cumming, Morgan & Boswell (1972), and are based on results
obtained by lifting-fmrface theory. Correction factors in polynomial form
mainly based on Morgan et al. (ibid.) have been given by van Oossanen
(1975). The factors correct ideal inflow angle (d. p. 75) and camber by

a·3=k a'2+a
1, a 1, t (12.77)

f3 = kf f2

where ka' kf' and at are the correction factors. aj 2 and f2 are the values
used when calculating lift and drag properties, while aj 3 and f3 are the
actual geometrical properties. Application of correction 'factors has been
described by van Oossanen (ibid.) who also demonstrates how they should
be used in the case of a characteristics calculation. Results of such a cal-
culation with correction factors (although a simpler procedure than van
Oossanen's is used) and without are shown in Figure 12.5.

Cavitation Prediction
The blade sections can be selected from a profile series, e.g. the NACA a
= 0.8 (modified), d. p. 89. Most often the profiles should be designed to
operate at ideal angle of attack. But this may not always be practical,
maybe because the profile then must have an exceptionally high camber
ratio. The lift should then be produced not by camber alone but by a
combination of camber and inflow angle. In such a case the danger of cav-
itation is greatly increased because of the pressure peak at the leading
edge.

To design for no cavitation the requirement must be met, cf. (8.10)

u> - Cpmin (12.78)
If we consider Figure 12.6 this means that the angle of incidence shall be
within the limits indicated. Beyond these limits the profile will suffer
from back side cavitation (a > as) or face side cavitation (a < ap). For
design purposes Figure 12.7 is useful by giving the optimum foil geometry
with respect to maximum variation in inflow angle combined with mini-
mum pressure coefficient.
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PRAGMATIC CONSIDERA TIONS22
In the preceding paragraphs we have dealt with mainly idealized condi-
tions that have made possible exact definitions of what is the optimum,
such as the optimum propeller with respect to efficiency. But in real life
succesful design means a compromise between many conditions. While
some conditions must necessarily be fulfilled entirely, such as the require-
ments of sufficient strength, others can only be partly met. It will be
much too complex to put all these conditions, and how far they must be
met, into one single criterion. The designer must therefore rely on a series
of repeated calculations with systematically varied parameters under idea-
lized conditions combined with his experience and insight into the pro-
blems.

The pragmatic considerations which will be presented in this chapter are
in many ways based on cavitation and vibration analyses. They are
brought here in the chapter on design of propellers as an overview of the
problems and what can be done about them while the reader should ob-
tain deeper insight from the next ten chapters on unsteady propeller
theory.

The paramount conditions to be met by successful propeller design are

Tip-Region Unloading
The derived criteria for optimum efficiency produce designs having rela-
tively large loading on the outer sections. These loadings are typically like
that shown in Figure 12.8 as calculated by Lerbs, (1952). The associated
pitch distribution is nearly constant and yields larger pitch for the outer
sections. Such pitch distributions are generally characteristic of propeller
designs comprising the several existing systematic series referred to
earlier. Such propellers require favorable wake distributions (small spatial
wake variations) in order to avoid intermittent cavitation ..

Prior to the advent of heavier loadings such optimum propellers were
successful. However, nowadays adherence to designs for optimum efficien-
cy because of the stress on low fuel consumption frequently leads to unac-
ceptable unsteady cavitation with concurrent erosion, high vibratory
forces and noise. Thus it is necessary to compromise efficiency to secure
compatible performance with respect to vibratory levels of excitation. To
achieve such compromises in a rational, predictable way one must exploit
lifting-line and lifting-surface theory methods.

One obvious way of reducing the extent of cavitation or possibly to
postpone inception to speeds above the design speed is to unload the outer
blade sections by reducing the radial pitch distribution and camber in
that region. However, a numerical design method has then to be used in
order to secure a compatible relation between camber and pitch as
stressed by Johnsson, (1983) who we quote (nearly exactly) in the fol-
lowing:

"What can happen, if such a procedure is not used, is illustrated in
Figure 12.9. Here the original propeller (picked out of a systematic series)
was rejected by the shipowner mainly because unacceptable vibration and
noise were experienced on the ship trials. To improve the situation in
these respects, the pitch distribution and blade form were changed, but
the flat face of the blade sections was maintained, i.e. the radial camber
distribution was not changed, see Figure 12.9. The results of the full-scale
tests with the new propeller (P1868), which were confirmed at model tests
in the SSPA cavitation tunnel, showed that a certain reduction of the
vibration excitation was obtained at the blade frequency. The tendency to
cavitation erosion (present already on the original propeller, according to
the model tests), was however seriously aggravated, the result being that
the new propeller was regarded as unacceptable in this respect. An ana-
lysis of the design showed that the camber of the outer sections, (having
been determined from the hydrodynamically irrevelant condition that the
face of the blade sections should be flat), was too large compared to the
camber of the inner sections. As a result of this, the extension of
cavitation became large in the middle part of the blade, which in turn
gave a cavity having a convex trailing edge. This is known to promote
cavitation damage. This effect was present already at the original propel-
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ler but was amplified when reducing the pitch of the outer sections,
without making the corresponding reduction of the camber.

A more successful design for the same case is shown in Figure 12.10. For
this propeller design calculations were made, using lifting-surface theory,
the result being that the pitch and camber fit each other. It is evident
from Figure 12.10 that this propeller has much less cavitation damage
than the empirically designed propeller, the vibration excitation level and
efficiency being the same. II

Effects of Blade Form
An effective measure to reduce vibratory pressures and shaft forces is to
employ extreme skew. (A prediction that a relative reduction in vibratory
thrust of 100 per cent could be achieved by 100 per cent skew (blade tips
of each blade at same angular location as the root of the following blade)
was made by Ritger & Breslin (1958) via an approximate theory employ-
ing unsteady-section theory combined with the steady-state procedure of
Burrill (1944)). It is obvious that when the blades are sufficiently skewed
the sections pass through the wake "spike" or valley in a staggered
fashion thus reducing the forces remarkably as compared with a blade
whose locus of mid~hords is radially straight. When combining skew and
tip-region unloading Johnsson's experience indicates the necessity of em-
ploying a "rigorous calculation" (procedure) as a drastic change in blade
form affects the relation between radial distribution of circulation, pitch
and camber. His point is made in Figure 12.11 where three widely diffe-
rent blade forms are shown which all have the same radial distribution of
circulation. The pitch and camber distributions obtained by two different
design methods are also shown. The approximate method is based on lift-
ing-line calculations with camber~orrection factors from the literature
being used for determining the final values of pitch and camber at each
section. Using this process, the same radial distributions of pitch and cam-
ber are obtained for all three designs.

The other design method, based on a rigorous lifting-surface representa-
tion, determines different radial distributions of camber, and particularly
pitch, for the three blade forms. It is evident from Johnsson's calculations
that the lifting-line method with so-called lifting-surface corrections yields
much too large pitches at the outer sections of the skewed blades. In this
way the beneficial influence of skew on vibration excitation ".... is reduced
and sometimes eliminated".

This experience should not be surprising as the influences of the chord-
wise geometry and especially the radially induced velocity are not ac-
counted for in lifting-line theory with approximate corrections.

We may encapsulate findings from recent extensive experimental studies
at SSP A Maritime Consulting, Sweden of the influence of radial load
reduction and skew in the following:

Efficiency (Refer to Figure 12.13)
i. The radial pitch distribution is the most important parameter in

regard to efficiency of propellers with conventional blade form
and equal blade area.

ii. Loss of efficiency with tip unloading is smaller in "behind" condi-
tion than in open water.

iii. Efficiency loss from tip unloading is reasonably predicted by cal-
culation.

iv. A propeller having extreme skew has efficiency equal to the cor-
responding propeller with conventional blade form (Le., having
the same radial circulation distribution).

Pressure Fluctuations (Refer to Figure 12.14)
i. Radial pitch variation is the most important parameter for reduc-

tion of vibratory pressures at blade frequencies for conventional
blade forms; design principles and blade area being of less import-
ance.

ii. At twice and higher-order blade frequencies, unloading of the tips
is not effective in reducing these amplitudes.

iii. Designs with extreme skew show significant reductions in vibra-
tory pressure amplitudes over the entire frequency range.

Cavitation Damage
i. An increasing extent of cavitation damage attends reduction of

pitch without a corresponding reduction of camber in the tip
region. (Refer to Figure 12.9)

ii. In the designs tested the extent (area) of cavitation damage is
only slightly reduced with increasing tip unloading and skew.

It is necessary to note, as has Johnsson, (1983), that structural analysis
via finite elements of extremely skewed blades showed that high stresses
can be expected in some parts of the blades, particularly in the reversing
and backing modes.
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13 Hull-Wake Characteristics

It is well known that the flow abaft of ships is both spatially and tem-
porally varying. This variability arises from the "prior" or upstream his-
tory of the flow produced by the action of viscous stresses and hull-press-
ure distribution acting on the fluid particles as they pass around the ship
from the bow to the stern. Thus the blade sections "see" gust patterns
which over long term have mean amplitudes but from instant-to--instant
change rapidly with time because of the inherent unsteadiness of the tur-
bulent boundary layer.

Our knowledge of the distribution of flow in the propeller disc is almost
entirely based on pitot-tube surveys conducted on big (~ 6 m) models in
large towing tanks and in the absence of the propeller. These are termed
nominal wake flows. As is well appreciated, pitot-tube measurements pro-
vide only long-term averages of the velocity components at various angu-
lar and radial locations in the midplane of the propeller. These measure-
ments depend upon the calibration of the pitot-tube in uniform flow
whereas the wake flow radially and tangentially has the effect of shifting
the stagnation point on the pitot-tube head, a mechanism not operating in
the calibration mode. Thus there is a systematic error which is, to the
authors' knowledge, not generally corrected. Moreover, wake-fraction (and
thrust-deduction) calculations based upon tests with the same model in
several large model basins and upon repetitive tests with the same model
in the same large model basin, have shown remarkably different results. A
similar scatter was also found in results of wake surveys. These findings
were reported by Harvald & Hee (1984, 1988 and 1978).

To compound our ignorance of ship wakes we know from the general
theory of viscous flows that the hull boundary-layer characteristics are
dependent upon Reynolds number UL/v (U the speed, L the length, and
v, the kinematic viscosity) which is of order 106 in model scale and 109 in
full scale. Both theory and experiment lead us to expect (for both model
and ship with hydraulically smooth surfaces) that the model wake will be
thicker. This implies that minimum velocities relative to reference speed
will be less on model than on ship and that the dimensionless wake-har-
monic amplitudes (to be defined later) will be smaller in model scale be-
cause the model flow is more viscous hence less rapidly changing or less
"sharp" than the ship. Still another bleak aspect is provided by our nearly
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complete ignorance of the effective wake, i.e., the wake "seen" by the
propeller when driving the ship. Some knowledge of the mean effective
wake is secured by using the open-water propeller curves together with
thrust and torque measurements on propeller models operating abaft hull
models. This tells us nothing in regard to those aspects or details of the
distribution of effective wake which are the root cause of propeller-gener-
ated vibratory forces and pressure.

We do know that gross observations of the flow patterns on full-form
models having separated-boundary-Iayer flows, generally forward and
somewhat above the propeller, without the propeller operating have re-
vealed that such "pockets" of separation are removed when power is ap-
plied to the propeller and often a new region of separation appears direct-
ly abaft and above the operating propeller. An increasing use of laser-
doppler velocity meters will, in time, lessen our ignorance of model and
ship effective wake.

The development of computational methods directed at computing hull
boundary layers is impeded by the complexity of the problem. An efficient
(and necessary, with respect to use of computer resources) method is to
divide the flow zone around the hull into three zones, with necessary in-
teractions, d. Larsson, Broberg, Kim & Zhang (1990). Outside the bound-
ary-layer and wake regions a potential-flow description is adequate and
can more efficiently include the effects of the free surface. A special
boundary-layer method can then be used in the region from the bow and
appro 70 per cent of the ship length downstream. In the stern and near-
wake region the thickening of the viscous flow cannot be predicted by
boundary-layer theory and the flow is calculated by solution of the
Navier-Stokes equations. More details about this and similar procedures
and references to the literature can be found in Larsson et al. (ibid.),
Patel (1989) and ITTC (1990a). We may conclusively quote Larsson et al.
(ibid.) that "the usefulness of the new numerical methods does not mean
that they are perfect, or that computations can replace model testing in
general". But so far they have "...been developed to a stage, where they
can be used side by side with towing tanks to aid in the design of ships".
Further developments in computer technology and computational pro--
cedures will no doubt remove the limits of these statements.

In the face of all the foregoing "bad press" about our abject knowledge
of ship-scale wakes and even model-scale effective wakes, what are we to
do in regard to predicting vibratory blade and hull forces which depend
on certain detailed features of the wake (soon to be defined)? This ignor-
ance has been used by many pragmatic naval architects and engineers as
a basis for disparaging efforts to develop totally rational mathematical
models since the accuracy of the required input is not comparable to that
of the complex representations. The answer to them is that one should
not deal with simple ad-hoc theories in which systematic errors or lack of
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realisms are imbedded but do the very best we can, so that the level of
comparative results (using the same wake as input) can be relied upon.
Then, when accuracy of the wake input data is achieved we shall have at
hand tools which are as rational, consistent and effective as we can make
them. As matters now stand comparisons of results from the models to be
described with relevant data when the wake is well established (or can be
reasonably modified) are good to excellent. However, the number of corre-
lations is far from legion. Meanwhile, it is fair to say that the sophistica-
tion of the mathematical models is in advance of that of the input data
particularly for full form ships ..

ANALYSIS OF THE SPATIAL VARIATION OF HULL
WAKES

We put aside the temporal variability of hull wakes for the present and
deal only with the steady or long-time averages of the velocity field as a
function of radius r and angular position 'Y in the plane of the propeller.
Such a velocity field for a relatively modern 125 m cargo ship is shown in
Figure 13.1 and 13.2. From Figure 13.1 one observes a region of relatively
low inflow velocity (~ large wake) at the 12 o'clock position. An interest-
ing observation can be made from Figure 13.2 where it is apparent that
the water to the propeller flows over the bottom of the ship aft and up-
wards into the disc (at least for a ship with this breadth-<lraft ratio of 3.8
(ballast condition)). (One can perceive anomalies in the neighborhood of 6
and 12 o'clock ('Y = 180° and 0°) which are believed to be due to the
effects of the shear referred to previously, since the tangential flow velo-
city should be zero here due to symmetry).

By a different presentation of the wake-field data (Figure 13.3) we can
envision that we have a "standing wave" through which the blade sections
cyclically "orbit". We designate the varying part of the axial wake com-
ponent by u1r'("() and the varying tangential component by u't'( 'Y) (both
relative to the mean velocity). Both components vary about mean values.
We then see from Figure 13.4 that the geometric wake flow angle fig will
oscillate about the mean geometric angle (Ja as we follow the section
around the "clock" or across the total wake variation in Figure 13.3. It is
of interest to calculate the variation in the angle of attack defined by the
component normal to the pitch plane and the nominal resultant velocity
which from the figure is
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and similarly for u~n and u~n' Note, that the wake velocity (uJ::,u~, ut) is
a perturbation velocity. The velocity, measured for example by a gage
moving with the ship (at speedU) is then (-U + uJ::,u~, ut).

For single screw ships u~n and u~n should be zero although measure-
ments made from 0 to 3590 often show some asymmetry in uJ::and lack of
pure asymmetry in ut (An example of this can be seen in the wake
measurements, shown in Chapter 22 (e.g. Figure 22.8)). These aberrations
may be considered to be anomalies in the measurements due to lack of
model symmetry and from imperfect alignment of the model. They may
also be real, arising from mean unsymmetrical vortex shedding which may
be particularly the case in large beam-to-draft hulls which are known to
shed longitudinal "bilge" vortices which meander in an aperiodic fashion.
For simplicity we shall consider the axial flow for single screws (on
symmetrical hulls) to be even functions of 'Y and the tangential
components to be odd functions for which u~n == 0 and u~n == O. Most
often data for center-line propellers are only taken over half the disc and
then we have no way of knowing u~n and u~n' For off-center-line propel-
lers these components are neither even nor odd, thus all terms must be
retained.

A large collection of model wake data has been analyzed by Hadler &
Cheng (1965). They present both the three-dimensional velocity fields and
the harmonic amplitudes of these velocities and they also compare the
influence of various types of sterns upon the wake field.

An example of harmonically analyzed model wake data is shown in
Figure 13.5 and 13.6 showing the variation of the amplitudes with radius
and harmonic order. From these typical results we can secure an idea of
the numerical size of the amplitudes and also note that the odd orders
often show a 1800 phase change from the inner to the outer radii. The
total angle-of-attack variation on anyone blade is about 85 per cent ac-
counted for by the sum of the first three harmonics and hence these are
principally responsible for the occurrence of intermittent cavitation.

In contrast the shaft forces and moments generated at frequencies qZ by
a z-bladed propeller are produced by only the (qz - 1)-th, the qz-th and
the (qz + 1)-th wake harmonic amplitudes as will be seen later, p. 365
and sequel. It is also to be appreciated that the accuracy of the harmonics
of higher orders is not high say for order numbers greater than 6.
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TEMPORAL WAKE VARIATIONS
As noted earlier the wake field is not steady in time. No systematic data
exist to quantify this phenomenon, nor do any existing theories take into
account this temporal variability. We do know from high-frequency
measurements of shaft forces and near-field pressures that the amplitudes
of these quantities are not constant but (in an aperiodic fashion) modulate
considerably; the ratio of maximum to minimum amplitudes being of the
order of 3.

It is the authors' conjecture that temporal variations arise from turbu-
lent intermittency in the outer regions of the boundary layer which gives
rise to coherent vortical flows. This behavior is suggested in Figure 13.7
where we can see vortical flows between regions of laminar flow with non-
uniform size and spacing. These non-uniform patterns must give rise to
varying spatial harmonics in the propeller disc which produce temporal
variations in the blade and shaft forces.

In possible support of this general conception, the experimental work in
thin shear layers by Brown & Roshko (1974) identified large coherent
structures in the turbulent mixing of thin parallel jets. Any large scale
disturbance such as U-shaped vortices shed around the periphery of the
hull would wash the propeller with a coherent distribution which has
blade-frequency (and higher) spatial harmonics which the propeller would
filter out and give a response.

Japanese observations of the flow about ship models showed the exist-
ence of discrete longitudinal vortices generated by hulls of large beam-
draft ratios extending past the propeller plane into the wake. Through
flow visualization these discrete vortices were found. to meander up and
down on either side which thereby explained the observed large modula-
tions in unsteady propeller forces on such models.

The only practical conclusion that can be drawn from these foregoing
observations is that the presence of temporal variability in model and ship
wakes determines a lower bound to the level to which we can reduce pro-
peller excitations by use of passive design measures such as skewing the
blades and the use of ducts with peripheral camber variations. The miti-
gation of temporal-flow effects would require active controls coupled with
flow sensors.

Having outlined the principal characteristics of hull wakes we next ig-
nore all spatial and temporal variations by considering (for simplicity) the
pressure field about a propeller in uniform flow or open water sans bound-
aries.

fiIure 13.7 Creation of turbulence in the flow along a flat plate. The photographs
show the same group of vortices as they are originated (top photograph)
and develop downstream (from top to bottom). The flow which enters
from the left is made visible by aluminum dust.

Figure 2 from Prandtl, L. (1933). Neuere Ergebnisse der Turbulenz-
forschung. Zeitschrift des Vereines Deutscher Ingenieure, Band 77, No.
5, 105-14.
By courtesy of VDI-Verlag, Germany.



In this chapter the pressure fi.elds induced by the loading and thickness
distributions on a single blade will be derived. They are found to be
composed of pressure dipoles (for the loading) distributed with axes
normal to the fluid helical reference surface in way of the blade and
tangentially directed dipoles along this surface for the thickness. The
expressions are then expanded in exponential Fourier series to facilitate
determination of the total contributions from Z blades. This reveals that
the pressure "signature" contains only components at integer multiples of
blade number. The behaviour at large axial distances at blade frequency is
examined analytically and the variation of the weighting functions in the
integrals for small axial distance is displayed 'graphically via computer
evaluation. The chapter concludes with comparisons with measurements
and with various approximate evaluations of the integrals involved made
in the past.

PRESSURE RELATIVE TO FIXED AXES
We shall derive the induced pressures in a fixed coordinate system. In this
system the propeller sees an axial inflow (in the negative direction) while
it rotates about the x-axis. The pressure is derived at a fixed point so this
situation corresponds to finding the pressure induced by the propeller at a
point which travels along with the ship and is fixed, for example on the
ship surface. Note however that neither the varying wake, mirror effects
of the ship surface nor the influence of the free surface will be considered
at present as they will be dealt with later (in Chapters 15, 21 and 22).

Pressure Due To Loading
Description of flows which are non-stationary when viewed relative to a
fixed frame of reference requires retention of the temporal derivatives in
the equations of motion. We may return to Equation (9.8)23, and linearize.
In this process we assume that the perturbation velocities ui, u~ and Ut
are small relative to the axial inflow velocity -D. We then insert ua =

23 In (9.8) Ua was the total axial velocity but, in general, Ua designates the axial
velocity induced by the propeller.
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Figure 14.5 Total blade-frequency pressure-amplitude variation with axial distance as
determined from experiment and theories for points on a flat plate
above propeller.

Figure based on Figure 14 from Breslin, J.P. (1970). Theoretical and
experimental techniques for practical estimation of propeller-induced
vibratory forces. Trans. SNAME, vol. 78, pp. 23--40. New York, N.Y.:
SNAME.
Copyright © (1970) SNAME. All rights reserved.
By courtesy of SNAME, USA.

Computer evaluations for the case of a three-bladed propeIIer are com-
pared with pressures measured by Denny (1967) in the centerplane 'Y = 0
at various x/R for r/R = 1.10 and 1.30 as shown in Figure 14.5 together
with results of earlier evaluations of theory by Breslin (1959), (lifting-line
theory plus thin-body thickness) and by Jacobs, Mercier & Tsakonas
(1972), (lifting-surface theory plus thickness). The early calculations made
by Breslin used very approximate evaluations of the integrals involved in
each component by assuming an effective dummy radius for evaluating
the Legendre function and by assuming the circulation density to be
distributed eIlipticaIIy. The thickness was taken as distributed in pie-
shaped sections in the plane x = O. In the present evaluations the circula-
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Figure 14.6 Blade position angles at maximum blade-frequency total pressures as
determined from experiment and theories for points on flat plate above
propeller.

Figure based on Figure 15 from Breslin, J.P. (1970). Theoretical and
experimental techniques for practical estimation of propeller-induced
vibratory forces. Trans. SNAME, vol. 78, pp. 23--40. New York, N.Y.:
SNAME.
Copyright © (1970) SNAME. All rights reserved.
By courtesy of SNAME, USA.

tion density was calculated using the optimum criterion of Betz and the
thickness distributed over the helical skeleton of the blades. Thus these
new calculations show better agreement with both data and the lifting-
surface results of Jacobs et al. (ibid.) as should be expected.

It is important to note that the maximum pressures occur just forward
of the propeIIer because of the constructive combination of loading- and
thickness-generated components whereas abaft of the propeIIer these con-
stituents destructively interfere with each other to produce a rapid dimin-
ution of the amplitudes.

The variation of phase angle is depicted in Figure 14.6. The present
results are in agreement with those ascertained at DTRC by Denny
(1967).
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15 Pressure Fields Generated by Blade Loadings in
Hull Walms

The pressure fluctuations generated by propellers in the wake of hulls are
markedly different from those produced in uniform inflow. The flow in the
propeller plane abaft a hull varies spatially as well as temporally. Here we
deal only with the effects attending spatial variations peripherally and
radially as provided by wake surveys which give the averaged-over-time
velocity components as a function of rand 'Yfor a fixed axial location.
Temporal variations in the components are aperiodic and cannot be ad-
dressed until sufficient measurements have been made to determine their
frequency spectra. Ultimately, numerical solutions of the Navier-Stokes
equations may provide both spatial and temporal aspects of hull wakes.

Here the spatial variations in the axial and tangential components are
reflected in the pressure jump D.p which is taken to vary harmonically
with blade position angle 'Yo.Then we discover a coupling between the
harmonics of D.p( 'Yo) and the harmonics of the propagation function
yielding a plethora of terms all at integer multiples of blade frequency.
Graphical results are given for pressure and velocity fields showing the
effect of spatial non-uniformity of the inflow.

We have seen in the previous chapter that the pressure field arising from
a lifting-Burface model of a propeller in a uniform flow is that due to
pressure and velocity dipoles distributed over the blade. Both dipole
strengths were constant in time since we considered uniform and station-
ary inflow. To account for varying blade loading when the propeller works
in the wake abaft a hull we must assume a temporal variation in the
strength of the pressure dipoles. (Had we wished to include effects of
cavitation it would have been necessary to use sources to describe thick-
ness and the varying cavity volumes as described in Chapter 8). Now that
the inflow is stationary but non-uniform we must let the pressure vary in
terms of the blade position angle 'Yo,or
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Examples of the variation in velocity component amplitudes which
behave in a similar way to the pressure are shown in Figure 15.2 for a
three-bladed propeller in a three-cycle screen wake. Here we see the effect
of linear combinations of blade-frequency loadings and mean loadings and
thickness giving a three-cycle pattern. However, in a ship wake the com-
bination of many frequencies yields the pattern shown in Figure 15.3.
These curves are the result of evaluations of a lifting-tmrface theory by
Jacobs & Tsakonas (1975).

Observations of the effect on pressures due to non-uniformity of the
inflow as measured and calculated in the USSR are presented from a
paper given by Bavin, Vashkevich & Miniovich (1968) in Figure 15.4 and
15.5. These graphs reveal that the effect of non-uniformity of inflow in the
near-field pressure is large and also that lifting-line theory shows poor
agreement in comparison to lifting-1mrface theory relative to measure-
ments.



16 Vibratory Forces on Simple Surfaces

Armed with our knowledge of the structure of the pressure fields arising
from propeller loading and thickness effects (in the absence of blade
cavitation) we can seek to determine blade-frequency forces on simple
"hulls". There are pitfalls in so over-simplifying the hull geometry to
enable answers to be obtained by "hand-turned" mathematics, giving
results which may not be meaningful. Yet the problem which can be
"solved" in simple terms has a great seduction, difficult to resist even
though the required simplifications are suspected beforehand to be too
drastic. One then has to view the results critically and be wary of
carrying the implications too far.

From our knowledge that most of the terms in the pressure attenuate
rapidly with axial distance fore and aft of the propeller we are tempted to
assume that a ship with locally flat, relatively broad stern in way of the
propeller may be replaced by a rigid flat plate. The width of the plate is
taken equal to that of the local hull and the length extended to infinity
fore and aft on the assumption that beyond about two diameters the load
density will virtually vanish. As we shall note later, this assumption of
fore-aft symmetry of the area is unrealistic as hulls do not extend very
much aft of the propeller. We shall also assume at the outset that the
submergence of the flat surface above the propeller is large so we might
ignore the effect of the water surface. We shall assume that the propeller
is immersed in a wake and that the pressure loadings arising from all
harmonic orders of the wake are known. The case of uniform flow is
encompassed, being given by the term for wake order n = O. Finally, we
shall further assume that the effect of this flat boundary is to double the
induced pressures thereon (as explained on p. 283) although we know this
cannot be correct near the lateral edges of the plate.

All of our foregoing expansions in terms of cylindrical coordinates are
not of use here because the plate is not a portion of a cylinder. We return
to (15.2) and replace the m-sum by 1/ R in cylindrical coordinates and
write the pressure on the plate induced by the loading on a single blade
as
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aft parallel to the shaft) were measured over a range of plate-axis clear-
ances for various propeller loadings and two different blade thicknesses.
The correlations shown in Figure 16.4 are surprisingly good considering
the narrow width of the plate.

It is seen that the agreements of theory with the data are better at the
lower thrust coefficient (KT). The experimental results confirmed several
of the basic observations from the theory; one most significant of these is
the dominating r6le played by blade thickness. Note from the double-
thickness, standard-thickness results in Figure 16.4 that doubling the
blade thickness nearly doubles the force amplitude. Curiously, the correla-
tion of theory with measurements made on wider plates was not as good
in spite of the expectation that it should be better.

The blade-frequency forces induced by a propeller in uniform flow
parallel to an infinite circular cylinder (Breslin (1962)) were extended to
non-uniform flow (Breslin (1968)). Here the boundary-value problem was
solved exactly, I.e. the artifice of doubling the incident pressures was not
employed. The geometry and the results for uniform flow are shown in
Figure 16.5. Here we see, again, the dominating contribution due to
thickness as the large pressures from thrust loading have integrated to
zero because of the fore-aft symmetry of the boundary relative to the
propeller.

The transverse force on cylinders of various radii due to a propeller in a
typical hull wake are shown in Figure 16.6 for a range of advance ratios.
Here the abscissa is the net hull-shaft force so as the cylinder-<liameter-
propeller-<liameter ratio becomes infinite the net force vanishes. It is seen
that this limit is approached very slowly.

A curious effect was noted in the case of the circular cylinder in that the
force produced by the propeller pressure field was found to be equal to
that of the "image" of the propeller in the cylinder. Put another way, the
potential required to generate the cylinder in the presence of the propeller
produces a force equal to that obtained by integrating the resolved, direct,
incident pressures from the propeller over the cylinder. This is not to say
that the local incident pressures are doubled, only the force is doubled.

It is recalled that extending the boundary provided by the "hull" (i.e.,
the flat strip or cylinder) to infinity aft as well as forward had the effect
of negating the influence of the larger of the two components of pressure
emanating from the propeller loading, i.e., the part associated with the
mean and unsteady thrust-producing pressure dipoles. This because the
axial dependence of this constituent is essentially an odd function of x
with respect to the propeller. To examine this a calculation was made by
Breslin (presented as part of a paper, Cox, Vorus, Breslin & Rood (1978))
in which the hull was terminated at one propeller radius abaft the propel-
ler. The results are summarized in Figure 16.7. Here we see that the force
arising from the exceedingly small blade-frequency loadings D.P5 is some
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These results indicate that the current practice in European model basins
to measure the pressures in the vicinity of the propeller over a very limited
area and then to infer the exciting force by integration is highly suspect.
The relatively slow decay of the pressures, emanating from the blade-fre-
quency loading (particularly those associated with axial pressure dipoles)
and moreover from intermittent cavitation the "signature" of which de-
cays as l/x without water surface quenching and as l/x2 with water sur-
face effect, coupled with the "growing" cross--£ectional shape as one inte-
grates forward, contributes large sectional force densities. These are not
included in the above-cited practice in European model basins. We see
that great contribution of the term in the loading coupled with
8(1/ R)/ Ox' whose force contribution is only negated in the region -Radius
< x < Radius because of its effectively odd-function character. As indi-
cated earlier, oversimplification of the hull boundary can and does lead to
non-representative results for practical hull forms. Hence the actual hull
geometry must be represented. Methods for accomplishing this will be
given in Chapter 22.

Although the forces induced by non-cavitating propellers are sufficient to
cause objectionable hull vibration when the frequencies coincide with hull
and/or local structural natural frequencies, they are considerably smaller
than those arising from intermittent blade cavitation. These will also be
dealt with in the later chapters.

As the evaluation of propeller and hull forces is dependent on the blade
pressure jumps t>pn, arising from each of the wake harmonics we must
now turn to their determination by first considering the unsteady loads
generated by two-dimensional sections and wings beset by travelling,
transverse gusts of constant amplitude.

17 Unsteady Forces on Two-Dimensional Sections
and Hydrofoils of Finite Span in Gusts

As a preparation for determining unsteady forces on propellers in ship
wakes, we first consider two-dimensional sections beset by travelling
gusts. Our development of the unsteady force on such sections differs from
that given in the seminal work of von Karman & Sears (1938) by adopt-
ing a procedure which is easily extended to wings and propellers. Their
formula for unsteady sectional lift is recovered, being that of lift at an ef-
fective angle of attack which varies with the parameter k = ux/2U, the
"reduced" frequency. Turning to hydrofoils of finite span, we derive
results for low aspect ratio in steady flow. For wings in gusts there is no
analytical inversion of the integral equation which involves a highly singu-
lar kernel function. Graphical results are given from numerical solutions
for a range of aspect ratios which reveal diminishing unsteady effects with
decreasing aspect ratio.

Corresponding reduced frequencies for propeller blades in terms of ex-
panded-blade-area ratio are shown to be high relative to aerodynamic
experience. This indicates that two-dimensional, unsteady section theory
cannot be applied to wide-bladed (low-aspect-ratio) propellers.

TWO-DIMENSIONAL SECTIONS
The blades of a propeller orbit through the spatially non-uniform flow of
the hull wake and consequently experience cyclic variations in the flow
normal to their sections. For blades of small chord-t o-radi us, this is
analogous to the case of a two-dimensional section moving at constant
speed through a stationary, cyclic variation in cross flow distributed as a
standing wave along the course of the moving section. Equivalently, the
section may be taken as fixed and a travelling wave convected longitudi-
nally at speed -U, presenting a vertical or cross flow of the form
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Here we see that t seconds after a foil was given an impulsive positive
change in angle of attack, the shed vortex of opposite and equal circula-
tion is located downstream at a distance Ut, and it induces a down flow
back at the foil in a direction to produce a reduced angle of attack. Thus
the lift associated with change in circulation is always less in unsteady
flow than the quasi--steady lift. In steady flow the conservation of circula-
tion was secured via the starting vortex shed by the foil when the motion
was started from its initial state of rest. This starting vortex is indicated
in Figure 2.6 (p. 37) where it is assumed to lie at the position x = -00.

Its influence on the foil is then negligible and the flow is stationary.
In addition to the lift associated with circulation there is another lift

component (in temporal quadrature with the modified circulatory lift)
which is produced from the acceleration imposed by the unsteady-onset
flow or time-varying motions imposed on the section (such as heaving or
pitching). This force is proportional to the added mass of the section in
transverse modes of motion. Finally, there is a net axial force of second
order arising from unsteady leading-edge suction which we shall ignore.

The case of a foil in a travelling gust was solved by von Karman &
Sears (1938) and further work was done by Sears (1941). Here we take a
different approach which does not require us to deal explicitly with
vortices shed downstream although all their effects are encompassed.

The linearized Euler equation for the y-momentum is, by linearizing
Equation (1.8)
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UNSTEADY LIFT ON HYDROFOILS OF FINITE SPAN
When we depart from the realm of two-dimensional flow we unfortunately
encounter mathematical formulations which are highly resistant to
analytical procedures and we must resort to numerical methods. These
can be coped with by use of computers. Since there are no analytical
inversion techniques for the integral equations arising in unsteady lift on
foils of arbitrary planform all we can do is to formulate the problem and
then exhibit results obtained via computer to see the effects of both
aspect ratio and reduced frequency.

However, the steady lift on slender wings can be found approximately by
analytical methods. The lift-t;lope of such wings is much smaller than that
for large aspect ratio, and this has a bearing on interpretation of the ratio
of unsteady to quasi-t;teady lift. It therefore seems worthwhile to digress
briefly to develop the steady results for slender wings.

We consider a foil of arbitrary but slender planform as shown in Figure
17.4.
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18 Lifting-Surface Theory

Ship propellers have wide blades to distribute the loading over the blades.
As we have seen previously this is necessary to reduce local negative
pressures to avoid, as much as possible, the generation of cavitation. We
can then think of the blades as low-aspect-ratio wings that rotate and
translate through the water. To describe the flow we consider the propel-
ler blades as lifting surfaces over which we distribute singularities to
model the effects of blade loading and thickness. This was done in Chap-
ter 14 for uniform inflows and in Chapter 15 for varying blade loadings in
hull wakes. But in those chapters we only considered the pressure from
assumed distributions of loading and thickness over the propeller blades.
To be able to find these distributions we must establish a relation be-
tween the pressure and the velocity and fulfill the kinematic boundary
condition on the blades. We anticipate that the operation of the blades in
the spatially varying flow, generated by the hull, will give rise to forces
which vary with blade position. Hence it is necessary to treat the blades
as lifting surfaces with non-stationary pressure distributions.

In this chapter an overview of the extensive literature of the past three
decades is followed by a detailed development of a linear theory which is
sufficiently accurate for prediction of the unsteady forces arising from only
the temporal-mean spatial variations of inflow. As mentioned in Chapter
13 hull wake flows vary with time in a non-periodic manner, but lack of
knowledge of their statistical characteristics has inhibited efforts to pre-
dict stochastic blade forces. Use of Fourier expansions enables identifica-
tion of those harmonics of the time-averaged hull wake which give rise to
the various force components acting on the shaft. The chapter concludes
with an outline of a non-linear theory which is required for more accurate
prediction of mean thrust, torque, efficiency and pressure distributions.
Comparisons with measurements are given in Chapter 19.

OVERVIEW OF EXTANT UNSTEADY THEORY
The application of lifting-surface theory to ship propellers had to await
the arrival of the digital computer because of the size and complication of
the numerics involved. Ritger & Breslin (1958) devised an ad-hoc theory
using steady lifting-line theory coupled with the unsteady-section theory
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of Sears which later was found to be too approximate, yet gave a good
indication of the relative reduction of unsteady forces with skew. Hanaoka
(1962, 1969a, 1969b) was perhaps the first to give a rational, linearized
lifting-surface theory for the oscillating propeller, and also for operation in
a wake, using the acceleration potential or simply the disturbance pressure
as the dependent variable. A thorough, consistently linearized theory for
propellers in uniform flow was given by Sparenberg (1959, 1960, 1984) in
terms of pressure dipoles and also via vortex representations with an ex-
haustive elucidation of the singularities occurring in each procedure. His
work was later programmed at MARIN by Verbrugh (1968) who extended
it to unsteady loadings as occur in wakes. Later van Gent (1975) gave a
detailed account of Verbrugh and comparisons with measurements.
Dr. Stavros Tsakonas and Miss Winnifred Jacobs at Davidson Labora-

tory, Stevens Institute of Technology, pioneered the application of lifting-
surface theory to propellers in spatially varying wakes. They began in the
late 50's with rudimentary modeling of helical blade wakes and single
bound vortices at one-quarter chord with imposed kinematic condition at
the three-quarter chord (a la Weissinger) in order to cope with the com-
puter effort at that time. As these and other approximate models proved
to be inadequate they were replaced by Shioiri & Tsakonas (1964) by a
representation of the trailing vortices along helical surfaces determined by
the convection of the undisturbed relative flow. Many other papers and
reports have been given in which these procedures were improved and
applied to various configurations, cf. Tsakonas, Chen & Jacobs (1967),
Tsakonas, Jacobs & Rank (1968), Tsakonas & Jacobs (1969), Jacobs,
Mercier & Tsakonas (1972), Jacobs & Tsakonas (1973), Tsakonas, Jacobs
& Ali (1973), Jacobs & Tsakonas (1975), Tsakonas & Liao (1983). The
final computer program by Tsakonas and Jacobs gave results which com-
pared well with model measurements. That program was documented and
used in Europe and in the USA.

Programs for calculation of mean thrust and torque were written by
Kerwin (1961) and by Pien (1961) followed by Cox (1961), English (1962)
and Nelson (1964). Later Kerwin & Lee (1978) undertook the computation
of unsteady forces with a computer code called Propeller-Unsteady-Forces
(PUF). It was extended by Lee (1979), at that time Kerwin's student, to
Include unsteady cavitation and is used extensively.
Significant contributions have been made in Germany by Isay (1970), in

USSR by Bavin, Vashkevich & Miniovich (1968) and in Japan by many
researchers, notably Yamazaki (1962, 1966), Koyama (1972), Tanibayashi
& Hoshino (1981), Hoshino (1989a, 1989b) and Ito, Takahashi & Koyama
(1977) who evaluated an early theory of Hanaoka (1969b). An excellent
review of the development of mainly steady propeller theory up to 1986
has been rendered by Kerwin (1986).
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Later advances concern the modeling of the force-free vortices abaft the
blades and the influence of thickness distribution on steady and unsteady
propeller forces. All the lifting-line and lifting-surface theorists recognized
that the local trajectories of the trailing vortices were important in regard
to the flow and forces induced on the blades. They were forced by the
complexities of the non-linear coupling of this wake geometry with the
loading to take these trajectories as being constant in radius and purely
helical until the advent of sufficient computational power. An enormous
literature from the "vortex chasers" has been reviewed by Hoeijmakers
(1983) and by Sarpkaya (1989). The first free-wake analysis applied to
ship propellers is that of Cummings (1968) who by assuming small
streamwise gradients was able to transform the problem to an unsteady
one in two dimensions. His calculated radial position of the tip vortex
agreed well with observations. His attempt to implement a fully three-
dimensional wake relaxation scheme for a lifting-line wing proved to be
computation ally excessive at that time.

A partially-free-wake model for propellers in peripherally uniform flow
(steady loading) has been developed by Greeley & Kerwin (1982). They
prescribe the radial positions of the trailing vortices and then require that
the pitch of the vortices be determined by the local axial and tangential
flow components. Roll-up of the vortex sheets is included through the use
of empirical parameters. Leading-€dge separated, vortical flow is also ap-
proximated. The non-linear behavior of the vortex wakes has been ad-
dressed by Keenan (1989) via a vortex-lattice numerical procedure. His
results compare well with measured forces and vortex trajectories.

Lifting-surface methods which model the blades as laminae with zero
thickness fail to give good pressure distributions along the blade leading-
edge and tip regions. There the effects of thickness are substantial (as was
demonstrated in Chapter 5 for the twCKlimensional section). To account
for both camber and thickness, boundary-element or panel-methods have
been employed which make use of distributions of singularities on the
actual surface. Boundary-€lement representations have been applied to the
steady flow around marine propellers, including the hub, by Hess &
Valarezo (1985) and by Hoshino (1989a, 1989b) and to the flow about
propellers and ducts by Kerwin, Kinnas, Lee & Wei-Zen (1987). Unsteady
flow about hydrofoils (in two dimensions) by Giesing (1968) and Basu &
Hancock (1978) include large-amplitude oscillation yielding non-planar
vortex trajectories. A numerical procedure for analysis of marine propel-
lers of extreme geometries in spatially non-uniform inflow has been
evolved by Kinnas & Hsin (1990) using a boundary-€lement method in a
potential-based formulation. As this comprises a general and advanced
representation of ship propellers it is outlined later at the end of this
chapter.
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BLADE GEOMETRY AND NORMALS
Before deriving expressions for the velocities on the propeller blade we
consider the blade geometry. Modern propellers are designed with blades
which are skewed, as can be seen in Figure 18.1. The use of skew makes
the blade sections pass through the wake "spike" or valley in a staggered
fashion and hence drastically reduces the vibratory forces, as demon-
strated in Chapter 12 (p. 256 and sequel). But when the blade sections
are skewed, i.e., when they are displaced along the helical line at given
radius and pitch, they are also moved in the axial direction (generally
aft), d. Figure 18.2. This would result in a large axial extent of the pro-
peller and to avoid this and make the propeller fit the aperture, the
blades are raked forward to compensate for skew-induced rake. We con-
sider the general case with both skew and rake which we designate 1/Js and
Xr while Xs is the rake induced by skew. Note, that in this notation 1/Js
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The interpretation of the integral over the key blade a la Hadamard is
now obvious. An outline of the evaluation of such integrals, although in
one dimension, following the exposition by Mangler (1951), is given in
Section 4 of the Mathematical Compendium, and by comparison with
Equation (M4.10) we recognize the structure of the limit (J.t ...• 0, € ...•0), as
a sum of integrals plus a singular term. Individually, both the integrals
and the additional term are singular, but the limit of the sum is finite,
yielding its finite part or the value obtained by ignoring the singularity.

Sparenberg (1984) obtains this result by noting that the limit processes
should be to hold the field point slightly off the surface of singularities by
taking 1 = 10 + t/J - 0 with 0 being a very small angle. He then carries
out the integrations over x" and r' and shows that the limit is the same
as above. That this limit gives a finite answer, as indicated by Sparenberg
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It is noted that this form of the kernel differs in form from that used by
Verbrugh (1968) and van Gent (1975) but is merely a rearrangement of
theirs. It is also to be noted that the evaluation of the non-singular parts
in the neighborhood of the limits r' ± p, and x' ± e: gives numerical diffi-
culties.
We turn next to the use of Fourier expansions which enable the annul-

ling of the external forces and yield only Cauchy-singular kernels.

The Velocity Field and Integral Equation in Fourier Series
In this section we shall use Fourier expansions of 1/ R, of the pressure
difference over the blade and of the Dirac delta-function. This formulation
makes it possible to recognize velocity terms in the wake of the propeller
and to derive the integral equation on the blade reference surface for
discrete harmonic orders. The force terms will be annulled by other terms
in the expressions and the singularities will be, at most, of Cauchy type.

We return to the pressure due to the single blade element given by
(18.16). In this equation we insert the Fourier expansion of 1/ R from
Equation (M5.24) and the Fourier expansion for the pressure difference
over the blade (15.1). The operations carried out as indicated in (18.16)
gives
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a well-known result. It can be found from the linearized actuator-disc
theory, p. 191. The thrust density is prwr, from Equation (9.95), with Ut

~ 0, and the velocity far downstream is twice the value at the disc, Equ-
ation (9.102). Equation (18.46) also yields uao(-oo,r) = 0 for r > R as
required.

This and subsequent expressions for the other components of induced
velocity differ from those of Jacobs & Tsakonas (1973) who had no terms
in the race for q = 0 for all n, nor had they distinguished the different
behaviors of the kernel function within the region of the blades. Goodman
(1982) derived a correction which applies in the race but not within the
region between the trailing and leading edges.

Similar formulas for the radial and tangential components can be de-
rived. In each, integration by parts annuls the external-force term and all
the kernel functions are, at most, Cauchy singular.

Linear Theory 359
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which for x' = x is logarithmically singular at 1/JI = 1/J and similarly for 1/JI

= 1/J in x' - x. Consequently the original sum (18.53) is composed of a re-
gular part plus the singular part given by (18.56).

We can now see that all terms in the kernel functions which are single
or mixed derivatives are Cauchy-singular, i.e. as 1/(r - r'), 1/(x - Xl) or
1/( 1/J - 1/J'). This is in contrast to the result in Equation (18.29) when
using derivatives of 1/ R, where the kernel was found to be highly singular
a la Hadamard, Section 4 of the Mathematical Compendium. From the
expressions for the velocities, (18.46), (18.48) and (18.49) it can be seen
that the singularities of the Hadamard type have been "softened" by use
of integration by parts and the less singular Cauchy-kernels are now found
in combination with derivatives of the partial loadings. When performing
the summations it is advisable to multiply and divide by the Cauchy sin-
gularity to put it in evidence and to give bounded kernels.

It is to be noted that the use of Fourier expansions gives expressions for
the components at the desired frequencies which are useful for specific
purposes in the race and elsewhere and facilitates development of kernel
functions which are integrable, in the sense of Cauchy. The wake-harmo-
nic orders of interest are those of multiples of the blade number for thrust
and torque on the shaft and those at n = qoZ ± 1 for transverse and ver-
tical forces and moments. This will be seen in the next section.

A remaining task is the development of a computer program for the un-
known pressure-jump distribution to obtain numerical results from the
foregoing. Although the approach with use of Fourier expansions of 1/ R
follows that of Tsakonas and Jacobs, cf. p. 335, the kernel developed here
differs in several respects from theirs. It remains to be seen how their
numerical results and those from this development compare.
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A POTENTIAL-BASED BOUNDARY-ELEMENT
PROCEDURE

Here we outline a method by Kinnas & Hsin (1990) for quite exact repre-
sentation of propellers of arbitrary shape in a spatially non-uniform flow
of an ideal, incompressible fluid. This procedure is a recent development
by Kerwin and his colleagues at MIT of computer methods for design and
analysis of propellers.

The basic equation for the velocity potential on the surface of the blade
SB and that containing the shed vorticity in the blade wake Sw, d. Figure
18.6, is obtained from Green's second identity with the use of 1/ R as the
Green function, d. Section 3 of the Mathematical Compendium, p. 506.
This equation will have the form of (M3.7) where S is the boundary sur-
face of the fluid volume, Le. S = SB + S;t + Sw + a surface around the
entire propeller but "far" away from it. This interpretation makes S a
single closed surface. SB is now the actual surface of the propeller blade
(and not just the fluid reference surface used previously). Normals are
defined positive out of the fluid as indicated in the Figure 18.6.
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since the distance between two points on S;t and Sw is infinitely small.
The velocity normal to the trailing-vortex sheet is continuous. To see
this, note that the helical trailers will give a contribution analogous to the
straight-line trailers of the wing, d. Equation (10.5). The transverse vor-
tices in the wake, due to the change of blade loading with time, can be
interpreted as those bound to a two-<iimensional wing of varying circula-
tion and the velocity calculated according to Equation (2.38). We then'
have that 81>+/On+ = - 81>-/On- and the last integrand is zero. The first
integrand contains the jump in potential across the wake cut l11>w = 1>+-
1>_which is non-zero, d. Equation (2.60) (although this applies to the
steady case). We now have the equation for the velocity potential

We now can see that the surface potential 1>is the superposition of poten-
tials of distributions of sources of strength 8<p/ On' and normal dipoles of
strength 1>on the face and back surfaces of the blade plus a distribution
of dipoles on the wake surface Sw of strength l11>w.

As in two dimensions, the history of the flow must be included. In the
present formulation it appears in the wake term l11>w. This can be put in
evidence and an expression secured which is needed for the solution of the
problem by the following argument:

First, note that the pressure jump across the wake must be zero because
there is no physical barrier, such as the propeller blade, to maintain a
pressure difference. The full pressure equation referred to fixed axes is
given by Equation (1.27) (with f(t) = 0). With respect to rotating axes
fixed to the blade (which is restrained from translating in a superimposed
stream) for which 'Y = 'Yo + 1/1= wt + 1/1, the relative velocity vector, qrel

= (-U + ua + u1r, ur + u'jY,ut + u'f - wr), must be used in the pressure
equation and the pressure is then given by
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The solution is carried out iteratively. For t < 0 the steady case is con-
sidered and the unsteady inflow is then "turned on" at t = o. At each
time step the propeller is rotated and (18.73) is solved using the solution
of the previous step until convergence. Further details of the numerical
procedures can be found in Kinnas & Hsin (ibid.) as well as results
showing consistency of their boundary-€lement method with analytical
results for forces of a flat plate.

Among the results reported were calculated unsteady forces on a highly
skewed propeller shown in Figure 18.8. The wake was of a special type
with large amplitudes of the 5th, 10th and 15th harmonics 5 to 15 times
larger than those of typical ship wakes and each being 10 per cent of the
mean axial velocity. This wake was used to determine the number of
panels required at four frequencies to secure convergent results. It was
found that 40 chordwise and 30 spanwise panels give converged results
after about three rotations of the propeller.

Harmonic analysis of the total unsteady thrust on this 5-bladed propeller
revealed amplitudes at each of the harmonics of 1, 5, 10 and 15 times,
which was to be expected, according to linear theory, d. p. 367. But addi-
tional amplitudes arising from the sum and difference of the spatial orders
present in the wake were found. These amplitudes are explained as arising
from the non-linear leading-€dge suction forces giving rise to forces at
twice the inflow harmonic orders as well as contributions from the sum
and difference of the wake orders. The results at frequencies other than
the four in the imposed wake gave amplitudes varying from 5 to 15 per
cent of those at the basic orders. We surmise that these fractions are
unduly large because of the non-typical large values of the imposed am-
plitudes at the 5th, 10th and 15th orders.

This highly sophisticated procedure gives very close approximation of
the pressure distribution for use in cavitation inception and for close pre-
diction of mean thrust, torque and efficiency. As hull-wake harmonics at
blade order and multiples thereof are small, it is sufficient to use the lin-
earized theory for unsteady forces. Correlations with some measurement,
which are displayed in the next chapter, ,show that the predictions of un-
steady forces are reasonable to good.

We may conclusively remark that although this procedure, as outlined
here, may seem simple, in particular when compared with the detailed
formulas for the velocity field using Fourier series, p. 350-361, the numeri-
cal aspects such as generation of grids over the blades and placing of col-
lation points are complicated. With the high accuracy and generality of
this and similar methods it can be considered as a "numerical cavitation
tunnel", and like the real cavitation tunnel the results obtained, e.g., field
pressures or blade forces, contain the whole "signal" and must be further
analyzed to give the harmonics. Moreover, in the opinion of the authors,
computer programs, despite their completeness, do not provide as much
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physical insight to the various aspects of propeller flows as do the more
lengthy, albeit approximate, mathematical analyses also presented in this
chapter.

Several aspects of propeller hydrodynamics have not been addressed in
the foregoing. Model measurements of unsteady shaft forces have revealed
rapidly varying modulations in amplitudes by large factors frequently
within 1jz-th revolution, always at blade frequency (and integer multi-
ples). This requires a theory to account for flows having spatial harmonics
with amplitudes varying stochastically with time.

Another problem area is presented by the coupling of propeller induc-
tions with hull-wake vorticity. Calculations of the alteration of nominal-
to-€ffective wake by this mechanism have been given, d. Huang & Groves
(1980), Goodman (1979), FalcAo de Campos & van Gent (1981) and
Breslin (1992). A single calculation by Van Houten (see Breslin, Van
Houten, Kerwin & Johnsson (1982)) showed large alterations of the har-
monics of importance to the prediction of unsteady forces as well as the
extent of transient cavitation.

Moreover, the effects of viscosity and turbulence, which are particularly
significant in off--<lesign operation, have been virtually untouched. Un-
doubtedly these aspects will be attacked in the future by computer-€ffect-
ed representations analogous to those currently being applied to turbulent
hull flows, d. Stern, Toda & Kim (1991) who are attempting to account
for the alteration of stern flows by the propeller. This and other recent
developments can be followed in the latest reports of the Committees of
the International Towing Tank Conferences and the bibliographies pub-
lished in the ITTC proceedings, (e.g. ITTC (1990a, 1990b)).
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The number of comparisons that have been made of calculated and
measured blade-frequency thrust, torque and other force and moment
components are very few because of the paucity of data. In this chapter
comparisons of theoretical predictions with experimental data will be
given. Results obtained by various theories will also be compared. The
chapter concludes with presentation of a simple procedure, based upon the
KT-J curve of the steady case, for a quick estimate of the varying thrust
at blade frequency.

The measurement of blade-frequency forces on model propellers requires
great care in the design of the dynamometer which must have both high
sensitivity and high natural frequencies well above the model blade fre-
quency. After a number of failures a successful blade-frequency propeller
dynamometer capable of measuring six components (three forces, three
moments) was evolved at David Taylor Research Center (DTRC) about
1960.

Measurements were made with a triplet of three-bladed propellers of
different blade-area ratio designed to produce the same mean thrust. This
set was tested in the DTRC 24-inch water tunnel alternately abaft three-
and four-cycle wake screens which produced large harmonic amplitudes of
the order of 0.25' U in order to obtain strong output-to-"noise" levels!
The three-cycle screens give rise to blade-frequency thrust and torque
whereas the four-cycle wake produces transverse and vertical forces and
moments about the y- and z-axes which in general come from the fourth
and second harmonic orders of blade loading on a three-bladed propeller,
as was demonstrated on p. 367.

We shall present the forces and moments in dimensionless form in the usual way
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Figure 19.1 displays the blade-frequency thrust variation with expanded-
area ratio as measured and calculated by various means. It is clear that
the quasi-steady approximation, using the slope of the KT - J curve, see
p. 380, (indicated as Quasi-Steady + 8KT/8J) fails to reveal the decreas-
ing (KT)z as the expanded-area ratio increases or, as we have seen earlier
(d. p. 332), this is equivalent to increasing the reduced frequency. It is
also clear that using the two-dimensional Sears function without induced
effects grossly overestimates the data or upon an ad-hoc allowance for
induced effects (indicated as Quasi-Steady + 2D Unsteady, a la Ritger &
Breslin (1958)) seriously underestimates. The theory of Jacobs & Tsako-
nas (1973) (designated as unsteady lifting-surface theory in Figure 19.1)
tracks the data well. Their correlation with blade-frequency torque ampli-
tude in Figure 19.2 is not as good but far better than all other displayed
approximations. The correlations of transverse forces and moments are
shown in Figure 19.3 and Figure 19.4. Here agreement with data is some-
what less close.

Comparisons of calculations and data for an un skewed propeller over a
large range of advance ratios, as shown in Figure 19.5, show remarkably
close agreement while in the case of skew the trend is different. It was
later found that the blades of the skewed propeller twisted under load at
reduced J.
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Figure 19.6 Comparison of theoretical results for radial distribution of blade normal
force. Note the difference in scale of the force coefficients.

Figure 31 from Tsakonas, S. (1978). Discussion of Kerwin, J .E. & Lee,
C.-S.: Prediction of steady and unsteady marine propeller performance
by numerical lifting-surface theory. Trans. SNAME, vol. 86, pp. 247-8.
New York, N.Y.: SNAME.
Copyright © (1978) SNAME. All rights reserved.
By courtesy of SNAME, USA.
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sequel, although differing as noted. The MIT method uses a discrete-
vortex/source-line representation of the blades and can be considered as a
predecessor of the method outlined on p. 368 and sequel. Here the results
of the Davidson Laboratory program generally compare more closely with
the measurements than MITis.

Favorable results by van Gent (1978) are given in Figure 19.9 for steady
propeller performance which displays his ability to calculate open-water
performances over a wide range of advance ratios.

An interesting comparison of the amplitudes of alternating thrust on a
single blade for the first eight shaft harmonics as calculated by many in-
vestigators, was compiled by Schwanecke (1975). Kerwin & Lee (1978)
added their results in 1978. The sources of the calculations are identified
in the Table 19.2 and the comparison is shown in Figure 19.10 and 19.11.
In Figure 19.10 the bar graphs grouped to the left are those identifed as
"exact" theories in the sense that they account for unsteady effects in a
three-dimensional way. Those grouped to the right are "approximate"
theories which utilize a variety of quasi-steady or two-dimensional un-
steady approaches. It is seen that the "exact" or most rational theories
give results which fall in a rather narrow band, whereas the approximate
methods yield answers which vary widely. Of the "exact" methods based
on unsteady lifting-surface theory those numbered 4 and 6 use derivatives
of 1/ R while those numbered 2, 3 and 5 use Fourier expansions. Number
7 uses a discrete-vortex/source-line representation of the blade. These
three approaches are outlined in Chapter 18 on p. 343, 350, 368 and se-
quel. For the last two, more recent developments of these basic ap-
proaches are presented there. This applies in particular to the third (num-
ber 7) where a potential formulation with boundary elements is outlined
instead of discrete vortices.

An attempt was made by Breslin (1969) to collapse the unsteady thrust
calculated at Davidson Laboratory for propellers in widely different wakes
generated by a screen at DTRC and by vanes at MARIN. The results are
shown in Figure 19.13 for the wake blade-frequency amplitude variations
with radius displayed in Figure 19.12. It is seen that the collapse of these
results is remarkable.

The basis of this normalization is that at "zero" reduced frequency
(quasi-steady) the fluctuating thrust can be approximated by the product
of the slope of the steady KT vs. J curve as demonstrated by the follow-
ing:

The KT-J curve is approximated by a straight line in the neighborhood
of the design Jo, Le.,
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where the harmonic amplitude is taken at the 0.8 radius. This requires
that the wake harmonic at this radius is representative for the whole
wake variation as felt by the propeller. Hence the variation of the wake
and the radius must not change sign.

At the time (1969) the KT-slope was considered to vary as (AE/ AO)1/3
(AE/ Ao being the expanded area ratio) as determined by Breslin from the

Gawn series and thus 8KT/8J was replaced by Breslin by C(AE/ AO)1/3
where the coefficient C was assumed to be dependent on the number of
blades and adjusted to make the normalized results pass through unity at
a reduced frequency of zero. Thus the form of the normalized ordinate
values in Figure 19.13 is based on this quasi-steady approximation of the
McCarthy (1961) type. Subsequent analysis of the Gawn and Wageningen
propeller series data has yielded the empirical results for the KT-J curve
slope near optimum efficiency collected in Table 19.3. The method can be
used for obtaining reasonable engineering estimates of unsteady thrust
under the aforementioned conditions of the wake.
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Attempts to apply this quasi-steady method of collapsing calculations
made on various propellers in ship wakes were not successful whenever the
axial wake harmonic changes sign along the radius as usually is exhibited
by odd-{}rder harmonics. Then the selection of the effective value is not
clear. This lead the senior author to devise an operator technique in which
the unsteady-propeller-force computer program was run eight times, to
provide the partial derivative of the unsteady loading with respect to the
radius at eight radial locations instead of only in one radius. For details,
such as the application of this procedure, see Breslin (1971).

Cavitation on ship propellers has been the bane of naval architects and
ship operators since its first discovery on the propellers of the British
destroyer Daring in 1894. Primary interest in propeller-blade cavitation
was, for many years, centered upon the attending blade damage and the
degradation of thrust arising from extensive, steady cavitation. It was not
until the advent of the rapid growth in the size of merchant ships in the
past three decades (with concurrent marked increases in blade loading)
that extensive, intermittent or unsteady cavitation appeared and was in-
dicted as the cause of large forces exciting highly objectionable hull vibra-
tion. Efforts in the modeling of hull wakes in water tunnels date back to
about 1955 (cf. van Manen (1957b)) when tests of propeller models in
fabricated axially non-uniform flows were being conducted at Maritime
Research Institute Netherlands (MARIN), National Physical Laboratory
(NPL) and Hamburgische Schiffbau-Versuchsanstalt (HSV A). Non-sta-
tionary blade cavities were observed then but there seem to have been no
notice or measurement of unsteady near-field pressures attending unsteady
cavitation until the experimental work of Takahashi & Ueda (1969). They
measured pressures at one point above a propeller in a water tunnel in
uniform and non-uniform flow and gave a brief contribution to the 12th
International Towing Tank Conference (ITTC) in Rome in 1969. Their
principal results are shown in Figure 20.1, where it is seen that the press-
ure amplitudes increased dramatically with reduced cavitation number.
Subsequently there have been many experimental studies in water tunnels,
vacuum tanks and on ships which have verified the connection between
hull pressures and changing cavitation patterns as the blades sweep
through the high-wake (low-velocity) regions.

The pressure amplitudes generated by intermittent cavitation are gen-
erally four to six times those from the sum of blade loading and thickness
by non-cavitating blades. Moreover, the forces are about an order of
magnitude larger because of the relatively slow spatial decay or attenu-
ation with distance from the cavities. Another significant departure is
that the pressures and forces at twice and sometimes three times blade
frequency are strong from intermittent cavitation whereas at these fre-
quencies the non-cavitating propeller effects are generally negligible. The
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Figure 20.1 Fluctuating-pressure amplitude on flat plate above cavitating propeller
in non-uniform inflow. Cavity thicknesses estimated from visual observa-
tion; point A considered as non--cavitating.

Figure 5 from Takahashi, H. & Veda, T. (1969). An experimental inves-
tigation into the effect of cavitation on fluctuating pressures around a
marine propeller. In Proc. Twelfth International Towing Tank Confer-
ence (ITTC), ed. Istituto Nazionale per Studi ed Esperienze di Architet-
tura Navale, pp. 315-7. Rome: Consiglio Nazionale delle Ricerche.
By courtesy of ITTC and H. Takahashi and T. Veda.

When cavitation ensues over an area of the blade, an interface between
the volume in which the water is vaporized and the outer fluid, is devel-
oped, as explained in Chapter 8. All along this interfacial surface the va-
porization process is taking place at a pressure close to the vapor pressure
specific to the fluid temperature. As the outer pressure field continues to
change, as with increasing angle of attack, the interface volume grows, its
downstream boundary extending and the radial extent penetrating to
smaller radii. One may ask: How can this give rise to large field pressures
since everywhere on the vapor-fluid interfacial surface the pressure is con-
stant? The answer is that a volume change takes place and it is as though
the outer fluid sees a changing blade thickness and camber which are
effectively altering the outer flow pattern and hence the potential. We
shall see this in the following.

A BASIC ASPECT OF THE PRESSURE FIELD
GENERATED BY UNSTEADY CAVITATION

The growth and recession of large transient vapor cavities on ship propel-
ler blades, as they transit the region of low inflow in the wake abaft the
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hull, is a complicated phenomenon. As a prelude to the detailed develop-
ments which follow, it is thought to be helpful to portray an elementary
time-varying, cavity-generated flow to motivate and provide insight to the
mathematical representations employed later.

To demonstrate the physics of a cavity-generated flow, we may consider
a spherically symmetric, irrotational, incompressible, radial flow emanat-
ing from a single point (taken as the origin of coordinates) in a boundless
fluid. As the flow is irrotational, it is described by the velocity-potential
function of a time-dependent point source, d. Equation (1.50), which
models the cavity,
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On propeller blades, cavities are clearly far from spherical, being stretch-
ed out into sheets because of the high tangential velocity of the blade.
Consequently, such cavities are modelled by area distribution of sources
(and sinks) as done in Chapter 8. Nevertheless, a formula quite analogous
to (20.15) is found for the pressure at relatively large distances from the
propeller, as will be shown later.

It is important to note that, when cavitation occurs near the water
surface, the effect of the presence of that surface is to reduce the pressures
at field points. As the motion is rapid, gravity is negligible in the near
field, cf. Appendix F, p. 500. The pressure change due to cavitation would
then be given by
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Thus, the pressure "signature" at distance from unsteady cavitation can
be rapidly quenched when the free surface is present.

It is hoped that the foregoing rather lengthy development provides an
explanation as to how intermittent cavitation can produce large field
pressures even though the pressure on the expanding (or contracting)
cavity surface is only the vapor pressure of water (or close to that press-
ure) at the ambient temperature.

Another question arises from the fact that experimentally observed
pressures from intermittently cavitating propellers have frequently been
found to have components at twice and thrice blade frequency that are
comparable to those at blade frequency. How can this be when it has
never been the case for non-cavitating propellers? We attempt to answer
this question next.

PRESSURE FIELD DUE TO CAVITATING PROPELLER
With the insight obtained up to now it is not difficult to establish a
(linearized) model of the flow over the propeller as due to combination of
blade loading and blade and cavity thickness. We focus on the time-
varying contribution from unsteady cavitation and make the representa-
tion approximate by ignoring the harmonic contributions of 1/ R which is
possible under the following restrictions:
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Figure 20.6 Harmonic amplitudes I (Vdn I of cavity volume variations shown in
Figure 20.5.

It is necessary to point out that the c.upling .f the blade l.adings and
the propagation functions and those c.uplings .f the "cavitati.n function"
harmonics with its propagation functi.ns are n.t c.mpletely analogous. In
the case of the loadings, ~Pn, there is a .ne-t •...•ne relati.nship to the
harmonic orders of the wake whereas cavitation ensues because of the
total angle-of-attack variation contributed by the sum of the wake har-
monics (the first few being the dominant ones). Thus the harmonics of the
cavity-generated pressures are not related to any single specific wake
harmonic. This is so because the cavity extent is a non-linear function of
the incidence angle.

The behavior exhibited by (20.44) could have been extracted immediate-
ly from (20.32) by taking

R = Ro = ~x2 + (r - Rc)2

without all the preceding detail. However, we would have had no measure
of the region in which the space point must lie for the validity of the
approximation, nor would we see the multiplicity of terms which can
contribute in the near field. All other terms can be interpreted as weight-
ed integrals of the cavity area and ordinates, the weighting function being
multipoles of various orders. As in the case of the spherically expanding
cavity volume, the magnitude of I(Vc) z I and the other cavity dimen-
sions involved depend upon the orchestrated interaction between the load-
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ing ~p (and the blade thickness) and the cavity sources which evolve
from the simultaneous satisfaction of the kinematic condition on the
wetted portions of the blades and the spatial constancy of pressure on the
cavitating region in the presence of all other blades. An overview of
methods available for the solution of this problem, involving as it does
simultaneous integral equations, is given below.

Finally, it is to be noted that this double Fourier expansion procedure of
p. 399 and 400 could be applied to the last two "dipole" integrals in
(20.31) to secure analogous structures involving weighted integrals of the
partial-cavity areas and the cavity ordinates. As this would not add fur-
ther insight and would burden the reader with more unpalatable mathe-
matics, we omit additional elaboration.

NUMERICAL SOLUTION OF THE INTERMITTENTLY-
CAVITA TING-PROPELLER PROBLEM

There are several computer~ffected solutions for non-cavitating propellers
based on unsteady lifting-surface theory which are of such demonstrated
accuracy as to be used for practical design purposes. Such is not the case
for the intermittently cavitating propeller. In the past, Johnsson & S0nt-
vedt (1972) and Noordzij (1976) have employed the steady, partially
cavitating, two-dimensional section theory of Geurst (1959) in a paramet-
ric sense with the variations of local angle of attack being looked after via
lifting-line theory. Kaplan, Bentson & Breslin (1979) improved upon
Noordzij by employing the equivalent unsteady angle of incidence as pro-
vided by the Davidson Laboratory unsteady-propeller program, developed
by Tsakonas, Jacobs & Ali (1976). Comparison with measured cavity
outlines and hull pressures predicted by the methods of Johnsson-
S0ntvedt and Noordzij have been fairly good, but they have not been
adopted as reliable predictors.

Evaluations of the method of Kaplan et al. (1979), when compared with
several measured model and ship hull pressures as carried out by Lloyd's
Register of Shipping, have shown remarkable agreement.

To obtain hull forces, Vorus, Breslin & Tien (1978) have applied the
reciprocity procedure, which relies entirely on an arbitrary estimate of
cavity thickness. Stern & Vorus (1983) have advanced a non-linear theory
in which the cavity cross section is constrained to be a semi~llipse.
However, none of the cited formulations have addressed the complete,
three-dimensional, unsteady, mixed-boundary-condition problem, posed by
an intermittently cavitating blade in the presence of all other blades.

A very numerically oriented method, developed at MIT, for the solution
of this problem uses a representation of the propeller blades and cavities
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by lattices of vortices and line sources. The method was extended by Lee
(1979), (1980) from the non~avitating procedure (d. Kerwin & Lee
(1978», a predecessor of the surface-panel method by Kinnas & Hsin
(1990), outlined in Chapter 18, p. 368 and sequel. Applications are
presented by Breslin, Van Houten, Kerwin & Johnsson (1982) where also
a description of the method is given, and by Kerwin, Kinnas, Wilson &
McHugh (1986) and later refinements in the cavitation model by Kinnas
& Fine (1989).

As in two dimensions, d. Chapter 8, p. 142 and sequel, the sources
represent the blade and cavity thicknesses while the vortices model the
pressure jump over the blade including the disturbance from the cavity.
The leading-€dge correction by Kinnas (1985, 1991) is included. The
procedure is to solve the steady, non~avitating problem first, then turn
on the unsteadiness of the inflow and let the solution proceed until the
steady-state, oscillatory, non~avitating solution is achieved. Finally, the
cavity solution is turned on and the solution process continued until a
steady-state, oscillatory cavity solution has been achieved (d. Kerwin et
at. (1986».

Results are shown next, together with results of other procedures.
Further results where the mirror effects of the hull and water surfaces are
taken into account are shown in Chapter 22.

COMPARISON OF CALCULATED AND OBSERVED
TRANSIENT BLADE CAVITATION AND PRESSURES

There are several comparisons of observed and calculated instantaneous
cavity geometries to be found in the literature since the mid 1970s. Here
we limit ourselves to recounting the correlations made by Lee (1980) who
used the surface-panel method and by Lloyd's Register using a procedure
developed by Kaplan, Bentson & Breslin (1979).

Figure 20.7 shows a comparison of steady cavity geometry from the
Kerwin-Lee theory (as presented by Lee (1980» with observations made
at DTRC. Here we see that the locus of the trailing edge of the cavity as
calculated compares well with the mean locus drawn by Boswell (1971),
particularly in view of the large variations from blade to blade.

The same propeller model was operated in the DTRC 24-inch water
tunnel abaft a wake screen which produced the iso-wake contours shown
in Figure 20.8.

The radial and chordwise extents of cavitation at various angular posi-
tions in this wake are shown in Figure 20.9. Cavity geometries calculated
by Lee with this wake input are shown in Figure 20.10. Unfortunately
direct overlaps of these calculated outlines and those observed were not
made by Lee who states that agreement was found to be excellent.

Comparison of Calculated and Observed Data 405



406 Outline of Theory of Cavitating Propellers Comparison of Calculated and Observed Data 407



408 Outline of Theory of Cavitating Propellers

Lee also calculated the unsteady cavitation on a propeller of the MIS
Berge Vanga, a twin-screw oil/ore carrier, for which stereo-photographic
observations were reported by Holden & 0fsti (1975). Reasonable agree-
ment was found from the maximum thickness of the cavities; 24 cm cal-
culated; 10 to 20 cm for the stereo-photographs. But the predicted extent
of the cavitation was found to be much larger than observed resulting in a
maximum cavity volume some 12 times larger than deduced from the
pictures. The lack of correlation was ascribed by Lee to the use of model
wake data with no correction for scale effects. Subsequent studies by
Kerwin have shown that his cavities are extremely sensitive to the wake
input and he now employs an estimated effective wake as input, derived
from the nominal model wake by an approximate procedure. Moreover,
Kinnas (1985) has demonstrated pronounced shortening and reduced cavi-
ty area due to leading-€dge thickness as was detailed in Chapter 8.

Remarkably successful comparisons of hull pressures (measured in several
European cavitation facilities and on three ships) with computed values
from a composite theory developed by Kaplan, Bentson & Breslin (1979)
are displayed in Figures 20.11 through 20,13. Their mathematical model
uses an adaptation of the steady, partially and fully cavitating section
theory of Geurst (1959), (1961) together with an unsteady-angle-of-attack
input from the Davidson Laboratory (Tsakonas, Jacobs & Ali (1976)) pro-
gram for unsteady non-{;avitating propellers.

Close correlation between calculated, model and full scale pressures are
seen in Figure 20.11 at blade frequency (q = 1) and generally not as close
for the second and third orders of blade frequency. Excellent agreements
with measurements can be observed in Figure 20.12; model-ship correla-
tion is beyond belief!

In Figure 20.13 the comparisons are excellent to good at blade fre-
quency, not as good at twice blade frequency and poor at thrice blade fre-
quency. Kaplan et al. (ibid.) sought to ascribe the poor correlation at
thrice blade frequency to the lack of precise knowledge of the third har-
monic of the wake. This explanation does not take into account that the
cavitation arises dominantly from the sum of the first few wake harmonics
of shaft frequency and as described earlier produces significant higher har-
monics by itself which are not keyed to any specific wake harmonic.

The Kaplan et al. (ibid.) formulation cannot be defended as entirely ra-
tional as it does not include the dynamics of the cavitation and the hull-
boundary effect was approximated by applying a factor of 2 to the free-
field values. Unfortunately there have not been sufficiently many correla-
tions to ascertain the validity of any mathematical model in a statistical
sense. We can note that the various correlations to data provide encour-
agement that the effects attributed to intermittently cavitating blades can
be quite well approximated by both semi- and more fully rational models
when the wake input is modified to give the effective wake.
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The Flat Plate
Let us consider at first a "hull" of negligible draft (as a planing boat)
having a water plane in the form of a rectangle (for simplicity) extending
aft and forward of the propeller which is replaced by a pulsating source at
some effective radius Rc from the propeller axis at a depth, d, below the
water plane as shown in Figure 21.1. Moreover we shall let the plate be
stretched longitudinally to ±oo which makes it possible to reduce the
problem to one in two dimensions provided one is content to find only the
vertical force.

To make the further approximation that the pressure induced on the
plate is twice that induced in the same position but in a boundless fluid,
would give an infinite vertical force. Hence this rudimentary model is
entirely untenable because no account of the presence of the free surface is
taken.

Figure 21.1 Flat plate in water surface in presence of a pulsating source.

Instead, we then consider the plate in the plane of the free surface. The
free-£urface condition at the high frequencies, qZw, is cf. Appendix F
(Equation (F.13), p. 502) that the potential of the total motion is effec-
tively zero there. We take this total potential <p as

<p(x,y,z,t) = <pp(x,y,z,t) + <Ps(x,y,z,t) - <Ps(x,y,2d-z,t) (21.3)

where the last term is the negative image of the source (i.e. the cavitating
propeller) in the plane z = d and <ppis the potential of the plate. Note
that the contribution to <p from the source and its image vanishes for z =
d.
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We see that since the relative clearance (d-Rc)/b (see Figure 21.1) is very
small the force virtually increases linearly with the plate semi-width b,
and, hence, becomes infinite as b -; 00. It is interesting that the force is
bounded even when the effective clearance d - Rc vanishes. As expected,
the force vanishes as the clearance tends to infinity for fixed b vanishing
as b2/2d, i.e., slowly. Clearly, the effective source strength will vary
sharply with clearance because of the change in blade cavitation with
varying penetration of the hull boundary layer or wake within ~ critical
clearance. In addition, the decay with increasing effective clearance is not
applicable for the case of a hull water plane which terminates shortly
abaft the propeller due to the relieving effect of the free surface. This
emphasizes the necessity of solving the problem of a flat hull of limited
length which must be done by numerical methods. Thus although our
hand-turned result is simple we cannot regard it as realistic. We attempt
to remove this shortcoming by showing results for an "ellipsoidal" ship
later.

To complete Equation (21.22), the source strength is taken to be the
time--rate-Df-change of cavity volume which varies cyclically with blade
position d. (20.34). Then for a z-bladed propeller, we use the source term
of (20.35) which is
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body is "constructed" in the presence of the external, disturbing or excit-
ing singularities. A much more adroit procedure exists which avoids the
solution of the diffraction problem when one seeks only particular force
components induced on the body by nearby singularities. As this method
is general it can be applied to both simple and actual ship forms. We turn
to an outline of the derivation of this procedure.

HULL FORCES WITHOUT SOLVING THE DIFFRACTION
PROBLEM

Vorus (1974) advanced a generalization of a procedure due to Chertock
(1965) for finding forces on a body by invoking Green's theorem which
avoids the necessity of solving the diffraction or boundary-value problem
posed by creating the body in the presence of any ensemble of singulari-
ties. Here the derivation is limited to the vertical force associated with a
rigid-body mode of motion. Vorus's landmark paper should be studied to
appreciate the generality of his theory.

Avoiding Solving the Diffraction Problem 419

Consider the fluid of concern to be in the lower half of space bounded by
the body surface B, the water surface WS, a spherical boundary at infini-
ty Soo'and a sphere of radius E: and surface ~ around a singularity at (xs,
Ys, -zs), as depicted in Figure 21.2. The character of this point singularity
is left unspecified at this juncture.

We wish to use Green's second identity and for this purpose need two
potentials if! and t/J, d. Section 3 of the Mathematical Compendium, p.
506. The total potential if! due to the disturbance is due to the singular-
ity, its negative image in the upper half space and to diffraction in the
body. The other potential t/J is suitably constructed by considering the
motion of the body B, and its reflection Bj in the fluid region extended to
the upper half space. Both Band Bj are given a motion of unit velocity
in the j-th direction, where j = 1 corresponds to x-, j = 2 to y- and j = 3
to z-direction. The boundary condition in the motion potential t/Jj can be
seen from Equation (3.19) if we take U, V and W = 1 respectively since
we have unit motion of the bodies and remember that n is now positive
out of the fluid. We then have on the body
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Hence the vertical force is obtained by evaluating the unit vertical-motion
potential of the double body at the location of the source performing the
operation indicated by Equation (21.35). We note that the vertical motion
of the double body induces velocities which are even functions of z and
hence the potential is odd in z and therefore vanishes at z = 0 as required
by the high-frequency condition.

Although (21.35) is a simple formula it must be realized that for each
force and moment which is desired one must solve the boundary-value
problems posed by the unit motions of the body in each motion which
meets the kinematic condition on the body and the pressure condition
1/1j(X,y,0)= 0 on the water surface. Thus, for example, if one wishes the
transverse force on the hull it is necessary to find 1/>2which satisfies
81/>2/an = n2 = ny on the wetted hull and to meet the free-surface condi-
tion the image hull has to move in the negative or opposite direction.
This problem is not simple.
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The vertical force due to a dipole at (xs, Ys, -zs) can be obtained by
replacing (xs, Ys, -zs) by (xs-x', Ys-Y', -(zs-z')) and applying the opera-
tor - {nx 8/ax' + ny 8/{)y' + nz 8/{)Z'} to (21.34) thus modified (and
thereafter setting x' = y' = z' = 0). The source strength M is replaced by
the dipole strength E(t). nx, ny, nz are the direction cosines of the dipole
axis. The formula for the potential is given in Equation (1.68).

It is most interesting to note that the vertical force on the wetted lower
half of the double model in the presence of the water surface is the same
as the force on the double model in the presence of the singularity when
the whole is immersed in a boundless fluid.

Let us consider the double hull in a boundless fluid (no free surface) in
the presence of a single isolated singularity. Then the foregoing develop-
ment applies with the diffraction potential for this problem, satisfying
8</J/ an = 0 on B which is now the double hull and, of course, integrals
over the water surface are absent. The same formula is obtained and we
see that the force on this entire form is identical to that on the wetted
hull in the presence of the free surface and the singularity plus its nega-
tive image. Thus, both experimentally and theoretically, the vertical force
on a floating body can be secured by testing or solving the problem of the
double body in the presence of the singularity in a boundless fluid or ef-
fectively deeply submerged. This has been shown in a less adroit fashion
by Vorus (see Cox, Vorus, Breslin & Rood (1978)). A more detailed
demonstration is given in the next chapter (p. 430 and sequel).

We next demonstrate the efficacy of Vorus's procedure by applying it to
the circular cylinder of infinite length.
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As for the flat plate, the force diverges as the cylinder radius tends to in-
finity. It is also seen that the force vanishes slowly as the clearance
between source and cylinder d - ro - Rc ...• 00, although again the
blocking effect of the cylinder abaft the source contributes to this slow
decay. Referring to the force on the plate given by Equation (21.22), we
see that for the effective clearance there d - Rc < < b, the forces on the
plate and the cylinder are of identical structure as to be expected.

Ellipsoid of Three Unequal Axes
The ellipsoid (length L, breadth B, draft T) is the most ship-like of all
the mathematical forms. The vertical force induced on such a general el-
lipsoid by a pulsating point source can be calculated from the velocity
potential deduced from Lamb (1963) together with the method of Vorus
as explained above. Although this derivation is not difficult it is rather
lengthy and only the results will be presented here. The calculations have



been carried out with the proportions length/breadth = 5, breadth/draft
= 3, propeller diameter/length = 0.0375 (diameter/draft = 0.56). These
proportions put the propeller 0.023· L fore of the aft end of the "ship"
with its tips touching the base line at a clearance of 0.25 D, as outlined in
Figure 21.4. From this one sees that the form is very open fore of the
propeller. But in this region a ship would have a very narrow and deep
form with normals directed mainly horizontally so this portion of the hull
would not contribute greatly to the vertical force. The source representing
the cavity volume has been placed at the upper tip of the propeller.

The ratio of the force coefficient at given clearance ratio c/D to that at
zero clearance is graphed in Figure 21.4, showing a gradual but small
decay with increased clearance on the assumption that the cavity volume
harmonic does not vary with tip clearance. This is not the case since the
hull boundary layer varies with clearance, hence also cavity volume. This
result indicates that the main importance of tip clearance is its role in the
development of the blade cavitation which will be sensitive to the depth of
penetration of the hull wake or boundary layer by the blade-tip region.

Further expositions of the effect of ellipsoid proportions are left for in-
terested readers. We now turn to arbitrary hull forms of practical geome-
try.

22 Pressures on Hulls of Arbitrary Shape
Generated by Blade Loading, Thickness and
Intermittent Cavitation

In the preceding chapter we calculated the force generated by intermittent
cavitation on simple forms. It was necessary to model not only the ship as
a simple form but also the cavitating propeller. Although these simplifica-
tions gave useful information it was also obvious that the results could
not be used for practical purposes. This was the price we had to pay for
being able to obtain results by "hand-turned mathematics".

When we now wish to obtain results for actual, intermittently cavitating
propellers behind real ship forms of given (arbitrary) shape we must ex-
pect the mathematics to be too complicated to be manipulated into closed
expressions for forces and pressures. Instead, we shall describe a general,
computer-€ffected method for solving the problem for a propeller behind a
ship and we shall also present results of this theory for cavitating propel-
lers. Furthermore, we shall correlate these results with those obtained by
model experiments.

REPRESENT ATION OF HULLS OF ARBITRARY SHAPE IN
THE PRESENCE OF A PROPELLER AND WATER
SURF ACE

It has been demonstrated in the foregoing that a propeller operating in a
temporally uniform but spatially varying hull wake produces, through the
concerted action of all the blades, a potential flow and pressure field com-
posed of many components, all of which are at frequencies qZw. As these
frequencies are large compared with those which can give rise to wave
generation on the free water surface, the appropriate linearized boundary
condition, imposed by the presence of the water surface, is that the total
velocity potential in the undisturbed locus of that surface must be zero. A
proof of this is presented, for sake of completeness, in Appendix F, p. 500.

Thus, if ¢>(x,y,d+z,t) is the potential of a propeller at depth d below the
plane z = 0 in an infinite fluid with the origin of coordinates above the
center of the propeller (x forward, y to port and z vertically upward)28,
then the potential of the propeller in the presence of the water surface at
z = 0 is

28 In this section we once more as we did in the last chapter deviate from our
standard and put the origin of the coordinate system in the free surface.
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¢>pr(x,y,z,t) = ¢>(x,y,d+z,t) - ¢>(x,y,d-z,t) (22.1)

since, at z = 0 (the plane of the undisturbed water surface), we have
¢>pr(x,y,O,t) == 0 for all (x,y,t). Thus (22.1) is constructed to satisfy the
high-frequency boundary condition. The second term (with sign) in (22.1)
is referred to as the negative image of the propeller in the water surface.

If we wish to insert a ship hull into this flow field, we may first employ
a surface distribution of sources on the wetted hull plus their negative
images over the reflected hull. The determination of the source strength
densities is effected by solving an integral equation generated from the
requirement that the normal velocity imposed by the propeller and its
negative image must be balanced or annulled at each and every hull ele-
ment by the normal velocity induced by the concerted action of all the
hull sources. This was actually the procedure used for the case of a flat
plate, p. 412-418, although there the simple geometry of propeller and
ship (point source and plate) made the analytical solution possible. But
for real ship and propeller geometries this process was found to require
excessive computer effort since three components of the propeller-induced
velocity must be calculated for the scalar product with the normal vector.
This effort is reduced by two-thirds by solving this exterior Neumann
problem by exploiting the interior Dirichlet problem through the use of
normal dipoles whose concerted potential evaluated on the interior side of
the hull surface is required to annul the propeller potential (one function)
at each and every element. A proof of this equivalent procedure follows.

Replacement of the Exterior Neumann Problem by an Interior Dirichlet
Problem29

As we shall see later the problem posed by the wetted hull, propeller and free surface
can be solved by finding the dipole density over the double hull in the presence of
the propeller. The equation for the dipole densities follows from solving a Dirichlet
problem on the interior side of the hull.

The problem posed by the generation (or creation) of a double hull in the presence
of a single propeller requires a hull potential ¢>B which meets the Neumann condition

Hulls in Presence of Propeller 427
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To secure the numerical inversion of (22.24) using the procedure of Hess
& Smith (1962), the hull is divided into quadrilateral elements as shown
in Figure 22.4 and the coordinates of their corners are supplied to a modi-
fied version of the Hess-Smith program. The right-hand side is the single
propeller potential evaluated at the hull panels. This potential must in-
clude the contributions from intermittent cavitation, blade-loading vari-
ations and blade thickness, d. (20.16). A numerical method as applied at
MIT to secure this required input propeller potential is referred to in
Chapter 20 p. 403--404.

Selection of panel size is dictated by the behavior of the propeller poten-
tial in the longitudinal and athwartship directions with respect to the pro-
peller. Forward of the propeller, all the various terms attenuate monotoni-
cally with longitudinal distance, x. The strongest loading and cavity har-
monics yield spatial signatures which decay very "rapidly". For the load-
ing the decay is as OQ, zi 1/&' from (15.4), with maximum loadingn-q -2

for n = O. For the cavity the decay is as Q Z 1 (Co(qZ) in (20.39)). Thisq -2

yields, by use of (M6.6), decays as l/x2qZ+2 and l/x2qZ+1, respectively.
The component generated by blade-rate loading on the blade falls off as
l/x2 (Equation (15.9)) and that from the blade-frequency harmonic of the
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cavity volume decays as l/x (Equation (20.44)). Thus, beyond one
diameter the panel lengths can be increased substantially.

Downstream of the propeller, however, the potentials have similarly at-
tenuating components plus non-decaying constituents arising from the
helically distributed vortex wake. The non-vanishing parts vary with axial
distance as e±iqZWX/U as can be seen from the velocity expression,
Equations (18.46), (18.48) or (18.49) (where ko = qzw/U). These spatial
oscillations pass through a complete cycle for an x-variation given by
f1x/D = J/qz. When, for example, q = 1 and z = 4 and as J is the order
of 0.6, then f1x = 0.15· D and to have four panels in each of these inter-
vals yields a panel length of 0.0375· D.

It is envisioned that the net effect of these "rapid" x-wise undulations
will produce small contributions to forces from residuals arising from the
changes in hull sections with x.

The athwartship variations of the propeller potentials are, in general,
decaying, but with oscillations varying as ei(n-qZ); (d. (18.46), (18.48),
(18.49) for loading, and (20.40) for cavity). The space angle; is given by
-tan-1(y /z), y being athwartship distance and z the vertical distance of
any hull point from the propeller axis. The value y = Yl at which
cos(n-qz)-y first changes sign for n = 4, q = -1 and z = 4 is Yl = 0.20
Zl. As Zl is of the order of 1.5 R, the buttock at which cos 8; changes
sign is Yl = 0.30 R. To secure a minimum panel distribution over the
domain wherein this onset potential changes sign, one may choose two
panels of width 0.15 R. As we move out a frame line, the amplitude of
the potential decreases and the panel width can be increased. For the
strong local contribution arising from mean propeller loading, for which n
= 0, and say, qZ = -4 (for blade-rate contribution of a four-bladed pro--
peller), we note that the complete cycle of

::: {4 tan-l[;]}

is achieved only for y -; ± 00. It is also to be noted that, for the contribu-
tions arising from the blade-rate harmonics of the cavity and the blade-
rate harmonics of the blade loading given by n = ± qZ, there are no vari-
ations with space angle ; so that the panels are beset with monotonically
descending onsets which would permit the use of relatively large panels.

As in all panel methods, a compromise has to be struck between the
estimated requirements for accuracy and the computing capacity and ex-
pense. In the application which follows, 512 panels over the double hull
are used, with a distribution of panel size which is thought to be
adequate.
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CORRELA TION OF THEORY AND MEASUREMENTS
Measurements of propeller-induced pressures on a model of a RO-RO ship
have been made in the SSP A large variable-pressure water tunnel.
Characteristics of this facility are summarized in Breslin, Van Houten,
Kerwin & Johnsson (1982) as well as in SSP A publications. However, it is
necessary to point out a highly significant feature of this facility in which
the water surface is covered by marine plywood between the model and
the steel work of the tunnel as indicated in Figure 22.5. The space above
the plywood is virtually filled with water. The plywood is supported by
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vertical posts from the cap over the test section. This barrier or "wood
surround" prevents the generation of large-amplitude waves since the
model is tested at high speeds to achieve much larger Reynolds numbers
than when modeling Froude numbers. This wood with water backing is
considered by SSP A to be non-reflecting because of the acoustic properties
of water-saturated wood. This aspect will be discussed later.

The afterbody sections and pressure-transducer locations are displayed in
Figure 22.6. Propeller geometry is given in Figures 22.7a and 22.7b. The
measured wake fractions as a function of angular position at four radii are
displayed in Figure 22.8. The ship and propeller dimensions and operating
conditions are summarized in Table 22.1.

When mounting the model in the tunnel, the draft aft was adjusted to
level with the stern wave at a draft of 11.15 m full-scale. (Measurements
conducted later in the towing tank showed that the height of the stern
wave was overestimated by about 0.5 m full-scale). The cavitation num-
bers cited in the table were, however, used as the increase of static press-
ure does not fully correspond to the height of the stern wave.

Thrust and Efficiency
Open-water tests for determining the propeller characteristics were con-
ducted in the towing tank and the corresponding characteristics in the
"behind" condition at atmospheric conditions in the cavitation tunnel. At
the design advance ratio, the following comparisons between calculated
and measured thrust coefficients and efficiency were secured:

Cavitation Patterns
Cavitation tests in the tunnel were carried out at different combinations
of advance ratio and cavitation number. Cavitation patterns were TV-
filmed, from which the patterns can be sketched. Pressure fluctuations at
blade and twice blade frequencies were registered. Cavitation patterns at
JA = 0.588 and iTO.7R = 0.301 are shown in Figure 22.9 for SSP A propel-
ler model P1841.

In Figure 22.10, amplitudes of the pressure fluctuations, measured by
Gage 3, are given as curves of Kp versus iTO.7R for propeller model P1841.
These results confirm earlier experience that there is very little influence
of advance ratio on the pressure magnitude variation when plotted in this
way. Table 22.2 (p. 441) compares amplitudes obtained at three trans-
ducers with theoretical results.
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The method used to calculate the flow from the intermittently cavitating
propeller was developed at MIT. It uses a representation of the propeller
blades by lattices of vortices and sources, the latter also modelling cav-
ities. A description of this method can be found in Breslin et al. (ibid.).
The corresponding computer program designated as PUF-3, was initially
applied to SSP A propeller P1842 using the nominal model wake. Cavity
outlines were found to correlate poorly with SSP A observations. A second
calculation was made using an effective wake derived from the nominal
wake in the manner described below. Again the cavity geometry did not
comport with measurements. Examination of SSP A cavity outlines showed
that, in the collapsing phase, the leading edge of the cavity retreats from
the leading edge of the blade. As PUF-3 at that time could accommodate
only cavities which extend from the locus of the leading edges of the
blades, it was necessary to secure data in which this aspect of cavity be-
havior obtained throughout the episode. Fortunately, SSP A model P1841
performed in this fashion and the geometry of that design was used.

The nominal axial wake, as defined at four radii from SSP A measure-
ments, shown in Figure 22.8, is interpolated by spline cubics to give the
wake at 10 radii as displayed in Figure 22.11 (curve at rlR = 0.191 not
shown). The harmonics of this nominal wake, however, are not an appro-
priate wake to use as input to PUF-3. It is well known that an operating
propeller causes incoming vortex lines to move relative to each other,
rather than merely to convect at advance velocity. This relative motion
changes the corresponding wake velocities. In PUF-3, however, this non-
linear effect was not accounted for, so that the distortion of the nominal
wake by the propeller must be estimated, and the resulting "effective
wake" used as input to PUF-3. Unfortunately, there is no rigorous
method available for the prediction of effective wakes in the general, non-
axisymmetric case, and the method of Huang & Groves (1980), which
predicts effective wakes in the axisymmetric case, is used as the basis for
an approximate scheme, described in some detail by Van Houten (see
Breslin et al. (1982)). This method produces the modified or effective
wake curves graphed in Figure 22.12. The corresponding harmonics of the
axial component are provided in Table 22.3.

The use of these effective-wake values in the PUF-3 program gave the
cavity outlines labeled PUF-3 in Figure 22.9. Although the predictions of
cavity extents are greater (effects of blade thickness were not accounted
for) than those mean loci observed at SSP A, the discrepancies in the vel-
ocities of the cavity volumes are not nearly as great since Figure 22.13
shows that the predicted cavities are quite thin in those areas of the blade
where no cavitation was observed at SSP A. Consequently, the computed
pressures are not expected to be seriously affected by the presence of these
excess but very thin cavities.

Correlation of Theory and Measurements 443
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Comparison of Computed and Measured Pressures
To calculate the pressures on the hull the MIT vortex-lattice program
PUF-3 was used to calculate the field potentials arising from propeller
blade loading, thickness and intermittent cavitation. These potentials were
then used as input to a computer program developed at Davidson Labora-
tory which calculates the hull potential in the presence of the propeller
using the theory described here on p. 426 and sequel. The calculated
pressure amplitudes are compared with SSPA determinations of the means
of the upper 5 per cent largest amplitudes in Table 22.2. Computed
results are provided for two conditions imposed on the locus of the un-
disturbed water surface, one being the high-frequency boundary condition
(zero potential), the other for the rigid-surface condition (zero vertical
derivative of the potential) as described previously (d. p. 432 and sequel).
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Concentrating on the 5th and 6th columns in Table 22.2, we see that the
comparison is generally good for the use of the theoretical values based on
the rigid-wall condition imposed on the locus of the water surface. Con-
sistently the measured-calculated ratios are larger when the actual free-
surface approximation is used which is to be expected since the calculated
values are smaller for that condition due to the relieving effect of the
water surface. It is most noteworthy that the measured-calculated ratios
for Gage 3 (see Figure 22.6 for gage positions) are not markedly different
for these two imposed conditions because this gage is very close to the
propeller. This is highly consistent because the hull pressures at this point
close to the propeller are dominated by the blade cavities, whereas the
contributions from either of the negative or positive images of the
propeller (imposed by the free and rigid conditions) are weak, being dis-
tant from Gage 3. Consistently, even at Gage 3, the calculated pressure
with the rigid-surface condition is somewhat higher (15 per cent) than
that with the free surface. In contrast, the relative effects of these surface
conditions are marked for Gage 4 and 5 which are distant from the pro-
peller and hence relatively close to the negative and positive images (or to
the water plane). In addition, they are consistently different in the correct
sense.

While this correlation suggests that the plywood surround and the pres-
ence of the laterally disposed steel work of the SSP A tunnel act as rigid,
fully-reflecting boundaries it is the contention of C.-A. Johnsson and col-
leagues at SSP A that the plywood barrier with water above and below is
non-reflecting because the product of the mass density of the wood and
the speed of sound in the wood is close to that product for the water.
This view can be reinforced by considering reflection and transmission of
plane acoustic waves incident on such barriers backed by water, including
that the thickness of the wood is very small compared to the length of the
pressure waves.

Assuming this is true and ignoring the reflecting effects of the tunnel
steel work, the SSP A test configuration may be considered to be approxi-
mated by the double model and a single propeller all of which is deeply
submerged in a boundless sea. This is the very configuration which was
treated on p. 431 and sequel.

The computed pressures are then proportional to the dipole density v
alone found from the calculations at the gage locations. The tabulated
values in Table 22.2 are then proportional to v(x,y,-z) - v(x,y,z) for the
free-surface (high-frequency) case, cf. (22.26) and to v(x,y,-z) + v(x,y,z)
for the rigid surface, d. (22.27). We may then calculate the pressures for
the condition that the waterplane is non-reflecting as follows

k(v(x,y,-z) + v(x,y,z» = Prs (rigid surface) (22.30)

k(v(x,y,-z) - v(x,y,z)) = Pfs (free surface) (22.31)
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Here we see that the comparison between measured and calculated
values for a non-reflecting surface condition is not as close as for the
rigid-surface assumption, as shown in Table 22.2, but is better than for
the free-water-surface condition which applies to the ship and to tests in a
vacuum tank. The average ratio of measured-calculated is 1.6 at blade
frequency and 1.26 at twice blade frequency indicating that the theory
underestimates but does quite well on this basis. Subsequent developments
revealing an error in Kerwin's computer code having the effect of overpre-
dicting of cavity volumes as well as the more recent work of Kinnas re-
ferred to in Chapter 8 cast doubt on this correlation of theory and experi-
ment. However, the values used from the SSP A measurements being the
mean of the 5 per cent highest (due to temporal variations in the model
wake) are some 50 to 100 per cent higher than the average of all the

30 This ignores the phases of these components but as these were found to be small
(see note, Table 22.2) we proceed to add amplitudes.
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values and were not suitable for a comparison with the theory which used
spatial harmonics of the time-averaged wake as input. In any event it is
believed that the most reasonable basis for evaluation of the theory is
that which regards the surface about the hull in the SSP A facility to be
rigid. Clearly more correlations of theory and experiment are needed.

It is of interest to observe the calculated cavity length and cavity vol-
ume on a blade as a function of blade position. Figure 22.14 shows that
the maximum cavity length lags the blade angle at the wake minimum (,,/
= 0°) by 45° at 0.851 radius and displays inception at -45° and collapse
at 80° as defined there because of the finite size of the blade element at
the leading edge. These angles are seen to comport very well with the ob-
servations as shown in Figure 22.9. The lag of the cavity growth is a fea-
ture of the dynamics of the cavity which is not included in quasi-steady
formulations. The variation of the calculated cavity volume (normalized
by cube of the propeller radius) displays, in Figure 22.15, a phase lag
relative to the wake minimum of 30°.

As we have seen, it is the blade-frequency harmonics of the cavity-vol-
ume acceleration which are important and these in effect have been also
rendered by Professor Kerwin in Table 22.5, Breslin et al. (ibid.), by pre-
senting the harmonic amplitudes of the cavity-volume velocity. Here we
see that the amplitude of BVc!fJt at blade frequency is 0.013 (5th shaft
harmonic) and that at twice blade frequency is 0.00328. From equation
(20.36) we have that the pressures vary as (qZ)2 times the cavity-volume
harmonic. Consequently the pressures vary as (qz) times the cavity-vol-
ume velocity harmonic and as this contribution is thought to dominate the
pressure signature we may expect the ratio of the pressures at twice blade
frequency to those at blade frequency to be

I(phol (2(5)) (0.00328)
I (phi = -(5-) (0.013) = 0.50 (22.33)

Hence we may conclude that the pressures at twice blade frequency will
be smaller than those at blade frequency and indeed that is the case as
may be seen in Table 22.2. The extent to which the measured and calcu-
lated pressures at twice blade frequency and at blade frequency do not
conform to this simplistic rule may be seen in Table 22.6. It should be
expected that the results for the rather distant locations at Gage 4 and 5
would conform better (to the ratio 0.50) than for Gage 3 but that is not
the case for the experimental values. Yet the cited phase angles from the
computed results as given in the note in Table 22.2 are seen to be virtual-
ly the same for all gage locations indicating the strong coherence expected
from the approximate point-source-like behavior of the cavitation.
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Figure 22.15 Calculated cavity volume variation with blade rotation angle for SSP A
propeller model P1841 in effective wake of RO-RO ship model.

Figure 22.14 and 22.15 Figures 18 and 19 from Breslin, J.P., Van Houten, R.J.,
Kerwin, J .E. & Johnsson, C.-A. (1982). Theoretical and experimental propeller-
induced hull pressures arising from intermittent blade cavitation, loading and thick-
ness. Trans. SNAME, vol. 90, pp. 111-51. New York, N.Y.: SNAME.
Copyright © (1982) SNAME. All rights reserved.
By courtesy of SNAME, USA.

In summary, this single, fairly successful correlation of calculated and
measured pressures is encouraging but we must keep in mind the old say-
ing "one swallow does not make a summer" (Proverbs, John Heywood,
1546). It is clearly necessary to make many correlations of this theory and
controlled experiments before one can conclusively decide upon the appli-
cability of this cavitation and hull-reflection theory.
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CORRELATIONS OF THEORY AND MEASUREMENTS
FOR NON--GAVITATING CONDITIONS

As demonstrated in the preceding chapters the presence of cavitation adds
a high degree of complexity to the flow. This complexity is reflected not
only in the theory and calculations but also in the experiments. For the
simpler (yet still complicated) cases of non-{;avitating propellers there are
several correlations of induced forces and pressures which reflect the appli-
cability of the theory, presented earlier in this chapter, of taking into ac-
count the presence of the hull. For the sake of completeness we give a
very brief summary of these.

A number of experiments to determine the blade-frequency vertical and
horizontal forces and torsional moments on two Series 60 models (C

B
=

0.60, V-stern and parent form) were carried out by the late Professor
Emeritus Frank M. Lewis at MIT during the 1960's (Lewis (1969)). Bres-
lin (1981) presented a comparison of the computed vertical forces. Tsako-
nas & Liao (1983) using the same computer program as Breslin (ibid.)
deduced the axial, horizontal and vertical forces.

Lateral or transverse forces on a spheroid generated by offset three-
bladed propellers were measured at DTRC and the results reported by
Cox, Vorus, Breslin & Rood (1978). The forces were measured at blade
frequency and compared with theoretical predictions made by Vorus and
by Breslin, d. Cox et al. (ibid.). While Breslin used source panels in his
representation of the spheroid (the "hull") Tsakonas & Liao (1983) em-
ployed the same panel distribution, but invested with normal dipoles.

Huse (1968) measured blade-frequency propeller forces and hull pressures
at 34 points on the stern of a model of a tanker self-propelled in a towing
tank. These results were compared with theoretically predicted values by
Breslin (1981) who used a subdivision of the hull into 480 dipoled panels
for calculations of the pressures.

In summary, the status of these available comparisons lends great cre-
dence to the usefulness of the theory and programs developed this far.
Surely further detailed successful correlations must be achieved particular-
ly between theory and full scale measurements before the highly conserva-
tive community of naval architects will adopt these methods as part of
the design procedure.

SUMMARY AND CONCLUSION
As we have seen in the previous pages the propeller, when working in the
confused flow behind the ship not only experiences time-varying pressure
distributions on the blades but it also creates time-varying pressure dis-
tributions on the ship hull. The former pressures integrate to forces on the
propeller and hence on the shaft and bearings while the latter integrate to
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hull forces. All these forces will, because of their time dependence, give
rise to vibration and noise.

When considering the entire ship the exciting sources are propeller(s)
diesel engines and sea waves. The propeller is the major source of vibra-
tion and noise which affects

crew habitability
fatigue of structural members and machinery parts
navigational electronics
gun and missile directors on naval ships

· acoustical signatures, particularly of submarines.

For deeply submerged submarines, the vibration and acoustical signatures
are generated by generally non~avitating propellers as well as by ma-
chinery.

But for many classes of surface vessels the dominant effects are those
arising from intermittently cavitating propellers. While not a problem for
years for most ships, the intermittent~avitation aspect began with the
growth in the size of tankers with the concurrent increases in blade load-
ing and tip speed (larger propellers at somewhat lower RPM's) in the
presence of large local wake fractions on full forms. Finer forms such as
container ships, express cargo liners and naval auxiliaries also suffer from
intermittent cavitation because of reduced cavitation index in combination
with sharp wake "valleys".

For the designer of ships it is both natural and important to seek
answers to the following questions:

· What are the dominant characteristics of propeller-hull configur-
ations which portend serious hull sub-structure vibrations?

· Can these properties be identified from available preliminary
design features at a sufficiently early stage to enable effective
changes which may be expected to reduce the likelihood of objec-
tionable vibrations?

These are indeed difficult questions since we know that the vibratory
responses of hulls and sub-structures (deck houses, engine foundations,
shafting etc.) are not only a function of the magnitudes of the exciting
forces and moments but also of the coincidence (or near coincidence) of
excitation and natural frequencies of the hull and sub-assemblies. Thus
there have been cases in which the excitations have been considered to be
large but the vibratory response acceptable because of fortunate mismatch
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of exciting and significant resonant frequencies and conversely relatively
small excitations which have been attended by highly objectionable vibra-
tion and noise because of coincidence of one or more structural frequencies
with multiples of blade frequency.

As the structural characteristics of a hull are generally not known early
in the design stage, the various and myriad frequencies cannot be deter-
mined. Indeed, even when the complete structure has been decided it is a
difficult problem to predict with accuracy the resonant frequencies in the
neighborhood of the significant multiples of blade frequency. As with
many features of ship design the naval architect must seek guidance from
the experience gained with vessels of similar properties in regard to both
the possible level of excitations and the resonant frequencies of the hull
and sub-structures.

Useful guidance can be found in the studies of extensive measurements
on many ships, made by Holden, Fagerjord & Frostad (1980) and by
Johannessen & Skaar (1980) who have given a plan of action for vibration
assessment in several stages, seeking to provide answers to the foregoing
questions. These papers as well as other to be found in the literature con-
tain a wealth of information gleaned from experience compiled over the
past twenty-five years.

It is very fortunate, that the experience gained has been analyzed, as for
example in the references given above, by several researchers who have
endeavored to correlate excitations and responses to extract criteria for
avoidance or mitigation of vibrations. But it is unfortunate, in the opinion
of the authors, that the methodologies employed in some of such analyses
have their origin more in physical intuition than in the rational physics of
the phenomena involved. While one may question some of their methods
we must applaud their aims to reduce this complex problem to simple for-
mulae and criteria. It is one thing to criticize their most considerable
efforts but quite another to replace their empirically derived results by
other formulas reflecting what we may consider more rational mechanics.
This would require an extensive research project which would involve
many other topics than propeller hydrodynamics.



Great increases in the cost of fuel and the advent of very large tankers
and bulk carriers have focused the attention, during the last decades, on
means to enhance the efficiency of ship propulsion. An obvious way of
obtaining an efficiency increase is to use propellers of large diameter
driven by engines at low revolutions, as can be deduced from the develop-
ments in Chapter 9. Such a solution is, however, in many cases not prac-
tically possible. This has then given impetus to the study and adoption of
unconventional propulsion arrangements, consisting, in general, of static
or moving surfaces in the vicinity of propellers.

A distinct indication of the serious and extensive activity in the develop-
ment and use of unconventional propulsors may be seen in the report of
the Propulsor Committee of the 19th ITTC (199Gb) which lists seven
devices including large diameter, slower turning propellers. Here we sum-
marize the hydrodynamic characteristics of six of these devices omitting
larger-diameter propellers. The six devices are: Coaxial contrarotating
propellers, propeller with vane wheel, with pre-swirl stators, with post-
swirl stators, ducted propellers and propellers operating behind flow-
smoothing devices.

Emphasis is given in the following to a variational procedure which, in a
unified fashion enables nearly optimum design of several of these configur-
ations.

Propulsive Efficiency
Propulsive efficiency is conventionally thought of as the product of the
open-water efficiency of the propulsor, the hull efficiency and a factor
termed the relative-rotative efficiency. This was emphasized by Glover
(1987) in his assessment of various unconventional propulsors, and can be
seen from any book on ship propulsion, d. for example Harvald (1983).
The relative-rotative efficiency is considered as a correction to the propul-
sor (propeller) efficiency arising from the alteration in the radial distribu-
tion of loading when operating in the hull viscous and potential wake. The
hull efficiency is given in terms of the wake fraction and the thrust-deduc-
tion fraction as (1 - t)/(1 - w). Although it is necessary to consider the
total propulsive efficiency the propeller designer has mainly influence on
the propulsor efficiency to which we limit our considerations here.

454
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The principal losses are those of the propeller which induces mean axial
and swirl or tangential components in the race comprising a loss of kinetic
energy. In addition a very significant loss is caused by the viscous drag of
the blades. An indication of the relative importance of these three losses
in efficiency has been provided by Glover (1987) for representative vessels
with conventional propellers over a wide range of disc loadings as dis-
played in Table 23.1.

Table 23.1 Values of propeller efficiency and its components for a range of thrust-
loading values.

From Glover, E.J. (1987). Propulsive devices for improved propulsive
efficiency. In Trans. Institute of Marine Engineers, vol. 99, paper 31,
pp. 23-9. London: The Institute of Marine Engineers.
By courtesy of the Institute of Marine Engineers, Great Britain.

It is clear that the addition of auxiliary surfaces which can reduce the
propeller loading by producing thrust and by reducing the rotational
losses, although these are relatively small, provide the possibility of higher
efficiency than the propeller alone with several provisos. These are:

i. The thrust loading of the optimum propeller is sufficiently high.

ii. The added viscous and induced drag of the added surfaces is
sufficiently less than their production of thrust.

iii. The cost of the installation can be recovered within (generally)
five years.

iv. There are no or little "side effects" requiring costly maintenance
or failure of reliable operation such as cavitation or vibration.

In the following we shall discuss the hydrodynamic aspects of unconven-
tional propulsors, i.e. points i. and ii. and only touch very briefly on iv.
taking into account cavitation and vibration.
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A PROCEDURE FOR OPTIMUM DESIGN OF PROPULSOR
CONFIGURATIONS

A unified procedure for determining the optimum distributions of loadings
on interacting lifting surfaces has been developed by Kerwin, Coney &
Hsin (1986). The configurations embraced are: a propeller alone; a contra-
rotating set of propellers; a propeller forward of a freely rotating vane
wheel; a propeller in the presence of stator arrays forward (pre-swirl) or
aft (post-swirl). This is accomplished by providing these various auxiliary
blades with arbitrary rotations both in magnitude and direction. The
same general procedure involving application of the variational calculus
has been applied to propeller-duct configurations by Kinnas & Coney
(1988) and by Coney (1989) in his doctoral dissertation.

Kerwin et at. (1986) make use of lifting-line theory, reminding that, in
spite of the latter day development of elaborate lifting-surface representa-
tions, lifting-line theory remains as an essential tool for propeller design,
particularly for the determination of optimum loading distributions of the
propeller and auxiliary surfaces. Kerwin's procedure is essentially a nu-
merical vortex-lattice version of the traditional lifting-line method, as
presented here in Chapters 11 and 12, with all the restrictions imposed for
lifting-line representations. One important feature is the replacement of
the continuous distribution of circulation along the bound vortices by dis-
crete lattices of concentrated straight-line elements of piecewise constant
strength, thereby introducing as many unknowns rj as there are segments,
d. Figure 23.1. From each segment trailing vortices are convected whose
strengths are determined from the difference in circulation across each
segment.

Optimum Design of Propu/sors 457
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The other components will have similar expressions. It is now seen that
Equations (23.8)-~23.10) are a non-linear system of M(1)+M(2)+2 equ-
ations for the M() unknown circulations on propulsor component 1 and
for M(2) unknowns on component 2, plus the two unknown Lagrange
multipliers lr and lQ. This set of equations can be replaced by a linear
set by regarding the Lagrange multipliers as known constants where they
multiply the unknown circulations and in addition by assuming the in-
duced velocities in the constraint equations to be known. The equations
are then solved iteratively, using the fls from the prior iteration as well as
the induced velocities in (23.5) and (23.6). Coney (1989) reports that
initial estimates of lQ = OJ lr = -1 and zero for the induced velocities in
(23.9) and (23.10) were suitable to get the iterative process started.
Generally, less than 10 iterations were required to get converged solution
to the set of non-linear equations.

The trajectories of the propeller shed vortices are frozen until conver-
gence in the iteration over the fls is obtained. Then, by evaluating the
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hydrodynamic pitch angle (3i at each control segment, new trajectories are
used and a new iteration carried out. Convergence tests showed that 10
segments on the key blade of each of the composed propellers were
sufficient. Interaction velocities induced by propeller trailing vortices in
the downstream region are calculated from the trailers set at 0.80 of the
radius from which they are shed at the propeller blade as an allowance for
contraction. For points upstream of the propeller the uncontracted radii
are used.

Kerwin et at. (1986) compared their variational procedure for optimum
distributions of loading with those found by use of Lerbs' method. The
two methods were found to give nearly identical distributions of circula-
tion over the lifting line, confirming that for light loading their procedure
gives the correct optimum.

Optimized Loadings for a Single Propeller
A further exposition of results obtained using Kerwin's optimization
procedure will be given here. The parametric dependence of optimum
loading upon advance ratio J for a free-running propeller at fixed speed U
(and hence for different rates of revolution) as determined by Coney
(1989) is displayed in Figure 23.2. At each J the propeller was required to
deliver the same thrust and hence the same thrust loading coefficient. The
result for J = 0.10 (largest rate of revolution) is reminiscent of that of the
elliptic loading on a wing which is known to give minimum induced drag.
As J increases, N decreases; the circulation increases (to develop the
thrust) and the peak value moves outward because added circulation at
outer radii gives more effective increments to thrust. However, higher
loading "outboard" gives increasing torque as may be seen in Equation
(23.2) and hence an increasing penalty for thrust increments at outer
radii. These conflicting effects are accounted for in the optimization
procedure yielding the distributions shown for each advance ratio. The
results shown are in agreement with the findings for optimum loadings for
the linear actuator disc, as given in Equation (9.106). There a small
advance ratio (J = U/(ND) = U/w/(27rD)) gives nearly constant loading
over the radius whereas high advance ratios give loadings increasing at
the tip.

The efficiency without viscous losses for this propeller is shown in Figure
23.3. It is seen that it has the same behaviour as for the actuator disc, d.
Figure 9.16, p. 193 (given CTh, varying J), and that the efficiency ap-
proaches the ideal efficiency for J -; 0 as it should. Inclusion of frictional
drag produces the large degradation at low advance ratios because of the
high rate of revolutions giving high tip velocities. We see an optimum ad-
vance ratio as the parasitic drag decreases and hence there is an optimum
combination, with respect to efficiency, of thrust loading and advance
ratio.

Optimum Design of Propulsors 461
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OPTIMIZED LOADINGS ON COMPOUND PROPULSOR
CONFIGURATIONS

The optimization procedure outlined in the previous section is suitable for
optimization of propulsor configurations consisting of a propeller and in-
teracting lifting surfaces. The flow must be hydrodynamically of the same
character as for a single propeller, Le., it is due to loading and thickness
of lifting surfaces and can be basically modeled as seen previously by
combinations of sources and vortices. The fundamental characteristics of
such propulsors are described next.

Contrarotating Propellers
This concept appears to date back to the Swedish pioneer naval archi-

tect John Ericsson who applied contrarotating propellers to shallow-
draught craft to overcome directional instability arising from unbalanced
forces produced by single propellers. Ericsson patented his design in 1836
and applied it to the steam boat Robert F. Stockton in 1839. The princi-
pal application of contrarotating propellers has been to torpedoes since the
invention of Whitehead in 1864. In the torpedo, cancellation of the torque
is essential to prevent spinning and to secure directional stability. Until
very recently there has been no application to large surface ships because
of the cost and complication of the required epicyclic gearing. A single
application to submarines in the case of the USS Jack in 1965 is recalled
by its designer J.G. Hill, in his discussion of a paper by Cox & Reed
(1988) on contrarotating propellers.

Over the past several decades model tests and computer evaluated the-
ories have yielded predicted power reductions in the range of 6 to 15 per
cent for application of contrarotating propellers to surface ships. The rea-
sons for these reductions appear to be varying. Glover (1987) recalls that
model tests in Britain in the late 1960's showed a gain of 10.9 per cent in
open water propeller efficiency and of 11 per cent in propulsive efficiency.
But for a 200 000 dwt tanker the propeller efficiency increased by only 3.5
per cent and the propulsive efficiency decreased by 2.5 per cent because of
a very large increase in thrust deduction and a large decrease in relative
rotative efficiency! In contrast, tests in Japan displayed gains of 7 and 12
per cent in propeller and propulsive efficiency, respectively, for the case of
a 97000 dwt tanker and model predictions cited by Dashnaw, Forrest,
Hadler & Swensson (1980) gave power reductions as much as 12 per cent
for a high--£peed RO-RO ship with contrarotating propellers. Model test
results reported by Hadler (1969) showed reductions of about 10 per cent.

Two epochal applications of contrarotating propellers to full--£cale ships
were made in Japan in 1988. A 37000 dwt bulk carrier Juno was retro-
fitted with a contrarotating propeller system. Details are given by Nishi-
yama et al. (1990). The other application was made to the existing car
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carrier Toyofuji No.5, Japan Ship Exporters' Association (1991). Test
results show reduction of power as compared to the performances of the
conventional propellers originally fitted to these ships of 13.5 to 15 per
cent. Mechanical inspections after a year's operation revealed no mechani-
cal problems. Should prolonged operation of these contrarotating propeller
systems prove their reliability, these installations must be regarded as a
marine-engineering break-through.

The reader who desires detailed information on design methods for con-
trarotating propellers up to the mid 1980's is advised to study the review
and extensions of theory by Cox & Reed (1988) and the extensive litera-
ture to which they refer.

We end this section on contrarotating propellers by showing an ap-
plication of the optimum circulation procedure by Kerwin et al. (1986),
outlined on p. 456-460. The propellers were of the same diameter with
equal and opposite torques, hence q = -1, w(1)= - w(2), p. 458-459. The
total thrust was the same as for the comparative single propeller, yielding
the low thrust loading CTh = 0.69. Distributions of optimum circulation
for each of the pair of 5-bladed contrarotating propellers are shown in
Figure 23.4. The increase of 5.55 per cent in efficiency over the single
propeller is produced by the increase in ideal efficiency of each propeller
because of decreased loadings and the near cancellation of the swirl of the
forward propeller by the after propeller which is also benefited by the
axial flow from the forward wheel.
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Propeller- Yane-- Wheel Propulsors
A vane wheel is composed of a set of equally-spaced narrow blades
mounted on a hub which freely rotates around the propeller shaft which is
extended abaft the propeller, cf. Figure 23.5. This device, invented by
Professor Dr. Otto Grim (1966,1980) is characterized by a diameter of
some 25 per cent greater than that of the propeller, with pitch distribu-
tions such that the region in the propeller race performs as a turbine and
in the portion outside the race as a propeller, as can be seen in Figure
23.6.

It is clear that the vane wheel which rotates in the same direction as the
propeller at an angular velocity in the range of 35 to 50 per cent of that
of the propeller makes use of both the axial and the tangential momentum
losses of the propeller.

The propeller and vane wheel has a larger diameter than the propeller
alone, entraining a greater volume of water and hence an increment in
efficiency as dictated by momentum considerations. A similar increment
can, of course, be secured by using a single propeller of the same, larger
diameter, but as Blaurock (1990) points out, this would require lower
shaft speed and in addition, increased vibratory excitation attending
reduced tip clearance. In contrast, the lightly loaded vanes can extend
much nearer to the hull without producing significant vibratory forces.

The principal parameter indicative of the gain in propulsor efficiency is
the thrust-loading coefficient CTh, the gain rising with increasing CTh.

The minimum CTh for a zero gain in efficiency is 0.50 according to
Blaurock (ibid.). In practice the minimum CTh must be greater than 1.0
to obtain a reasonably short pay-back period of the installation costs.

It is interesting to note that the first model tests carried out with the
vane-wheel design displayed much lower performance than predicted by
Grim's calculations. This was later understood to be caused by the low
Reynolds numbers at which open-water and particularly self-propulsion
tests are normally conducted. Later experiments by Blaurock & Jacob
(1987) using large models were conducted in the cavitation tunnel at
Hamburgische Schiffbau-Yersuchsanstalt (HSV A) over a range of Rey-
nolds numbers. The results displayed in Figure 23.7 show the dominating
effect of Reynolds number on the gain in efficiency over a wide range in
thrust-loading coefficients.

Model tests at HSV A have since then been made without the vane
wheel. The full-scale prediction of the effect of the wheel is then made by
use of Grim's theory which has been verified by many sea trials. These
measurements have shown gains in propulsive efficiency in the range of 7
to 10 per cent depending upon CTh as summarized in Figure 23.7.
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Blaurock relates that measurements of fluctuating pressures on sister
hulls in way of the propeller without and with vane wheel showed ampli-
tudes with the wheel to be halved at blade frequency and some 30 per
cent less at twice blade frequency. This is ascribed to reduced propeller
cavitation attending the reduction in propeller loading.

In application of the unified variational procedure by Kerwin et al.
(1986), described here on p. 456-460, to determine optimum propeller and
vane-wheel loading distributions this propulsor is analogous to a pair of
tandem propellers of unequal diameter with the aft unit rotating at a rate
of revolutions at a fraction of that of the forward element and as the
torque on the vane wheel is zero, then Q(2) = 0, giving the constraint
parameter q = O. The optimum radial distributions of circulations for a
propeller and vane wheel are given in Figure 23.8. The operation condi-
tions are the same as shown previously for the single and contrarotating
propeller, p. 463. It is seen that the propeller component is more lightly
loaded, near the tip, relative to the single propeller.

Propellers with Stators
Arrangements consisting of an array of fixed blades forward of a propeller
are referred to as pre-swirl stators, and as post-swirl stators for arrays
fitted downstream. The basic purpose of pre-swirl stators is to produce a
swirling flow opposed to the direction of rotation of the propeller, thereby
annulling the swirl induced by the propeller and at the same time increas-
ing the relative tangential velocity of the propeller blades.

These combinations are special cases of tw<>--eomponentpropulsors and
optimization can be carried out using the method of Kerwin et al. (1986)
as outlined here on p. 456-460. The optimization procedure is greatly
simplified since there is no rotation and no power applied to the stators
and the ratio of torques of propeller and stator is not constrained. The
optimum radial distributions for a propeller operating behind a pre-swirl
stator are shown in Figure 23.9. The operating conditions are the same as
for the single propeller and contrarotating propellers for which results are
shown in Figure 23.4. It is seen that the circulation is distributed more
uniformly yielding higher efficiency in combination with partial cancella-
tion of swirl downstream resulting in reduced rotational losses. Note also
that the stator circulation is opposite to that of the propeller. The in-
crease in efficiency was 3 per cent over that of the single propeller. This
gain is relatively small due to the light loading of the propulsor.

The number of equally-spaced stator blades is never taken equal to the
number of propeller blades since this would give rise to large vibratory
shaft thrust and torque. The number of stator blades should be chosen so
that the least common multiple of the number of propeller blades and
stator blades is large; for example 5 and 9. Also the diameter of the stator
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array should be about 15 per cent greater than the propeller to avoid
impingement of stator-blade tip vortices on the propeller blades.

We shall finally mention the potential for reduction of unsteady blade
cavitation and hence vibratory hull forces by the dual use of pre-swirl
stators for enhancement of efficiency and reduction of wake harmonics.
This has been demonstrated by Coney (1989) who used non-uniformly
spaced stator blades to reduce the first-harmonic variation in tangential
velocity in the case of an inclined shaft.

Ducted Propellers
The concept of a propeller within a nozzle or duct was developed
experimentally by Stipa (1931) and by Kort (1934). Their results showed
that very significant increases of efficiency could be achieved for heavily
loaded propellers. Ducted propellers have been widely used since the
1930's on tugs, push-boats, trawlers and torpedoes. Later they have been
applied to large tankers and bulk carriers.
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The design of propellers and ducts as interacting bodies was for many
years based on extensive experimentation with models at MARIN, as
summarized by van Manen (1957a) and by van Manen & Oosterveld
(1966) and also at SSPA, d. Dyne (1973). Extensive reviews have been
given by Sachs & Burnell (1962) and by Weissinger & Maass (1968).

Theoretical analyses of increasing sophistication have been advanced by
Tachmindji (1958), Morgan (1962), Morgan & Caster (1968), Ryan &
Glover (1972), Tsakonas & Jacobs (1978), FalcAo de Campos (1983), Van
Houten (1986), Kerwin, Kinnas, Lee & Wei-Zen (1987), Coney (1989),
Kinnas & Coney (1988) and Kinnas, Hsin & Keenan (1990). For light
loading, Sparenberg (1969) showed that the representation of a propeller
by an actuator disc in a duct in axisymmetric flow yields the efficiency of
the actuator disc alone regardless of the duct shape. Any effect of acceler-
ation or deceleration of the flow by the duct is of second order. This is
because the duct is beset by only axially symmetric radial flow induced
by the disc and hence has peripherally uniform loading. Consequently
there is no induced drag.
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This result is a specialization of that which can be obtained from mo-
mentum analysis for actuator discs as given in many texts, cf. for example
Harvald (1983). For Td = 1 (Td = 0) (23.12) is the same as the ideal effi-
ciency for a disc, Equation (9.108), and from the results there (Chapter 9)
it can be deduced that (23.12) in general is approximate since non-linear
effects and rotation of the propeller slipstream are not taken into account
although these effects are of importance in typical duct applications.

For ducts developing positive thrust, Td < 1, and for the same required
CTh, the ducted propeller yields a higher ideal efficiency than the propel-
ler alone for which Td = 1. Equation (23.13) shows increased (more nega-
tive) velocity for Td < 1. This is the case of the so-called accelerating
duct shown in Figure 23.11 in which an increase of flux of fluid mass flow
is induced by the inward-directed loading on the duct and its attendant
vorticity. Conversely, the decelerating duct shown in Figure 23.11 yields
negative Td and hence Td > 1 with consequent lower efficiency than an
open propeller at the same CTh. This reduces the mass flux of water while
raising the pressure at the rotor. Accelerating ducts, often called Kort
nozzles, are used on slow-moving vessels with large C

Th
such as tugs,

push-boats, trawlers and large tankers and bulk carriers. Decelerating
ducts are employed on fast bodies such as torpedoes and some naval com-
batants to inhibit cavitation because of higher pressure at the rotor. They
are often referred to as pumpjets.
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All propulsors develop thrust by imparting axial acceleration to a mass
of water. The highest efficiency is secured by absorbing the largest mass
flow and imparting the smallest change in velocity while keeping the
product of the mass flux and acceleration constant. An accelerating duct
acts to increase the mass flow and the rotor is the agent which produces
the boost in velocity to its ultimate value in the race downstream.

A more realistic estimate of the efficiency than given previously is ob-
tained by accounting for the profile drag force of the duct which typically
has relatively large surface area and maximum thickness-chord ratio. A
reasonable approximation is to multiply the ideal efficiency by a factor
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This shows that the importance of the loss in efficiency from duct drag
becomes less as the total required thrust loading, C

Th
, increases, i.e., at

higher CTh the induced losses by the rotor predominate. Clearly, the duct
chord must be minimized to achieve a maximum efficiency. However, the
duct length cannot be made arbitrarily small since the duct must achieve
a certain level of radial force to develop the thrust or the necessary press-
ure to inhibit rotor cavitation. If the duct sectional lift coefficient be-
comes too large, boundary-layer separation will ensue with severe degra-
dation in performance. Evaluations of ducted-propeller efficiencies for the
MARIN criterion that the duct sectional radial force coefficient should not
exceed unity are given in Figure 23.12. This criterion gives a correlation
between duct length-diameter ratio Cd/D and T. In the results shown in
the figure the formula CD = 2Cf(1 + (td/Cd)2) is used where Cf is the
skin friction coefficient, ad function of Reynolds number based on duct
chord length Cd, and td/Cd is the duct-section-thickness-chord-Iength
ratio. From Figure 23.12 it is seen that for accelerating ducts the per-
formance is very sensitive to duct length for small total loading coeffi-
cients but beyond a CTh = 1.5 the efficiency is insensitive to duct viscous
drag. Note that as Td rises with increased CTh the product TdCTh varies
at least quadratically with CTh; consequently for C

Th
« 1.0 the efficien-

cy becomes that of the actuator disc as found by Sparenberg (1969).
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Axial momentum theory can only yield some overall trends in perform-
ance of ducted propulsor systems. A more complete treatment can be ob-
tained via a computer--€valuated mathematical model employing singular-
ity distributions together with variational methods as has been introduced
by Kerwin, Coney & Hsin (1986) (as outlined here on p. 456-460). This
model has been extended by Kinnas & Coney (1988) who employ a hybrid
representation involving detailed paneling of the duct surface and its wake
with dipole distributions. The propeller blades are modelled as lifting lines
by Green functions which are composed of free-space dipoles plus their
"generalized" image function in the duct which is forced to satisfy the
kinematic condition on the duct. The lifting lines are discretized by a
lattice of vortex elements of constant strength. The surface distributions
on the duct are also discretized. These sets of unknown singularity
strengths are then determined by employing the calculus of variations to
find the blade loading yielding required total thrust for minimum torque
analogous to the procedure described earlier.

By this model it is possible to include or predict:

i. the non-symmetrical loading induced by the finite number of pro-
peller blades which gives rise to induced drag on the duct;

ii. propeller-blade profile drag;

iii. the optimum distribution of blade loading;

iv. the dependence of duct thrust upon blade loading and rotation
rate or advance ratio;

v. the losses due to propeller and duct-induced swirl;

vi. the mechanics for determining the propulsor geometry with or
without constraints such as cavitation index.

Results are given by Kinnas & Coney (1990) for a simple duct shown in
Figure 23.13. Comparison of the optimum blade circulations for the open
and ducted propeller (with zero tip clearance) is also displayed in this
figure. The variations of propeller and duct thrust-loading coefficients as
functions of total thrust-loading coefficient are shown in Figure 23.14. It
is seen that for small loadings the duct thrust is slightly negative, being
made up of viscous drag and small duct-induced drag. As thrust is in-
creased the percentage of the total thrust generated on the duct rises as
the flow is now so modified that net thrust is generated on the duct and
the duct is accelerating the flow. This is the typical operation of most
ducted propulsor applications.
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The propulsor efficiencies for optimized propellers operating in the duct
are shown in Figure 23.15 as a function of total thrust. Compared with
that for the optimized propeller alone the propulsor efficiency is inferior
for CTh < 0.7. The gain of efficiency is seen to grow rapidly for C

Th
>

1.0. It should be noted, however, that this example demonstrating the
method of Kinnas & Coney (ibid.) and the most important of the hydro-
dynamic characteristics of ducted propulsors is calculated for light load-
ings. In typical applications for tankers the thrust loading is much higher
(CTh N 2.5 - 5.0) and trawlers and tugs, except at free-sailing condition,
operate at CTh > 3, as indicated in Figure 9.17, p. 194.

This optimization procedure at present does not give optimum loading
on the duct nor a realistic accounting for the viscous flow effects for small
blade-duct gap. A multistep design procedure is described by Coney
(1989) which includes the potential-flow effects for a range of tip gaps or
clearances. He shows that the calculations can be simplified by using an
image system for the trailing vortices which is based on the tw<Klimen-
sional image of a vortex in a circle.
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Application of accelerating ducts to large tankers and bulk carriers has
been frequent since the mid 1960's yielding observed gains in propulsive
efficiencies in the range of 5 to 12 per cent. However, unexpected damage
due to blade-tip cavitation imploding on the duct inner surface in the
neighborhood of 12-o'clock region has been a problem causing eventual
cracking and objectionable noise and vibration. As Glover (1987) notes,
the application of "conventional" ducts to large ships came to an abrupt
halt with the cancellation of orders for large tankers following the onset of
the oil crisis in the mid 1970's.

Modification of blade-loading distributions can be obtained, instead of
operating the propeller inside a duct, by altering the geometry of the
blade tips making it possible for them to carry radially directed loading.
This provides better spreading of trailing vorticity thus giving decreased
induced drag. Gomez (1976) applied end plates to the propeller blades, as
related by Glover (1987). Highly sophisticated mathematical lifting-sur-
face procedures for propellers with and without end plates have been de-
veloped by Klaren & Sparenberg (1981), de Jong & Sparenberg (1990) and
de Jong (1991). Bladelets fitted to the propeller blade tips like winglets
on airplane wings were examined by Goodman & Breslin (1980), by Itoh,
Tagori, Ishii & Ide (1986) and by Itoh (1987) while blade tips bent to-
wards the suction side of the propeller were examined theoretically by
Andersen & Andersen (1987). Applications have not been reported except
by Gomez (Glover (1987)) so these attempts at improving the propeller
efficiency should be considered as in the developing phase.

Summary
As a conclusion to these sections on unconventional propulsive devices

consisting of a propeller and added lifting surfaces we give Table 23.2
with a summary of Coney's (1989) comparative calculations for optimum
single propellers at three disc loadings with five compound propulsors.
Here we see that all propulsor alternatives display decreased efficiency
with increased thrust loading. Because the induced losses increase we see
that the percentage gains of efficiency are greater for larger thrust load-
ings, as expected. Contrarotating propellers show the highest gains of all
the unducted propulsors. The efficiencies of the post-swirl stator are about
the same for light loadings as the vane wheel. At the highest loading the
vane wheel shows a very significant advantage. The ducted propeller with
post-swirl stator vanes shows the greatest gain at C

Th
= 2.65. The

ducted-propeller results at all values of CTh clearly reflect the losses due
to parasitic drag of the duct.

A further summary of the possible power savings of these and other pro-
pulsors including fIow-equalizing devices of which three are described in
the next section is shown in Table 23.3, p. 483.
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FLOW-CONDITIONING DEVICES
A number of devices as well as alteration of the stern lines have been
developed for affecting the flow to the propeller. Among these are:
asymmetric sterns; the Mitsui-integrated-duct system; the Schneekluth
wake-equalizing duct; Grothues-Spork guide vanes attached to the hull
forward of the propeller. These devices operate in the highly complex flow
over the stern of the ship where separated-boundary-Iayer flows, cross-
flows and bilge vortices may exist. For this reason the development of
these means of flow conditioning depends upon model tests. As we have
only briefly mentioned such complicated flows we limit this presentation
to a very short outline of fIow-conditioning devices and instead refer to
the literature. Overviews of these devices have been provided by Blaurock
(1990) and Glover (1987) and further references can be found in the
report of the Propulsor Committee of the ITTC (1990b).

Asymmetric Sterns
Asymmetric sterns are so designed that they create a swirl ahead of the
propeller in the direction opposite to the rotation of the propeller. In
combination with the swirl introduced by the propeller this should reduce
the rotational losses in the slipstream. According to Blaurock (1990)
asymmetric sterns when compared to symmetric ones give smaller mean
axial wake, smaller turbulence intensities, and larger irregularity of the
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overall flow field. However, the physical mechanisms that produce the
power savings have so far not been completely elucidated, despite widely
extended research.

It is, of course, necessary that the increased efficiency obtained by intro-
ducing swirl to the propeller is not annulled by an increase in resistance
of the ship, but this has not been found by the ship models tested; on the
contrary, decreases in resistances were found. Blaurock (ibid.) conjectures
that a further explanation of the effect of asymmetry is that for a right-
handed propeller it is the region on the port side of the hull above the
propeller shaft where the pressure gradient is high that is critical with
respect to flow separation. For an asymmetric stern the angles of run are
smaller in this region yielding improved flows. Future developments in
numerical techniques for calculation of the flow over ship hulls and
further model tests will no doubt give more insight into the hydrodyna-
mics of asymmetric sterns. Until then, design of the lines of these sterns
depends on the experience of the designer and the hull form must always
be tested in the model basin.

Power savings of 6 to 7 per cent are considered as realistic. Asymmetric
sterns may be used in combination with wake--equalizing ducts.

Walee-Equalizing Duct
The wake--equalizing or Schneekluth duct is attached to the hull ahead of
the propeller, above the shaft, the duct diameter being approximately half
of that of the propeller, ct. Figure 23.16. The duct can be fitted behind
the stern as a whole ring or as two semi-rings on both sides of the stern.
For asymmetric sterns or for relatively fast ships only one semi-duct may
be used.

According to Schneekluth (1985) the duct equalizes the wake field by
accelerating the flow in the upper region of the propeller disc where the
flow with no duct would be slower and it decelerates it in the other
regions where the inflow would be faster. Moreover, it creates more axial
inflow to the propeller.

The wake--equalizing duct has the following features:

i. Improvement in propeller efficiency by a more favorable inflow
field to the propeller.

ii. Reduction of flow separation.

iii. Generation of thrust on the duct, as by the Kort nozzle, by lifting
forces with net forward components.

iv. Reduction in unsteady propeller forces and cavitation due to more
uniform inflow to the propeller.

Flow-Conditioning Devices 479

For full form ships the main advantage with this type of duct is the
efficiency increase while for finer ships it is the flow equalizing resulting in
reduced propeller-induced vibrations. Gains in overall efficiency up to 14
per cent have been mentioned by Schneekluth (ibid.) whereas Blaurock
(1990) shows 4 to 5 per cent.
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Mitsui Duct
The Mitsui-Integrated-Duct Propeller was initially developed at Mitsui
Engineering & Shipbuilding Co., Ltd. and Exxon International Company,
d. Narita, Yagi, Johnson & Breves (1981). It consists of a non-axisym-
metric duct placed forward of the propeller such that the trailing edge of
the duct sections are aligned with the tips of the propeller blades, d.
Figure 23.17.

On the basis of model tests Nari ta et al. (ibid.) explain the features of
the duct system as follows:

i. The Mitsui duct makes the stern flow into the propeller disc more
homogeneous and stabilizes the flow around the stern. The de--
crease of the hull resistance is believed to be attributable to these
effects.

ii. Inward radial flow around the stern creates a positive thrust on
the duct.

iii. The propeller efficiency is increased due to acceleration of the
flow to the propeller and to reduced required thrust because of
lower thrust-deduction fraction.

The gains in efficiencies are 5 to 10 per cent with the greatest gains for
slow, full-form ships. In addition other benefits may be obtained, such as
reduced propeller cavitation and hull vibration level.

Grothues Spoiler
This device, named after its inventor, Grothues-Spork (1988), consists of a
set of fins attached to the hull just ahead of the propeller, d. Figure
23.18. Its development was based on observations of flows over the stern
of ship models where it was found that for U-shaped models cross flows
strengthen bilge vortices.

The Grothues-spoiler fins are designed to affect this flow with expected
benefits, as summarized by Grothues-Spork (ibid.):

i. By the diversion of high-energy cross flows entering and reinforc-
ing the bilge vortices rotational energy is recovered which would
otherwise be lost after separation.

ii. Due to the flow deflection at the fins the forces on them have net
forward thrust components.

iii. Propeller efficiency is increased both by the re--orientation of the
flow and the resulting acceleration of the axial flow components.
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These combined effects reduce angular variations of the velocity
field to the propeller and hence reduce propeller generated vibra-
tion.

Model tests with many models carried out at the Berlin Model Basin -
VWS showed increases of efficiency of 3 to 7 per cent and decreases of
resistance of 1 to 3 per cent. This was accompanied by slight increases in
propeller efficiency and reductions of thrust and torque fluctuations due to
improvements in the wake distributions.

SUMMARY AND CONCLUSION
A collection of reported improvements in efficiency obtained by various
unconventional propulsors is given in Table 23.3. It is seen that while
some of the predicted gains are very big most of them are in the order of
magnitude of some (few) per cent.

With the relatively small, yet still important, efficiency increas':)s that
can be obtained it is necessary with complex computer programs and
high-accuracy measurements in model tests to secure optimum design
where the benefit obtained by introducing additional surfaces or flow-
conditioning devices are not annulled by detrimental effects in the form of
profile drag, vortex shedding etc ..

In each instance of comparison of the effectiveness of application of un-
conventional propulsors it is essential to determine if the conventional
propeller design is the optimum which can be achieved subject to the con-
straints. It must be remembered that a succesful design is always a com-
promise and is characterized not only by high efficiency but also by low
levels of vibration and noise as well as by little or no cavitation.

There is little doubt that the future will bring computer methods and
model-testing techniques of a sophistication and completeness that we can
only dream of today. To the hydrodynamicist as well as to the naval
architect they will be powerful tools which will provide deeper insight into
the problems of hydrodynamic propulsion and with which higher levels of
optimization will be achieved in design. To anyone working in this field
the development and use of these tools will be a challenge!

Summary and Conclusion 483
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Appendix D Conservation of Circulation

This basic principle or theorem is developed in many texts on theoretical
hydrodynamics. Here we follow principally the derivation given by Yih
(1988) being content to restrict the fluid to one of constant density.

In essence, the circulation taken around a closed material circuit, c, is
conserved in an inviscid fluid as the circuit moves, i.e., is convected with
the motion. As Lighthill (1986) states, the circuit c is always made up of
the same fluid particles like a necklace whose shape and position change
continually as these elements move.

For a differential arc length ds of c having components dXi ( i = 1, 2,
3), these components vary with time because of the stretching and turning
of ds in space. Then the relation between the velocity components Ui and
dXi is given by the substantive derivative
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since the perfect differential on the right side of (DA) produces the same
value at the beginning and end points of the integration. The interchange
of the order of integration and differentiation is permissible because the
integration is carried out along the "necklace" c, a material circuit.

This is generally referred to as Lord Kelvin'8 theorem (William Thom-
son, 1824-1907) published in 1869 (Thomson (1869» but as Yih (ibid.)
relates, Truesdell (1954) noted that Hankel (1861) had previously pub-
lished this theorem eight years earlier.



Appendix E Method of Characteristics

Equations (E.3)-(E.6), define the characteristic curves. We can also inter-
pret this result that along a curve given by (E.3)-(E.5) </Y is dependent on
the parameter ~ and can be obtained by solving (E.6). To determine the
characteristic uniquely requires the specification of a point (XO,YO,to,</Yo)on
the characteristic; this point is usually obtained as a boundary condition.
It is tacitly assumed, that the functions f, g, hand m are well-behaved.

Let us as a demonstration of the method of characteristics solve Equ-
ation (17.5)
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heavily loaded, 166-87 Blade normals, 338-40
lightly loaded, 187-95 linearized, 340
use in multi-component propulsor Blade reference line, 275, 338

desi~n, 458 Blade-surface panels (boundary-ele-
Admira Taylor propeller series, 235 ment method), 370-1
Admiralty Experiment Works, 235 Blade-wake surface, 368-70
Admiralty Research Laboratory, 381 panels of, 370-1
Aerodynamic center (of airfoil), 121-2 BIadelets, 476
Airfoil integral equation, inversion of, Blasius, theorem of, 492-3

484-9 Boundary condition, kinematic
for cambered section, 74-5 approximated, in superimposed
for flat-plate section, 69-72 flows, 44

Airfoil integrals, table, 523-26 on moving surface, 42-3
Airfoil sections - see Hydrofoil on steady surface, 43

sections Boundary-element method, 336, 368-
American Bureau of Shipping, 94 73
Analysis problem, in lifting-line Boundary layer, 113-4

method, 248-9 laminar/turbulent, 114--{)
Angle of attack/incidence of section, of hull, influence on wake, 262

66-7 separation, 115--{)
effective (unsteady flow), 325 tripwires, 117
ideal, 75 Breslin condition, 306
ideal, NACA mean line, 91 Burrill's cavitation criterion, 236:-7
of zero lift, 76 BuShips section, minimum pressure
of zero lift, experimental , 118 coefficient, 84-5
variation due to wake, 264, 266-7

Aspect ratio, 64, 203 Calculus of variations, 522-3
of propeller blades, 62, 333 application to actuator disc, 191-2

Asymmetric sterns, 477-8 application to lifting-line propeller,
229-31

Berge Vanga, m/s (oil/ore carrier), application to multi-component pro-
408 pulsors, 458--{)0

Berlin Model Basin - VWS, 482 Camber line, 74
Bernoulli equation, 6-7 logarithmic, 88
Bessel functions, modified, asymptotic roof-tops, 90-1

expansions, 244 Camber, propeller blade, radial dis-
Betz condition, for optimum propel- tribution, 253-5

ler, 232-3 influence by design method, 258-9
Biot-Savart law,' 21 of SSPA propeller model P1841, 438
Blade-area ratio Cambered sections, 74-8

expanded, approximated, 332 circular are, 7H
required, 236-7 pressure pattern, 286

Blade camber line, equation, 338 Cauchy's interral formula, 486
Blade cavity modelled by source dis- Cauchy kerne (integral), 69, 508-9

tribution, 393 Cauchy principal value, 509
Blade coordinates, 273-5 Cavitating hydrofoil
Blade forces cavitation number, 149-50

axial, 380, 382-3 cavities, short, oscillating, super-
elements, 275 cavitating, 150
lifting-line, 224 cavity areas and shapes, 152-3, 160
normal, distribution, 378, 380, 384 cavity length, 149-50, 156

Blade frequency, 109, 279 drag, 157-8
Blade-frequency force, notation, 375 lift, 150-1, 156
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Cavitating hydrofoil (continued) Circulation, 9, 491, 496partially cavitating, 142-56 conservation (Lord Kelvin's the-partially cavitating, modification of orem), 496-7linear theory, 151-{J distribution, elliptical, on wing, 202source modelling cavity, 144-9 distribution, over lifting line, 219,supercavitating, 156-9 225unsteady, potential, simplified, with optimum distribution over liftingfree surface, 160-1 line, 227-35, 252, 461, 463, 466,Cavitation, 86, 128-{Jl 468, 474back side, 136 Circular cylinder, force from inter-blade surface, 129 mittentIy cavitating propeller, 423bubble, 105, 129 Clearance, influence on force fromcloud, 86, 105, 129 propeller, 308-9, 417, 423-4condition (nominal), 133 Compromise, in propeller design, 252face side, 136 Concentrated loads, in equations ofinception, prediction, 130-9 motion, 164-{Jinception speed, 133-9 Conformal mapping, 103inception speed, 2-D and 3-D Continuity equation, 2, 5forms, 136, 138-9 in cylindrical coordinates, 163intermittent, 105 Contrarotating propellers, 462-3, 477number (vapor), 131-2 Coordinate system, cylindrical (pro-pressure side, 136 peller-), 162-3, 208, 273-5suction side, 136
tip vortex, 129

Davidson Laboratory, 142, 289, 335Cavitation amplitude function, 399 program for calculation of hull po-Cavitation criterion, Burrill, 236-7 tential, 445, 451Cavitation dam~e, effects from program for calculation of unsteadydesign metho s, 253-5, 257 propeller forces, 335, 377-80, 403,Cavitation-inhibiting pressure, 391 408Cavitation, intermittent, on propeller,
Daring ftBritish destroye~, 128, 387387-408
David aylor Research enter,effect of Johnsson's sections, 108-10 (D TR C), 129, 235, 281, 374, 380-model measurements and calcula- 1, 451tions, 404-8, 435-50 Design of hydrofoil sections, 86-110numerical methods, 403-4 camber design problem, 87-93Cavitation, prediction, In lifting-line non-linear theory, Eppler's proce-design, 25~1 dure, 103-5Cavitation tunnel non-linear theory, Johnsson's proce-DTRC, 36-inch, 129, 209 dure, 106-10numerical, 372 Design of propellers by lifting-lineSSPA, 435-{J,446-8 theory, 227-{Jl, 456-{)1Cavity
design problem, 247-8cross-section area, 398 multi-unit propulsors, 456-{Jlextent, measured and calculated, used in contrarotating propeller404-8 design, 463leading edge, trailing edge, 394 used in stator-propeller design,length, of SSPA propeller model 467-8P1841, 448-9 used in vane-wheel-propeller design,ordinate-source--density relation, 395 466-7pressure, 400-1

Det Norske Veritas, 94, 401pressure reduction, due to free Diffraction problem, in hull-forcessurface, 392 calculation, 417-8rate of growth, 391 Dipole, distributions, 12spherical, modelled by source, 389 axial, in 2-D, 31-3volume, 155, 391, 398, 401 modelling blade thickness, 277volume harmonics, 401-2 normal, 36-7, 427volume variation, 448-9 normal, modelling single/doubleCentrum Techn. Okretowej, 381 hull, 430, 432CETENA, 381 normal, of blade-wake surface, 369Characteristics (of propeller), 237, on face and back surfaces, 369248-9, 379 vertical, in 2-D, 29-31calculation, lifting-line method, vertical, modelling flat-plate diffrac-248-9 tion, 414Chord len~th, 51, 73 Dipole, pointdistributIOn, of SSPA propeller in 2-D, 11model P1841, 438 in 3-D, 15-7

Index 553

Dipole, pressure, 31, 277 End plates (on propeller tips), 476
modelling blade loading, 277, 342, Eppler procedure, for design of

357 hydrofoil sections, 103-5
Dipole (moment) strength, 11 Ericsson, John (inventor), 462
Dirac, P.A.M. (physicist), 504 Euler equations of motion, 3, 4, 164
Dirac 8-function, 14, 165, 504-5 linearized, 273, 340

Fourier representation, 215 Euler's equation in calculus of vari-
Dirichlet problem, replacing Neumann ations, 522-3

problem, 426-9 Expanded-area ratio
Divergence operator, 505 influence on blade-frequency forces
Dividing streamline, 46-8, 286 and moments, 376
Double body, deeply submerged, with influence on thrust-slope, 386

single propeller vs. single body and Extraneous forces In equations of
propeller with free surface, 422, motion, 3, 164
432, 446 Exxon International Company, 481

Doublet - see Dipole
Downwash from wing, 20~1 Finite part (of integral), 320, 507
Dra~ Flat plate

in uced, 204 force from intermittently cavitating
minimum, 123-5 propeller, 412-7
of body with circulation, 492 force from propeller blade thickness,
of duct, 471 307-9
of supercavitating section, 157-8 force from propeller loading, 302-{)
of wing, 205 in water surface, 412-3
variation with angle of attack and reflection of pressure, 283

surface condition, 120-4 Flat-plate hydrofoil, 66-74
DTRC - see David Taylor Research cavitating, 151

Center Flow-conditioning/ smoothing devices,
DTRC propeller model 4118, 377, 477-83

379 Fluid pitch, 216, 233, 278
DTRC 24-inch water tunnel, 374, Fluid reference line, 69, 277

404 Fluid reference surface, 275, 277, 340
DTRC 36-inch cavitation tunnel, Foldinr of series, 212

129, 209 Force and moment) on hydrofoil
Duct, 470, 474 - see Drag, Lift of hydrofoil (air-
Ducted propellers, 236, 468-77, 483 foil), 2-D, Moment of airfoil

Force (and moment) from cavitating
Efficiency, hull, 454 propeller
Efficiency, ideal, 194 dependance on clearance, 417, 423-4

of duct and disc, 470-2 on circular cylinder, 423
Efficiency, losses, 455 on ellipsoid, 423-4
Efficiency, of actuator disc, 186-7 on flat plate, 412-7

linearized, optimum, 190-4 Force from non-cavitating propeller
Efficiency, of special propulsive due to loading, 302-{J

devices, 476-7, 483 due to thickness, 307-9
asymmetric sterns, 478 on barge-like ship, 313
contrarotating propellers, 462-3 on cylinder, 310, 312
ducted propellers, 470-2, 475-{J on flat plate, 302-11
Grothues spoiler, 482 Force (and moment) on propeller,
Mitsui duct, 480-1 226, 228, 246, 364-7
stators and propeller, 467-8 calculated by various methods, 374-
vane wheel and propeller, 465-7 84
wake-equalizing duct, 479 coefficients (definition), 374-5

Efficiency, propeller measured and calculated, 374-380
effects from pitch distributions, tip Force on propeller blade element, 275,

unloading and skew, 257, 260-1 341
effects of Johnsson's sections, 108 Force operators, partial, 355
effects of viscosity, 460-1 Force, single body with free surface
of SSPA propeller model P1841, 436 vs. double body deeply submerged,
optimum criteria, lifting-line, 228-35 422

Efficiency, propulsive, 454 Fourier Integral Transform, 341
Efficiency, relative-rotative, 454 of 1/ R, 513-4
Ellipsoid, force from intermittently Free water surface

cavitating propeller, 423-4 boundary condition, 500-2
Elliptic thickness distribution (sec- effects on pressure from cavity, 160-

tion), 54-{J2 1, 392



554 Index

Free water surface (continued)
Eppler's procedure for design, 103-5effects on pressure from propeller, flat plate, 66-71, 151295-6
in gust, 315-26with flat plate, 412-3 integral equation, 69, 484-9Froude number, 112, 502 Johnsson's procedure for design,106-10Gamma function, 520 leading-edge (radius of) curvature,Gauss's theorem, 505 59, 78, 99, 102, 106Gawn propeller series, 235
leading-edge pressure correction, 78-variation of thrust slope, 386 85Gegenbauer expansion, 303
leading edge, trailing edge, 52, 66-7Geometric series, sum, 211-2, 488
lift - see Lift of hydrofoil (airfoil),Glauert integrals, 240, 485-7 2-DGradient operator Lighthill correction, 78-84, 98-102,in cylindrical coordinates, 167 151-2in vector form, 340 moment, 117, 121-2Green function, 506
NACA sections - see NACAheavily loaded disc, 176-7
ogive (2-D symmetrical section), 52-Laplace equation, 13 3, 95Green's identities, 506
optimum geometry, inflow angleGreenberg, Michael D., professor, 178 variation, 251Grim vane wheel - see Vane wheel pressure distributions - see PressureGrothues spoiler, 480-3

distributions on hydrofoils (2-D)Gust, 315-6
pressure envelopes, 83, 85, 103-4,hydrofoil sections, 2-D, 315-26 136, 251hydrofoil sections, 3-D, 327-31 pressure (coefficient), minimum

- see Pressure (coefficient), mini-Hadamard singularity (integral), 320, mum, on hydrofoil sections (2-D)323, 349, 364, 507, 509-13 rectangular pressure distribution,Hamburgische Schiffbau- Versuchs- 88-9anstalt, (HSV A), 381, 387, 465 supercavitating, 156-9Hankel Transform, 176-7, 342 thickness distribution - see Thick-Helicoidal (-normal) coordinate sys- ness distribution of profiles (2-D)tem, 273-5, 337-40
velocity distribution - see VelocityHelicoidal surface (of free vortices), distribution over hydrofoil sections221

~2-D)Heaviside's step function, 504 ve ocity potential, of symmetricalHelix (trailing vortex), 213, 220, 233- section with thickness, 504
velocity potential, of thin hydrofoilHelmholtz's theorem, 184 with lift, 68Heywood, John (collector of proverbs), Hydronautics Inc., 158449

Hill, J.G. (designer of propeller), 462 Ideal lift coefficient, 76History integral, 320
Image of propeller in water surface,Horseshoe vortex, 37, 181, 197 295-6I'Hospital's rule, 231, 240 Image potential, 160, 283HSVA - see H amburgische Schiff- Induced angle, 200, 204bau- Versuchsanstalt Induced drag (of wing), 204Hull forces, - see also Force (and Induction factors, 222-4moment) from cavitating propeller, approximations, 242-6Force from non-cavitating propel- in trifonometric series, 239ler
Integra equation, airfoil, 69without solving diffraction problem, inversion, 484-9418-21
Integral equation, lifting4Jurface pro-Hydrofoil sections peller theoryaerodynamic center, 121-2

boundary-element ~rocedure, 370angle of attack/incidence, 66-7, in derivatives of 1 R, 343-5075-6, 91, 118, 264, 266-7, 325 in Fourier series, 350-64BuShips section, minimum pressure International Towing Tank Confer--coefficient, 84-5
ence, (ITTC), 208, 373camber line, 74, 88, 90-1 Irrotational flow, 5, 7cambered sections, 74-8

ITTC - see International Towingcavitating, partly, 140-56
Tank Conferencecavitation inception speed, 133-9

design, 86-110
Jack, USS (submarine), 462drag, 120-5, 157-8
Jacobs, Winifred, miss, 335
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Johnsson, C.-A., senior scientist, 62, designs, 255-9
446 induction factors, 222-4, 239, 242-6

propeller design, 252-60 optimum loading procedures, 227-
Johnsson's procedure for design of 35, 456-8

hydrofoil sections, 106-10 with unsteady section theory, 334,
Juno (bulk carrier), 462 375-6, 403

Lifting-line model, wing, 197
Kelvin's theorem, 316, 496-7 Lifting4Jurface correction factors, 250
Kerwin, Justin E., professor, 335, Lifting4Jurface designs, 255-61

368, 447-8 Lifting4Jurface theory, 334-373
optimum propulsor design proce- boundary-element procedure, 368-73

dure, 456-60 results of calculations, 374-84
Key blade, 211, 213 using derivatives of 1/ R, 343-50
Kinematic boundary condition, 42-5 using Fourier series, 350-64

on free water surface, 500 Lighthill correction
on propeller blade, 343 analog for partially-cavitating-
on propeller-blade cavity, 396 section pressure, 151-5

Kort nozzle, 470 of hydrofoil pressure, 78-84, 98-102
- see also Duct, Ducted propellers Lightly loaded propeller, 208, 221

Krylov Shipbuilding Inst., 381 Lloyd's Register of Shipping, 94, 403-
Kutta condition, 71, 143 4
Kutta-Joukowsky theorem, 73, 490-2

Mach number, 117, 132
Lagrange multiplier, 191, 229, 458, MARIN - see Maritime Research523 Insitute Netherlands
Laplace equation, 5 propeller series - see Wageningen

inhomogeneous, 19, 276 propeller series
Laplace operator Maritime Research Institute Nether--

in cartesian coordinates, 506 lands, (MARIN), 235, 335, 380-1,
in cylindrical coordinates, 276 469, 472

Leading edge, trailing edge, 52, 66-7 Massachusetts Institute of Techno/--
Leading-edge (radius of) curvature, ogy, (MIT), 368, 377-9, 381-4,59, 78 403-4

of Johnsson's section, 106 Method of characteristics, 498-9
of NACA family, 99, 102 MIT - see Massachusetts Institute of
of propeller section, 106 Technology

Leading-edge suction force, 73-4 Mitsubishi Heavy Industries, 381
Leading-edge correction in pressure Mitsui duct, 480-1

due to thickness, 78-85 Mitsui Engineering fj Shipbuilding
Legendre function, associated, of the Co., Ltd., 480-1

second kind, half-integer degree, Moderately loaded propeller, 221
zero order, 518-22 Moment of airfoil, 117, 121-2

approximations, 520-2 Moment of body with circulation
Lewis, Frank M., professor, 451 (theorem of Blasius), 492-3
Lift of body with circulation, 491-2 Moments on propeller, 364-7
Lift of hydrofoil (airfoil), 2-D, 73 Motion, equations of, 2-7, 164

angle-of-attack variation, 77 linearized, 273, 340
angle-of-attack variation, roughness, Munk integral equation, 321

120 Munk's displacement law, 232
coefficient (definition), 73

NACA/NASA - see U.S. Nationalflat plate, 73
ideal, 76, 78 Committee for Aeronautics
lift-curve slope, lift effectiveness, (NACA)

lift rate, 119 NACA a = 0.8 mean line, 90-2
of NACA sections, 121-2 cavitation inception speed (with
of partially cavitating section, 150-1 thickness), 134-5
of section without thickness, 76 ideal lift, 100
of supercavitating section, 156-7 minimum pressure coefficient (with
Reynolds-number effects, 121 thickness), 100-2
unsteady, of section in gust, 324-6 NACA mean line, 89-90

Lift of wing, 3-D, 202-3 NACA-{)006pressure distribution, 59
unsteady, in gust, 329-31 NACA-{)012minimum drag variation,

Lifting-line model, propeller, 207-26 123
analysis problem, 248-9 NACA-16 (thickness only)
calculational procedures, 239-51 minimum pressure, 60-2
design problem, 247-8 nose radius, 102
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NACA-16 thickness with camber distribution of circulation overcavitation inception speed, 135
lifting line, 227-35, 252, 461, 463,cavity areas and shape, 153 466, 468, 474cavity pressure distribution, 154 foil geometry, 251minimum pressure, 102 rate of revolution, 235-6used in SSPA propeller model Panel representationP1841, 439 of hull, 433--4NACA-23012

of propeller, 371lift, drag characteristics, 122 Parsons, Sir Charles (inventor ofminimum dra~ variation, 123 steam turbine), 128NACA-63 (thic ness only) Peters, Arthur, S., professor emeri-minimum pressure, 60-2 tus, 426nose radius, 102 PitchNACA-63 thickness with camber fluid, 216, 233, 278lift characteristics, 120 induced, 220maximum lift, 121 ratio, optimum, 236-7minimum dra~, 123--4 undisturbed flow, 216, 220NACA-64 (thic ness only) Pitch angleminimum pressure, 60-2 blade, 225, 338--9nose radius, 102
fluid, 273, 278, 339--41NACA-64 thickness with camber hydrodynamic, 192angle of zero lift, 118 induced, 183, 216, 220lift, drag characteristics, 122 Pitch distributionminimum dra~, 124-5 effect on efficiency and prcssureNACA-65 (thic ness only) fluctuations, 257-61minimum pressure, 60-2
influenced by design method, 258--9nose radius, 99, 102
optimum criterion, lifting-line, 247surface velocity, 99
reduced in tip region, 253-6thickness distribution, 99 Pitot-tube wake surveys, 262NACA-65 thickness with camber Poisson equation, 19, 276, 341angle of zero lift, 118

Potential - see Velocity potentiallift-curve slope, 119 Prandtl, L.lift, drag characteristics, 122 boundary layer, 114minimum drag variation, 123--4 lifting-line model, 197surface velocity, 99
Pressure amplitude, from intermittentNACA-66 (thickness only) cavitation vs. loading and thick-minimum pressure, 60-2 ness, 387, 393, 400--1nose radius, 102
Pressure, atmospheric, 130NACA-66 thickness with camber Pressure, attenuation with axial dis-lift-curve slope, 119 tance, 281lift, drag characteristics, 122
Pressure coefficient (Euler#. 6minimum drag variation, 123-5 - see also Pressure (coe Icient),minimum pressure, 82-3, 100-1

minimum, on hydrofoil sectionspressure distribution, 100, 126 (2-D)National Physical Laboratory, (NPL), Pressure dipole, 31, 277, 342387
Pressure distributions on blades, 275,Navier-Stokes equations, 111-2 290-1Neumann condition, 426, 428 Pressure distributions on hydrofoilsNeumann problem, replaced by (2-D)Dirichlet problem, 426--9

due to camber and angle of attack,Normals of blade, 273, 338--40 77Nose radius - see Leading-edge
due to camber, angle of attack and(radius of) curvature thickness, 81, 126, 286Nozzle - see Duct, Ducted propellers due to thickness, 51-62
Lighthill's correction, 78-84, 98-102Oceanics Inc., 309
of Johnsson's section, 107Ogive (2-D symmetrical section), 52- of NACA a mean line, 89--93, 1003, 95

Pressure distributions on wing, 63--4Optimum
Pressure envelopes (buckets), mini-criterion, efficiency, actuator disc, mum, 83, 85, 103--4,136, 251190--4
Pressure fluctuationscriterion, efficiency, lifting-line pro- effects of design method, 253-6peller, 228-35

effects of Johnsson's section, 108-10diameter, 235-8
effects of pitch distribution, 257,distribution of circulation over ac- 261tuator disc, 193
effects of skew, 256-7, 260-1
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effects of tip unloading, 253, 257, Resistance of airfoil/hydrofoil section260-1 - see Hydrofoil sections, drag- see also Pressure from cavitating Reynolds number, 112
propeller, Pressure from non-cavi- Rigid vs. free surface double-modeltating propeller dipole strength, 432Pressure from cavitating propeller, pressures, measured, 445-7393--400 Robert F. Stockton (steam boat), 462

effect of Johnsson's section 108-10 Roof-top pressure distribution, 89
on flat plate (measured), 388 - see also NACA mean line
on hulls, measured and calculated, RO-RO ship model408-10, 441, 445-8 main dimensions, 439simplified, 391 pressures, measured and calculated,Pressure from non-cavitating propel- 445-50

ler stern shape and gage position, 437distribution on flat plate, 281, 284- wake velocities, 440, 443--45, 288--9
due to blade thickness, 277-81 Schneekluth (wake-equalizing) duct,due to loading, in wake, 290-300 478-9, 483
due to loading, uniform inflow, 272- Sears function, 324

7, 280-2 Shaft force, vertical, from non--cavi-
Pressure, induced from distribution of tating propeller, 306-7

pressure dipoles, 31, 277, 342 Shaft-frequency force (notation), 375
Pressure, inertial vs. convective term, Ship Research Inst., 381411 Shockless entry, 75Pressure (coefficient), mInImum, on Single body and propeller with freehydrofoil sections (2-D) surface vs. double body deeplyat cavitation inception, 133 submerged with single propeller,Lighthill's correction, 78-84, 98-102 422, 432, 446

near leading edge, 60 Singular kernels, integrals, 507-13on BuShips section, 82, 84-5 Sink - see Source
on Eppler-Shen profile, 104-5 Skew, 337--40
on general section, 98 effects in design, 256-61
on NACA a mean-line section, 90 effects on efficiency, 257, 260
on NACA-16 section, 102, 104 effects on pressures and forces, 257,on NACA-66 section, 82-3, 100-1, 261, 377104 skew-induced rake, 337
variation with nose radius and Slender hydrofoil (finite span), 327-30thickness, 60--1 Source (strength) density, 15, 33Pressure source (of cavity), 391 cavity ordinate relation, 395-7Principal-value integral, 27, 30, 32-3, Source, distributions69, 507-13 line (2-D, 3-D), 14, 26--9

Profile - see Hydrofoil sections modelling cavities on section/blade,Propagation amplitude function, 279 144-9, 393
Propulsor Committee, ITTC, 454, 477 modelling section thickness (2-D),PUF, PUF-3, PUF-3A, MIT-Propel- 49

ler--Unsteady-Force Program, 155, modelling wing thickness, 62335, 377-80, 433, 440, 442, 445, on face and back of propeller blade,450 369Pump jets, 470 on hull surface, 426
Source, point

Quasi,;teady theory of propeller in 2-D, 7-8, 46-8
forces, 375-6, 380-3, 385-6 in 3-D, 13-5

1/ R, Fourier expansion, 513-8 modelling intermittently cavitating
pro~eller, 416using Bessel functions, modified mode ling spherical cavity, 389Bessel functions, Legendre func- Source term, dominating, cavitatingtions, 516-7 pr0toeller, 399Racing of propellers, 128 S~an of wjng~ 62Rake, 337-9 S PA - see a 0 SSP A MaritimeRankine half-body, oval, 48--9 Consulting AB

Rectangular pressure distribution, on cavitation tunnel, 253, 435-6, 446-8hydrofoil, 88--9 experiences, 256-7Reduced frequency, 315-6 standard propeller series, 235of propeller section, 332-3 SSP A Maritime Consulting AB, 62,Relative flow (to propeller blade), 208 235, 381, 442, 446--9
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SSPA propelJer model P1841 Van Houten, R.I" 442cavitation pat tern, 436, 440, 445, Vane wheel, 464-7, 477, 483449
Vapor pressure (of water), 130-1, 133efficiency, 260, 436
Velocity, cavitation inception, 133-5,geometry, 255, 259, 438-9 137, 139loading, 259
Velocity distributionpressure, fluctuating, 255, 261, 441, in boundary layer, 116445-8

in propelJer disc (ship wake), 265-7,Stagnation point, 46, 66, 114 440, 443on wing, 196-7
Velocity distribution over hydrofoilStaIJ, 115

sections (2-D)Stators, 467-8, 477, 483 Eppler section, 105Stevens Institute of Technology, 381
NACA a = 0,8 mean line, 92-3Stokes's theorem, 23
NACA--f.j5thickness section, 99Stream function, 47, 490 Velocity, induced byin axisymmetric flow, 168(-87) actuator disc, 179, 188-90Stream tubes, actuator-disc flow, 179 dipole, 30, 32Streamline, dividing, 46-8
hub, bound, helical vortex, 209-19Supercavitating flows, 141, 156-9 hub, bound, helical vortex, mean,Supercavitating hydrofoils, 156-9 216-9, 494-5Supercavitating propellers, 141
propeIJer, lifting-line model, 219-22,blade profiles, 158 . 239--40practical use, 159
propelJer, lifting"'i!urface model, 343,Systematic propeller series, 235--f.i 357--f.jl
ring vortex, 23-5Taylor expansion, 503--4
source, line distribution, 27-9Tech, Univ. Wien, 381
vortex ~Biot-Savart law), 21Thickness distribution of profiles vortex, ine distribution, 33(2-D)
vortex, surface, 40-1added to camber, 94--f.j
wing (lifting-line model), 198-201arbitrary, 57--f.j2
wing, 2-D, in gust, 320double--elliptic, 106 Velocity, gust, 315elliptic, 54--f.j

Velocity potentialNACA--f.j5,99
continuity equation, 5ogival, 51--4
definition, 5Thrust (and torque)
of dipole, distributed, 29, 31-2, 36-7degradation due to cavitation, 387 of dipole, point, 11,16of actuator disc, 186
of flat plate with propelJer, 412-3of duct and propelJer, 470-85 of horseshoe vortex, 37-9of propeller, calculations and
of hull with propelJer, 425-32measurements, 374-7, 379-81, 385 of hydrofoil, symmetrical, withof propelJer, lifting-line theory, 226, thickness, 50, 63228-9, 246
of hydrofoil, thin, with lift (2-D),of propelJer, lifting"'i!urfacetheory, 68365-7
of propeller (boundary-elementThrust deduction, 234, 454 method), 368-70Thrust slope, variation with area
of propelJer blade cavity, 394--400ratio, 385--f.j
of propelJer blade with cavity,Tip clearance - see Clearance, influ- loading and thickness, 393ence on force from propeller of ring vortex, 23, 180Torque - see Thrust (and torque) of source, distributed, 9, 26, 34Torus, 519
of source, point, 8, 13Toyofuji No.5 (car carrier), 463 of spherical cavity, 389-91Tsakonas, Stavros, Dr., 335 of wing, lifting-line, 198Turbinia (turbine vessel", 128 VibrationTurbulence along flat pate, 271 due to cavitation, 387
effects of skew, 256-7, 261U.S, National Committee for Aero-

Vibratory forces - see Force (andnautics (NACA), 117
moment) from cavitating propeller,Univ, of Hamburg, 381
Force from non-cavitating propel-Unloading, tip region, 253--4 lereffects on efficiency, 257, 260 Viscous flows, 111-27effects on pressure fluctuations, 257, Viscosity, 112-3261

Vortex - see also Vortices
bound, 39, 199, 207-8
helical, 207-8, 213, 220
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horseshoe, 37, 181, 197 variation of thrust slope, 386
hub, 129, 207-9 Wake (field), 262-71
lifting-line (propelJer), 207-8 effective, 263, 442--4
line distribution, 2-D, 32-3 Fourier decomposition (of velocity),
line distribution, 2-D, modelling 267-8

flat-plate section, 68-9 fraction, 234, 265, 454
planar distribution, 37-9 harmonics (of velocity), 267-9, 444
ring, circular, 23-5, 178, 180-1, nominal, 262, 443-4

183-5 of RO-RO ship model, 442--4
single, 2-D, 9-10 spatial variation, 264-7
tip, 129, 209 temporal variation, 270-1

Vortex-lattice procedure, 336 Wake-equalizing duct, 478-9, 483
Vortices, bilge (in propelJer disc), 268 Whitehead, Robert (inventor of
Vortices, cavitating, 129, 209 torpedo), 462
Vortices, trailing Wing, 196-205, 327-31

behind actuator disc, 183--4,192 aspect ratio, 205
behind blades, 207-8, 213, 220, 233, downwash, 200-1

336, 368 elliptic, 202-3
behind lifting line, 37, 199 induced drag, 204
behind wing, 199 lift, steady, 202-3
force free, 336 lift, unsteady, 327-31
of optimum propeller, 233-5 sections - see Hydrofoil sections
wrap-up, 205--f.j with thickness, without camber and

Vorticity, 17-25 angle of attack, 62-4
bound vorticity, surface of, 39-41 Winglets, on propeller blades, 476
vector, 17, 167 Wrench-formulation, for calculation

of induced velocities, 222, 458
Wageningen propeller series, 235--f.j, Wronskian (of Bessel equation), 355

332



'nU, book deals with flows over propellers operating behind ships, and
11Mhydrodynamic forces and moments which the propeller generates
on the Ihaft and on the ship hull.

The first part of the text is devoted to fundamentals of the flow
Ibout hydrofoil sections (with and without cavitation) and about
wlnal. It then treats propellers in uniform flow, first via advanced
Ictuator disc modelling, and then using lifting-line theory. Pragmatic
paldance is given for design and evaluation of performance, including
the ule of computer modelling. The second part covers the develop-
ment of unsteady forces arising from operation in non-uniform hull
wake•. First, by a number of simplifications, various aspects of the
problem are dealt with separately until the full problem of a non-
cavitating, wide-bladed propeller in a wake is treated by a new and
completely developed theory. Next, the complicated problem of an
Intermittently cavitating propeller in a wake and the pressures and
forces it exerts on the shaft and on the ship hull is examined. A fmal
chapter discusses the optimization of efficiency of compound propul-
IOrs.The authors have taken care to clearly describe physical concepts
and mathematical steps. Appendices provide concise expositions of the
mathematical techniques used.

The book will be of interest to students, research workers and
professional engineers (naval architects) in propeller dynamics.
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