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Preface

This book has been designed as a textbook to support ship resistance and propulsion
related courses at the undergraduate level. As such, its main audience is naval architec-
ture and marine engineering students and students in related fields. However, since
the book covers topics in fairly great detail, it is suited for self study for everybody
with a working knowledge of calculus, statics, and dynamics. Graduate students and
practicing engineers, who venture from other engineering disciplines into maritime
fields of study or work, might use this book as a preparation for new tasks.

Over the past 20 years, I have taught ship resistance and propulsion at three different
universities and consistently made the following observations:

+ The foundation laid by basic fluid mechanics courses in modern engineering
curricula is incomplete and does not cover everything essential to courses focused
on ship resistance and propulsion.

» A wealth of excellent reference books exists covering all aspects of ship hydro-
dynamics. However, no matter how strongly I recommend one of them, most
students find them too expensive or too intimidating and do not use them as
study aids.

+ Arguably, most reference books are not organized in a way which lends itself to
support class work. The chapters are designed so broadly that it becomes difficult
to assign specific parts to individual class periods.

In many engineering curricula in the United States, basic fluid mechanics is covered in
a single course. This is just enough to cover hydrostatics and the basic equations of fluid
dynamics but leaves hardly any room for boundary layer theory, potential flow, wave
theory, and foil and wing theory. In addition, teaching fluid mechanics courses is often
the responsibility of mechanical engineering departments, which naturally concentrate
on pipe flows and turbo machinery rather than exterior flows.

Authors of reference books assume more prerequisite knowledge than a typical under-
graduate student of today actually has. After all, their target audience are practicing
engineers. In addition, reference books attempt to be comprehensive and cover a broad
range of topics and tend to omit a lot of detail. The gaps may be easily filled by an
expert but often pose a seemingly insurmountable obstacle for students trying to un-
derstand the origins of a theory or fathom exactly how a certain method works. As a
consequence, I find myself compelled to explain to students what reference books cover
with statements like ‘as one can easily see’ Unfortunately, covering extensive details in
class distracts students from important assumptions and conclusions.
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Based on these observations, I set out to write a textbook which meets the following
objectives:

+ Whereas most reference books on ship hydrodynamics spend just a couple of
pages to summarize results of fluid mechanics, this textbook dedicates consider-
able space to it. However, it is not meant as a substitution, but rather a logical
continuation of a basic fluids mechanics course. The material is presented with
its application to ship resistance and propulsion in mind.

+ Instead of covering all possible aspects of ship hydrodynamics, a selection of
topics is covered in greater detail. Sentences like ‘as one can easily see’ or ‘after
some manipulations’ are kept to a minimum. The detailed coverage allows the
teacher to concentrate on important assumptions and conclusions. Students will
find and study the details in the associated sections.

» Each chapter covers material for one, or sometimes two, class periods, which
should simplify reading assignments. As a consequence, the book is organized
into an unusually large number of chapters. Margin notes are used as an additional
organizational aid. There is a continuous thread throughout the book, but the
chapters are relatively independent from each other. This should make it easier
to skip some of them, assign them as extra reading, or rearrange their order
according to the needs of a specific course.

The junior level ship resistance and propulsion course serves a dual purpose in our naval
architecture and marine engineering curriculum at the University of New Orleans. On
one hand, it identifies and explains basic flow patterns around a ship sailing at constant
speed. On the other hand, it prepares students to conduct basic ship design tasks like
resistance and powering estimates. Starting with basic fluid mechanics and ending with
powering estimates spans a wide arc. The only way to keep the page count in check was
to concentrate on the immediate topics at hand rather than venturing into all variations
and alternatives. The reader will notice that the book focuses on displacement type
monohulls driven by marine propellers. As a consequence, multihulls, planing boats,
and other propulsion systems are not covered. Fundamental analytical and experimental
methods are discussed but not computational fluid dynamics.

The bookis subdivided into 51 chapters organized into three parts: basic fluid mechanics,
ship resistance, and propulsion. However, the boundaries are blurred as I attempt to
connect basic theory with its application in ship hydrodynamics wherever possible. The
first chapter specifies the calm water resistance and propulsion problem. The second
chapter defines ship resistance and its major components. In Chapters 3 through 13 we
develop important equations describing viscous flow around submerged bodies and use
them to assess the frictional resistance of a ship. Chapters 14 through 18 analyze inviscid
flow and combine it with viscous flow theory to explain viscous pressure resistance.
Chapters 19 through 25 tackle wave theory and wave resistance.

Chapters 26 through 30 explain the concepts and theories which govern ship model
testing and the prediction of full scale resistance. Chapter 31 provides a first look at
resistance estimates for ship design purposes.

Chapter 32 marks the beginning of the ship propulsion part. Basic terminology, propul-
sor action, hull-propeller interaction, and propeller geometry are illustrated in Chap-



ters 33 through 35. Chapters 36 through 40 cover the basic flow theory for lifting
foils and wings. Chapters 41 through 44 deal again with model testing and discuss
experiments with model propellers and self-propelled ship models.

Chapters 45 through 49 address the problem of cavitation, cavitation avoidance, and
how to select a propeller for a specific ship. Finally, Chapters 50 and 51 describe in
detail two methods to estimate resistance and powering requirements in early design
stages.

Symbols are typically explained when they are introduced. A conscious effort has
been made to use the terminology and symbols according to the Dictionary of Hydro-
dynamics and the ITTC Symbol and Terminology List maintained and published by
the International Towing Tank Conference (ITTC). Both documents are part of the
quality systems manual and can be found on the ITTC’s website at www.ittc.info (ITTC,
2017a,b).

In most cases a Cartesian coordinate system < x, y, z > is employed with its positive
x-axis pointing forward (in the direction of motion), its y-axis pointing to port, and its
z-axis pointing upwards.

A textbook is always a conglomerate of the combined knowledge and wisdom of all
who have worked in the specific field. All the presented work has originally been
developed by others and I have made every effort to point the reader to the correct
sources. My job has been to illustrate and explain everything, and as such the errors
are all mine. If you find any errors, please feel free to point them out to me via e-mail at
lothar.birk@marine-hydrodynamics.com.

Slidell, December 2018
Lothar Birk
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Ship Hydrodynamics

The field of ship hydrodynamics considers the interaction of vessels with surrounding
fluids. As the prefix ‘hydro’ suggests, we are most concerned with water; however, the
air flow around the super structure has to be dealt with as well. In this chapter, we
narrow down this broad field and define calm water hydrodynamics as the context of
this book. We will also discuss the role and responsibilities of the naval architect in
the analysis of ship hydrodynamics and — in broad terms — what tools we have at our
disposal to solve hydrodynamic tasks in ship design.

Learning Objectives

At the end of this chapter students will be able to

« review the complexity of the ship propulsion problem
« explain the concepts of calm water, trial, service, and open water condition
« understand the role of ship resistance and propulsion in ship design

« distinguish basic tools to predict and investigate hydrodynamic performance

1.1 Calm Water Hydrodynamics

Boats and ships crossing any body of water have to negotiate the environment presented  The real world
by wind, waves, currents, and the boundaries of their domain. Figure 1.1 shows the
major interactions between ship and environment.

» Wind blowing over water creates a seemingly chaotic pattern of waves through
which the ship sets its course. Wind and waves may come from different directions
relative to the ship’s path. A ship will change the shape of waves in its vicinity.
This is called wave diffraction. Wind and waves exert forces on the vessel which
vary with time.

« Wind and wave forces cause the ship to move. This movement creates additional
waves, similar to the waves created by a stone dropped into a pond. This is known
as wave radiation.

Fundamentals of Ship Hydrodynamics: Fluid Mechanics, Ship Resistance and Propulsion, First Edition.
Lothar Birk.
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Figure 1.1 Ship sailing in its natural habitat

Currents may cause the general flow direction to be oblique to the ship’s path.

A ship, even when moving in undisturbed water, creates a well organized wave
pattern. It appears in a triangular region behind the ship and consists of divergent
and transverse waves.

Some of the waves created by the vessel will break. A mix of water and air creates
a band of froth along the ship’s path.

Small and large eddies appear next to and behind the ship. They are the result
of friction between hull and water. A boundary layer forms over the submerged
hull surface and merges into a disturbed flow region behind the ship generally
known as wake.

A rotating propeller will generate its own twisted wake, further complicating the
flow patterns.

Unsteady flow A moving vessel constantly displaces water and air molecules from their original po-
sition. As stated in Newton’s laws of motion,! forces (Latin: actio) must act on the
molecules to change magnitude or direction of their velocities. In turn, a reaction force
(Latin: reactio) is exerted by water and air on the ship. Vessels are usually self-propelled,
i.e. they have some means of propulsion. The most common propulsor today is the
marine propeller. Sails, oars, paddle wheels, and water jets may be applied depending
on purpose, size, and speed of the vessel. Propulsors create the force necessary to
overcome the reaction force by water and air. Although power settings of the engine
turning the propeller are kept constant, the speed of a vessel will still vary because

1 Sir Isaac Newton (*1642 — +1726), famous English mathematician, astronomer, and physicist. The
* marks the year of birth and the t+ marks the year of death
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Figure 1.2 Self-propelled ship sailing in calm water with constant speed

waves and wind will alter the reaction force. In summary, the flow around a ship hull is
time dependent and, as a consequence, the flow will be unsteady.

In order to reduce the number of variables which influence the flow, it is often worth-
while to study phenomena separately. In this book, we will eliminate the time varying
components of the flow and ignore for the most part effects of wind, waves, and currents.

» We consider only the force necessary to move the ship through air and water
which are initially at rest.

» Only the waves generated by the ship itself are considered.

This is known as calm water condition (Figure 1.2).

A ship trial is conducted before final delivery of a new vessel. Performance is measured
and compared to the contracted requirements. Trials are conducted in deep, open
waters since the vicinity of the sea bottom or shore lines has a negative impact on ship
performance. At the time of a trial, the hull is freshly painted and free of any marine
growth. Together with the calm water condition this is referred to as trial condition.

The contract between owner and shipbuilder typically specifies a combination of engine
power and ship speed which has to be attained on the ship’s trial. However, the naval
architect must optimize the vessel for its intended service. A ship will encounter
currents, wind, and waves during its voyages. Marine fouling over time will increase
the roughness of any hull surface. These are the actual service conditions. As a result,
resistance will be higher in service than at the ship’s trial. Additional resistance has to
be considered during selection of engine and propeller, otherwise the ship will not be
able to perform as intended.

Application of calm water or trial conditions leaves us with a greatly simplified scenario
depicted in Figure 1.2. The ship’s velocity is assumed to be constant in direction and

Calm water
condition

Trial condition

Service condition
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Figure 1.3 Towed bare hull (no propeller or appendages) moving in calm water

magnitude v = const.? Then all forces acting on the ship must be in equilibrium
according to Newton’s first law. The propulsor provides exactly the force F |, necessary
to compensate the force F , exerted by water and air on the ship.

F,+F, =0 (1.1)

In ship resistance and propulsion, we are concerned with the steady forward motion. For
that reason the discussion may be restricted in many cases to just the force components
pointing in longitudinal direction.

Simulations of the flow around a ship—propulsor system are a challenge even for today’s
multiprocessor computers. It is also quite difficult to make measurements in this closed
system which, according to Equation (1.1), has no resultant external force. Similar
problems exist in structural analysis. In order to reveal shear forces and bending
moments in a beam, one side of the beam is ‘removed’ to reveal the internal forces. To
that effect, the ship—propulsor system is split into two parts which are treated separately:

« Bare hull: hull without propulsor and usually without any appendages like rudder,
struts, and bilge keels (Figure 1.3). We remove the propulsor, which means the
bare hull has to be towed to achieve the desired speed. The required tow force is
equal to the ship hull’s total resistance Ry.

« Propulsor: the propulsor is removed from the ship and its properties are investi-
gated in undisturbed parallel flow instead of the disturbed flow field generated by
the hull (Figure 1.4). This is known as open water condition.

Separation of the hull-propulsor system into its subsystems has advantages which are
exploited in experimental studies of ship hydrodynamics:

« forces of water and air on the hull and the force generated by the propulsor are
revealed,

2Underlined quantities, like velocity v, represent vectors. See the beginning of Chapter 3 for details.
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Figure 1.4 Comparison of inflow conditions for a propeller operating in behind and in open water condition

« hulls may be investigated without a specific propulsor, and

« propulsor performance may be determined without the influence of a ship’s wake.

However, separating hull and propulsor considerably changes the hydrodynamic system. Disadvantages
As a consequence, we need to apply corrections to model test and simulation results
performed for hull or propulsor alone.

+ 'The flow around the ship hull will be different for hulls with a propulsor attached
and for hulls without a propulsor. This is especially true for marine propellers.
Rotating propellers accelerate fluid already upstream of the propeller. Hence,
they have a direct impact on the flow around the stern of a vessel.

« Propellers, water jets, or paddle wheels do not operate without a ship attached
to them. The hull will create a nonuniform flow field called wake in which the
propulsor is working as indicated in Figure 1.4(a). Therefore, the open water
condition with uniform inflow into the propulsor shown in Figure 1.4(b) is an
unrealistic, hypothetical case.

» When performance is separately determined for hull and propulsor, the question
arises as to how the results are reconciled to make a prediction for the complete
hull-propeller system.

Although one may argue that it would be better to only investigate the complete hull-  Hull-propulsor
propulsor system, it is today’s practice to perform model tests and even calculations for ~ interaction
the separated components. Effects of the omitted part on the performance of the other

part are quantified by additional hydrodynamic characteristics. They will be discussed
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in Chapter 34 about hull-propeller interaction. This established practice goes back
many years, and naval architects have to remind themselves that careful interpretation
of these characteristics is required because the quantities they describe do not exist in
the original, combined ship—propulsor system.

The flow of water around the ship in calm water is the topic of this book. First, we will
discuss the resistance problem, i.e. the flow around a ship hull without its propulsor and
the forces associated with this flow. The resistance problem also provides the context
for review of the underlying concepts of fluid mechanics. In the second half, we will
study the propulsion problem. We examine marine propellers as the most widely used
propulsor and finally learn how to combine the results of hull and propeller analysis to
solve ship design related propulsion problems.

1.2 Ship Hydrodynamics and Ship Design

The definition of an effective hull shape is a naval architect’s responsibility. Hull geome-
try significantly impacts the performance of a vessel and must be assessed from earliest
design stages until completion of the design.

In a nutshell, the responsibilities of a naval architect charged with the design and
hydrodynamic assessment of a hull include:

+ developing a form with minimum powering requirements
« selection and design of an appropriate propulsor of high efficiency

« contributing information about necessary engine power and propulsor specifica-
tions to the overall ship design

« ensuring that the vessel behaves well in waves

« ensuring that the vessel is sufficiently course stable and/or maneuverable depend-
ing on its mission.

In this book, we consider the first three items related to resistance and propulsion in
calm water.

The main objective in this element of ship design is the development of a ship—propulsor
combination which provides the most economic and ecological system to fulfill the
vessel’s mission. Overall size of the ship is usually defined by its purpose and target
route. Ports of call, seaways, and canals may impose further limits. Therefore, changes
to displacement and principal dimensions for hydrodynamic reasons will be small. The
same is usually true for the design speed of merchant vessels. A vessel will become part
of a transport chain sustaining a more or less well defined flow of goods. If the vessel is
slower than envisioned, it becomes a bottleneck in the transport chain. If it is too fast,
it will become idle awaiting the next batch of goods.

Within the design constraints a naval architect composes a hull shape with minimized
resistance and develops an optimum propulsor for it. Even better would be to formally
optimize the hull-propulsor system for overall high efficiency throughout the opera-
tional profile. A formal optimization is unfortunately oft