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discussed. Chapter topics include resistance and wash; slamming;
air cushion-supported vessels, including a detailed discussion of
wave-excited resonant oscillations in air cushion; and hydrofoil
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Preface

Writing a book on the hydrodynamics of high-speed marine vehicles was chal-
lenging because I have had to cover all areas of traditional marine hydrodynamics,
resistance, propulsion, seakeeping, and maneuvering. However, there is a need to
combine all aspects of hydrodynamics in the design of which high-speed vessels
are very different from conventional ships, depending on whether they are hull
supported, air cushion supported, foil supported, or hybrids.

High-speed vessels are a fascinating topic, and I have been deeply involved in
research on high-speed vessels since a national research program under the lead-
ership of Kjell Holden started in Norway in 1989. We also started the International
Conference on Fast Sea Transportation (FAST), which has a much broader scope
than marine hydrodynamics. I have also benefited from being the chairman of
the Committee of High-Speed Marine Vehicles of the International Towing Tank
Conference (ITTC) from 1990 to 1993. Further, this book would not have been
possible without the work done by the many doctoral students who I have super-
vised. Their theses are referenced in the book. Parts of the book have been taught
to the fourth year, master of science students and doctoral students at the Depart-
ment of Marine Technology, Norwegian University of Science and Technology
(NTNU).

My philosophy in writing the book has been to start from basic fluid dynam-
ics and to link this to practical issues for high-speed vessels. Mathematics is a
necessity, but I have tried to avoid this when physical explanations can be given.
Knowledge of calculus, including vector analysis and differential equations, is nec-
essary to read the book in detail. The reader should also be familiar with dynam-
ics and basic hydrodynamics of potential and viscous flow of an incompressible
fluid.

Computational fluid dynamics (CFD) are commonly used nowadays, but my
emphasis is on giving simplified and rational explanations of fluid behavior and its
interaction with the vessel. This is beneficial in planning and interpreting experi-
ments and computations. I also believe that examples and exercises are important
parts of the learning process.

Automatic control and structural mechanics of high-speed marine vehicles are
two disciplines that rely on hydrodynamics. These links are emphasized in the
book and are also important aspects of the Centre for Ships and Ocean Structures,
NTNU, where I participate.

My presentation of the material is inspired by the book Marine Hydrodynamics
by Professor J. N. Newman.
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offering suggestions for improvement. Dr. Svein Skjgrdal spent a lot of time giving
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firming all my calculations and providing solutions to all exercises. I have benefited
from Professor K. J. Minsaas’ expertise in propulsion and hydrodynamic design of
hydrofoil vessels. Many other people should be thanked for their critical reviews
and contributions, including Dr. Tony Armstrong, Professor Tor Einar Berg,
J. Bloch Helmers, Professor Lawrence Doctors, Dr. Svein Ersdal, Lars Fleten, Pro-
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1 Introduction

Baird (1998) defines a high-speed vessel as a craft
with maximum operating speed higher than 30
knots, whereas hydrodynamicists tend to use a
Froude number Fn = U/ \/L_g larger than about
0.4 to characterize a fast vessel supported by the
submerged hull, such as monohulls and catama-
rans. Here, U is the ship speed, L is the overall
submerged length Log of the ship, and g is accel-
eration of gravity. The pressure carrying the ves-
sel can be divided into hydrostatic and hydro-
dynamic pressure. The hydrostatic pressure gives
the buoyancy force, which is proportional to the
submerged volume (displacement) of the ship.
The hydrodynamic pressure depends on the flow
around the hull and is approximately propor-
tional to the square of the ship speed. Roughly
speaking, the buoyancy force dominates rela-
tive to the hydrodynamic force effect when Fn
is less than approximately 0.4. Submerged hull-
supported vessels with maximum operating speed
in this Froude number range are called displace-
ment vessels. When Fn >1.0-1.2, the hydrody-
namic force mainly carries the weight, and we
call this a planing vessel. Vessels operating with
maximum speed in the range 0.4-0.5 < Fn <1.0-
1.2 are called semi-displacement vessels. This
means that high-speed submerged hull-supported
vessels denote vessels in which the buoyancy
force is not dominant at the maximum operating
speed.

Ship speeds of about 50 knots represent an
important barrier for a high-speed vessel. At this
speed, cavitation typically starts to be a problem,
for instance, on the foils and the propulsion sys-
tem. Cavitation means that the pressure some-
where on the upper side (suction side) of the foil
becomes equal to the vapor pressure. This is only
0.012 times the atmospheric pressure at 10°C. If
a large part of the suction side of the foil is cavi-
tating, the lift is clearly reduced relative to a non-
cavitating foil at the same speed. For instance, the

lift of a supercavitating 2D flat foil in infinite fluid
is only 25% of the lift of a noncavitating 2D flat
foil at the same speed and the same orientation
of the foil relative to the forward speed (Newman
1977). Supercavitation means that the suction side
of the foil is not wetted. Partial cavitation may
also cause damage to the foil structure in terms
of implosion of bubbles. In addition, ventilation
may occur, for instance, as a consequence of cav-
itation. Ventilation means that there is a connec-
tion or an air tunnel between the air and the foil
surface. Occurrence of ventilation also leads to sig-
nificant drop in lifting capacity of a foil. Supercav-
itating foils and propellers are used to increase the
speed barrier substantially beyond 50 knots. Such
foil shapes have a sharp leading edge to initiate
cavitation.

Minimization of the hull weight with consider-
ation of the structural strength is important for
all high-speed vessels. One early foil catamaran
design resulted in too-heavy foils and struts. The
consequence was reduced payload and unsatisfac-
tory transport economy.

The 35th edition (2002-2003) of Jane’s High-
Speed Marine Transportation refers to four major
limitations for future market developments of fast
“ro-pax” vessels carrying passengers and allowing
roll-on roll-off payloads (most often in terms of
cars):

e Limited seakeeping ability

e Reliability of the main propulsion machinery
e Cost of the higher-grade fuel used

e Limited freight-carrying ability

Wave generation, that is, wash, is also an issue for
further market expansion. The decay of the gen-
erated waves perpendicular to the ship’s course
is important from a coastal engineering point of
view. When the waves enter shallow water, the
wavelength decreases and the wave amplitude
increases, resulting in breaking waves on a beach.
This may happen when the ship is out of sight,
surprising swimmers. The reflection of the gener-
ated waves from vertical walls, such as a quay, may
also be a problem and a safety issue. The total
wave amplitude will be twice the incident ampli-
tude, and water may flow over the quay. The wash
also affects the environment, for instance, in terms
of erosion. There is no simple universal criterion
in terms of maximum wave amplitude that quanti-
fies the wash effect. The criterion must be different
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if the waves are affecting the seashore or affect-
ing other ships. If, for instance, the effect on other
ships is analyzed, the ship response due to wash of
a passing ship must be studied. Ferry operators in
the United Kingdom must prepare a route assess-
ment with regard to wash that must be approved by
the Maritime and Coastguard Agency (Whittaker
and Elsésser 2002).

There is a broad variety of high-speed vessels
in use, with very different physical features. The
vessels differ in the way the weight is supported.
The vessel weight can be supported by:

e Submerged hulls

e Hydrofoils

e Air cushions

e A combination of the above

Figure 1.1, used in the announcement of the
FAST’91 Conference in Trondheim, Norway, illus-
trates a fictitious high-speed vessel using air cush-
ion, foils, and submerged hulls to support the ves-
sel weight. The air cushion is enclosed between the
side hulls and by seals in the forward and aft end
of the vessel. The main types of high-speed vessels
are discussed below.

Submerged hull-supported vessels

Examples of semi-displacement and planing ves-
sels are presented. Figure 1.2 shows a SWATH
(small waterplane area twin hull) vessel. As the
name says, this vessel is characterized by a small
waterplane area and two demihulls. A SWATH
has higher natural periods in heave and pitch
and generally lower vertical wave excitation loads
than a similarly sized catamaran. The explanation
is similar to that of a semi-submersible platform
(Faltinsen 1990). The consequence is better sea-
keeping behavior of a SWATH compared with
the catamaran in head sea conditions. However,
if the sea state, speed, and heading cause resonant
vertical motions of the SWATH, it may not have
good seakeeping behavior. Wetdeck slamming is
then a danger. Further, if motion control surfaces
are not used, a SWATH is dynamically unstable
in the vertical plane beyond a certain speed. A
SWATH is often not classified as a high-speed
vessel.

The most common type of high-speed ves-
sel is the catamaran. The catamaran is often

Figure 1.1. Fictitious high-speed vessel with air cushion,
foils, and SWATH effects. (Artist: Bjarne Stenberg)

equipped with an automatic motion control sys-
tem, such as foils, which minimize wave-induced
motions. Catamaran designs include the wave-
piercing (Figure 1.3) and semi-SWATH types of
hulls. Trimarans and pentamarans (Figure 1.4)
with one large center hull combined with smaller
outrigger hulls are other types of multihull vessels.

The beam-to-draft ratio of semi-displacement
monohulls with lengths longer than approximately
50 m may vary from around 5 to more than 7
which is very different from displacement ships.
Large monohulls are often equipped with auto-
matic motion control devices similar to the ones
used for catamarans. Stern flaps and roll fins are
commonly used. A pronounced increase in the
length of a submerged hull is generally favor-
able for wave-induced vertical motion and accel-
eration. It means that a relatively long monohull
with the same displacement as a catamaran has
an advantage relative to the catamaran. However,

Figure 1.2. SWATH (small waterplane area twin hull).
(Artist: Bjarne Stenberg)



Figure 1.3. “Wave-piercing” catamaran. (Artist: Bjarne
Stenberg)

Figure 1.4. Pentamaran. (Artist: Bjarne Stenberg)

Figure 1.5. Planing vessel. (Artist: Bjarne Stenberg)

attention has to be paid to roll motion and dynamic
stability of monohull vessels.

Planing vessels (Figure 1.5) are typically smaller
vessels used as patrol boats, sportfishing vessels,
and service craft, and for sport competitions.
Dynamic stability, cavitation, and ventilation are
of concern for planing vessels.
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Foil-supported vessels

Hydrofoil-supported monohulls with either fully
submerged or free surface—piercing foils are
shown in Figures 1.6 and 1.7. The first commercial
high-speed vessels were the monohull hydrofoil
boats with free surface—piercing foils. If the flap
angle of the foils and the trim of the vessel are held
constant, the foil lifting capacity increases approx-
imately with the square of the vessel’s speed until
cavitation occurs. Because the foil lift is approxi-
mately proportional to the projection of the foil
area onto the mean free surface, the inclined
free surface—piercing foils need a larger foil area
than that required by fully submerged foils for a
given weight and design speed. The free surface—
piercing foil is self-stabilizing with respect to ver-
tical position, heel, and trim.

In the beginning of the 1990s, foil catamarans
were a promising concept, having small resistance
and good seakeeping behavior. Fully submerged

Figure 1.6. Hydrofoil vessel with fully submerged foil
system. (Artist: Bjarne Stenberg)

Figure 1.7. Hydrofoil vessel with free surface—piercing
foils. (Artist: Bjarne Stenberg)
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horizontal foil systems were used. A control sys-
tem that activates foil flaps is needed to stabilize
the heave, roll, and pitch of a hydrofoil boat with
fully submerged foils in the foilborne condition.
Another important design consideration is suffi-
cient power and efficiency of the propulsor system
to lift the vessel to the foilborne condition. This
is of special concern when waterjet propulsion is
used because of its decreased efficiency at lower
speeds. Another concern is the ventilation along
one of the two forward struts during maneuvering,
which may ventilate the forward foil system and
cause loss of the lift force.

Foil cavitation limits the vessel’s speed to about
50 knots. Proper design to delay cavitation on the
aft foil system requires evaluation of the wake
from the forward foil system. An important effect
is caused by roll-up of tip vortices originating from
the forward foil system. The wake from the for-
ward foil causes an angle of attack that varies along
the span of the aft foil, which can be counteracted
by using a twisted aft foil that is adapted to the
inflow. One foil catamaran experienced problems
with foil cavitation during operation, which were
resolved by drilling holes in the aft part of the foils
to provide communication between the flow on the
pressure and suction sides of the foils.

Very precise and smooth foil surfaces are
needed from a resistance, lift, and cavitation point
of view. These surfaces require special fabrication
procedures and frequent cleaning during opera-
tion. The high production and maintenance costs
are important reasons why few foil catamarans
have been built. There also exist hydrofoil-assisted
catamarans in which the foils only partially lift the
vessel.

Air cushion-supported vessels

Surface effect ships (SES) or air-cushion catama-
rans of lengths less than 40 m were frequently
built for commercial use until the mid-1990s. An
air cushion is enclosed between the two side hulls
and by flexible rubber seals in the bow and aft end
(Figure 1.8). The skirt in the front end is easily
worn out.

The excess pressure in the air cushion is pro-
duced by a fan system that lifts the vessel, thereby
carrying about 80% of the weight. The excess pres-
sure reduces the metacentric height, but the static
stability is still good. It also causes a mean depres-

Figure 1.8. Artist’s fish-eye view of an SES (surface
effect ship) illustrating the air cushion with flexible skirts
in the bow and a flexible bag in the aft end used to enclose
the air cushion between two catamaran hulls. Fans are
used to create an excess pressure in the air cushion that
lifts the vessels. (Artist: Bjarne Stenberg)

sion of the free surface inside the cushion that
results in waves and wave resistance. However,
because the hull wetted surface is diminished, the
total calm water resistance is small relative to a
catamaran of similar dimensions. The lifting up
of the SES also causes an increase in air resis-
tance. Because resistance is proportional to the
mass density of the fluid and the air density is only
about 1/1000 of the water density, the air resistance
issmaller than water resistance. The ship speed can
be up to 50 knots in low sea states.

Resonance oscillations in the air cushion cause
“cobblestone” oscillations with a dominant fre-
quency around 2 Hz for a 30 to 40 m-long vessel.
The word cobblestone is associated with the feel-
ing of driving a car on a road with badly layed cob-
blestones. The highest natural period is the result
of a mass-spring system in which the compress-
ibility of the air in the cushion acts like a spring.
The mass is related to the total weight of the SES.
The damping is small and caused by air leakage
and the lifting fans. The excitation is induced by
volume changes in the air cushion due to inci-
dent waves. The resonant oscillations require inci-
dent wave energy at a frequency of encounter
close to the natural frequencies of the cobble-
stone oscillations, which occurs in very small sea
states. The resulting vertical accelerations are of
concern from a comfort point of view. Damping
of the cobblestone oscillations can be increased
by an active control system introducing air leak-
age through louvers. If special attention is not



Figure 1.9. Fish-eye view of the bottom of
aside hull of an SES with the waterjetinlet.
A tube with air (white part) coming into
the waterjet inlet can be seen; this is venti-
lation. The air intake for the aft bag shown
in the figure is in the roof of the air cushion.

paid to scaling laws, the cobblestone phenomenon
will not be detected in model tests that are based
on Froude scaling. If the SES is on cushion and
no cobblestone oscillations occur, the vessel has
vertical accelerations that are generally lower
than those of a similarly sized catamaran in head
seas.

‘When the SES is on cushion, there is a small dis-
tance from a waterjet inlet at the hull bottom to the
air cushion, which can easily cause ventilation of
the waterjet inlet in a seaway. Because the waterjet
inlet flow acts similarly to a flow sink, cross-flow
occurs in the vicinity of the inlet. If the hull cross
section has a small radius of curvature in the inlet
area, very high local velocities and low pressures
occur, increasing the danger of ventilation even
in calm water. Figure 1.9 illustrates model tests of
the occurrence of ventilation to the waterjet inlet
in calm water conditions. Fences on the cushion
side of the side hulls have been proposed to deal
with this problem.

Figure 1.10. Air-cushionvehicle (ACV). (Artist: Bjarne
Stenberg)
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N AIR CUSHION

An SES experiences a more significant involun-
tary speed loss than that of a similarly sized cata-
maran in a seaway. The relative vertical motions
between the vessel and the waves cause air leak-
age, which decreases the air cushion pressure when
the lifting power is kept constant. The resulting
sinkage implies higher resistance. If the fan sys-
tem does not have sufficient power to maintain air
cushion pressure, significant speed loss may occur,
even in moderate sea states.

The air-cushion vehicle (ACV) shown in
Figure 1.10 is the oldest type of air cushion-
supported vessel. Because a flexible seal system is
used for the air cushion, the ACV is amphibious.
It also implies that air propellers are used, which
may represent a noise problem. Because there is
no submerged hull to provide hydrostatic restor-
ing moments in roll and pitch, static stability in
these modes of motion needs attention during the
design stage.

Air lubrication technology (ALT) uses air cav-
erns that run for approximately half the length of
a hull in the aft part of the vessel. An air cush-
ion can facilitate the lifting to the airborne con-
dition of Ekranoplanes or wing-in-ground (WIG)
vehicles. The air cushion is part of the Hoverwing
design (see Figure 1.11 and Fischer and Matjasic
1999). A small portion of the propeller slip stream
is used to create an air cushion with an excess pres-
sure between the two floats (catamaran hulls) and
the flexible textile skirts at the front and aft ends.
The WIG flies close to the water surface. This gives
extra lift (see Figure 6.46 and accompanying text).
The Hoverwing cruises at a speed of 180 km/hour
(90 knots) and is claimed to have high maneuvra-
bility and short stopping distance. Low noise emis-
sion at all speeds is also an important issue.
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Figure 1.11. Artist’s impression of a WIG vehicle based
on the Hoverwing techology by Fischer-Flugmechanick.
An air-cushion effect is generated between the floats dur-
ing takeoff. (Artist: Bjarne Stenberg)

Papanikolaou (2002) has systematically pre-
sented the many types of high-speed marine vehi-
cles that exist today. He explains the many dif-
ferent acronyms used, together with his view on
the advantages and disadvantages of the different
types of vessels.

There are also sailboats that can be categorized
as high-speed marine vessels. The current world
speed sailing record is 46.52 knots, set by Yel-
low Pages Endeavour in 1993. Our detailed dis-
cussion of the flow around lifting surfaces and
hulls is relevant in this context. The keels, the rud-
der, and the sails are all lifting surfaces from a
fluid dynamics point of view. The fluid dynamics of
sailboats are handled in the books by Larsson and
Eliasson (2000), Marchaj (2000), Garrett (1987),
and Bethwaite (1996).

1.1 Operational limits
Operational limits are set by

* Safety, comfort, and workability criteria
e Structural loading and response
e Machinery and propulsion loading and response

Seakeeping criteria typically used for conven-
tional ships are presented in Tables 1.1 and 1.2.

Table 1.1. General operability limiting criteria for ships (NORDFORSK 1987).

Merchant ships

Vertical acceleration at forward
perpendicular (RMS value)

Vertical acceleration at bridge 015¢g
(RMS value)

Lateral acceleration at bridge 0.12¢g
(RMS value)

Roll (RMS-value) 6.0°

Slamming criteria (probability)

0.275g (L < 100m)
0.05g (L > 330m)*

0.03 (L < 100 m)

0.01 (L > 300m)?

Deck wetness criteria (probability) 0.05

Naval vessels Fast small craft
0275¢ 0.65¢g

02g 0275¢g

0lg 0lg

4.0° 4.0°

0.03 0.03

0.05 0.05

@ The limiting criterion for lengths between 100 and 330 m varies almost linearly between the values L = 100 m and

L =330 m, where L is the length of the ship.

b The limiting criterion for lengths between 100 and 300 m varies linearly between the values L = 100 m and 300 m.

Table 1.2. Criteria (root mean square) with regard to accelerations and roll

(NORDFORSK 1987).

Vertical acceleration Lateral acceleration Roll Description

020g 010g 6.0° Light manual work
015¢g 007¢g 4.0° Heavy manual work
010 g 005¢g 3.0° Intellectual work
005g 004 g 2.5° Transit passengers
0.02g 003 g 2.0° Cruise liner
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Figure 1.12. Calculated operational limits of similarly
sized catamaran and SES in head sea long-crested waves
with different significant wave heights (H;,3) and mean
wave periods (77). The 0.2 g RMS value of vertical accel-
eration at the center of gravity (COG) is used as a crite-
rion. Involuntary speed loss due to wind resistance and
added resistance in waves are considered.

Those criteria are related to slamming, deck wet-
ness, RMS values of roll, and lateral and verti-
cal accelerations. RMS values mean root mean
square values or standard deviation. The rightmost
column of Table 1.2 includes a brief description
of what the criteria relate to. Light manual work
means work carried out by people adapted to ship
motions. This work is not tolerable for longer peri-
ods, and causes fatigue quickly. Heavy manual
work means work, for instance, on fishing vessels
and supply ships. Intellectual work relates to work
carried out by people not so well adapted to ship
motions, such as scientific personnel on an ocean
research vessel. Transit passenger means passen-

Load (kW)
2200
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gers on a ferry exposed to the acceleration level
for about two hours. Cruise liner refers to older
passengers on a cruise liner.

The criteria can be used to determine volun-
tary speed loss and operability of vessels in differ-
ent sea areas. For example, Figure 1.12 illustrates
the calculated operational limits of a 40 m-long
catamaran and a 40 m-long SES for head sea
conditions. No active motion control systems are
used in the calculations. The criterion used was
RMS value of vertical acceleration at COG equal
to 0.2 g. However, other criteria as well as other
headings must be considered. Generally speaking,
the catamaran has the lowest operational limits in
Figure 1.12, but these can be improved by an active
control system. The reason the SES has the lowest
operational limit for small sea states (small mean
wave periods, Ty ) is the outset of cobblestone oscil-
lations.

Faltinsen and Svensen (1990) have pointed out
the relatively large variation in published crite-
ria, which may lead to quite different predic-
tions of voluntary speed reduction and operatio-
nal limits. For high-speed vessels, other criteria
are also needed, such as operational limits in a
seaway due to the propulsion and engine sys-
tem. Meek-Hansen (1990, 1991) presented service
experience with a 37 m-long SES equipped with
diesel engines and waterjet propulsion. An exam-
ple with significant wave height, H; 3, around 2 m,
head sea, and 35 knots speed shows significant
engine load fluctuations at intervals of 6 to 12
seconds (Figure 1.13). These fluctuations result in
increased thermal loads in a certain time period,

Load (kW)

1800 1

1400
Figure 1.13. Engine load during SES
operation in a sea state with significant
wave height Hy ;3 =2 m. 100% engine load.
Waterjet propulsion (Meek-Hansen 1991).
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caused by a very high fuel-to-air ratio. These high
thermal loads may lead to engine breakdowns.

Possible reasons for the engine load fluctuations
are believed to be:

e Exposure of the waterjet inlet to free air

e Flow separation in front of and inside the inlet

e Ventilation and penetration of air from the
free water surface or from entrained air in the
boundary layer

The phenomenon mentioned above often inter-
acts in a complicated way; for example, separation
may be one of the causes for onset of ventilation
and cavitation. Under certain conditions, a cav-
ity may be penetrated and filled with air. Sepa-
ration and cavitation are primarily dependent on
the pressure distribution in and near the water-
jet inlet. For a given inlet geometry, this distri-
bution depends mainly on the speed and thrust
(resistance) of the ship.

Exposure of the waterjet inlet to free air is a
result of the relative vertical motions between the
vessel and the seawater. An operational limit may
be related to the probability of exceeding a cer-
tain limit of the relative vertical motion amplitude
between the vessel and the waves at the water-
jetinlet. In particular, with an SES equipped with
flush inlets, the exposure to free air represents a
problem even for small sea states. The reason is
the small distance between the inlet and the calm
water surface inside the air cushion.

The seasickness criterion according to NS-
ISO 2631/3 is commonly used for the assess-
ment of passenger comfort in high-speed ves-
sels (see Figure 1.14). It gives limits for RMS
(root mean square) values of the accelerations
as a function of frequency. This criterion needs
some explanation. It refers to the a, or a human’s
head-to-foot component of the acceleration. For
a broadband spectrum, frequency f, in Figure 1.14
means the average frequency of a one-third-
octave band, defined as the frequency inter-
val between f; and f>, where f, = 2!/ f;. Further,
the center frequency f. of the one-third—octave
band is ( f; f,)"/*. This means f; = f,/2"/%and f, =
1216 A broadband spectrum should be divided
into one-third-octave bands, and the RMS value
should be evaluated separately for each of the one-
third—octave bands. Each RMS value should be
compared with the limits given in Figure 1.14 for
different exposure periods. Because the motion

a,(ms=?)
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095 8 h (tentative) |/
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0.16
0.125
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fe (Hz)

0.1 0.315 063 1.0
Figure 1.14. NS-ISO 2631/3 —severe discomfort bound-
aries (1. ed. Nov. 1985). a; is the RMS value of human’s
head-to-foot component of acceleration in a one-third—
octave band of a spectrum with center frequency f..

sickness region in Figure 1.14 is from 0.1 to 0.63
Hz, it implies that the cobblestone effect of an
SES does not cause motion sickness. According
to ISO 2631/1, there are other criteria for accel-
erations in the frequency range from 1 to 80 Hz,
which are related to workability or human fatigue.
An example is shown in Figure 1.15 that expresses
the limits of the RMS value of the a,-component
of the acceleration as a function of frequency. This
figure should be interpreted in the same way as
Figure 1.14. In addition, by multiplying the accel-
eration values in Figure 1.15 by 2, one gets bound-
aries related to health and safety, and by dividing
the acceleration values by 3.15, one gets bound-
aries for reduced comfort.

Operational studies should ideally take into
account that the shipmaster may change speed
and heading. It may sound wrong, but a semi-
displacement vessel equipped with foils may
improve the seakeeping behavior by increasing
the speed. The reason is that the heave and pitch
damping of a foil increases with forward speed.
In particular, the roll motion magnitude is impor-
tant for monohull vessels. However, if the ship is
equipped with roll stabilization means, high-speed
conditions should be of minor concern.
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Figure 1.15. ISO 2631/1 —fatigue-decreased proficiency
boundaries. a; is the RMS value of a human’s head-
to-foot component of acceleration in a one-third—octave
band of a spectrum with center frequency f..

There is a need to establish better seakeeping
criteria for wetdeck slamming and the behavior of
the propulsion and machinery systems in a seaway.
The wetdeck is the underside of the deck structure
between the side hulls of multihull vessels, that is,
the deck part facing the water.

Because cavitation and ventilation of foils mean
that the foils become less efficient as damp-
ing devices and cause an increase in the vessel
motions and accelerations, these effects should
be accounted for in operational studies. However,
knowledge about these issues is still in its infancy.

It is important to investigate different vessel
headings relative to the wave propagation direc-
tion. For instance, a catamaran in following regular
waves may have a speed close to the phase speed
of the waves, that is, the speed of the propagating
geometry of the waves. Further, if the wavelength
is of the order of the vessel’s length, the catama-
ran can assume a position relative to the waves so
that the fore part of the vessel dives into a wave
crest. The slender fore part may not have sufficient
buoyancy, and the more-voluminous aft part will
be lifted up by the waves. The result is a significant
amount of water over the fore deck.

1.1 Operational limits » 9

The loss of steady heel moment with forward
speed of semi-displacement round-bilge mono-
hullsis an important safety issue. When the Froude
number is larger than 0.6 to 0.7 in calm water,
the vessel may suddenly lean over to one side.
At higher speeds, this may cause dangerous “calm
water broaching” and is the main reason round-
bilge hulls are unsuitable for Froude numbers
above 1.2 (Lavis 1980).

Directional instability in following seas with the
subsequent risk of the vessel becoming broadside
to the waves and eventually capsizing, is a well-
known phenomenon of monohulls. This is referred
to as “broaching” and may occur under condi-
tions similar to those in a “dive-in.” Because a
multihull semi-displacement vessel has good static
stability in roll and is very difficult to capsize in
waves, broaching is less important for catamarans.
However, large sway and yaw motions as well as
steering problems may also occur for catamarans
in following and quartering sea.

Quasi-steady stability in the roll of monohulls in
following seas with a small frequency of encounter
should also be considered. This is of particular
concern if the local waterplane area, that is, local
width of the hull at the hull/water line intersec-
tion, clearly changes as a function of local draft
(i.e.,large flare). The hydrostatic transverse stabil-
ity should then be calculated as a function of dif-
ferent frozen incident wave shapes along the ship.
These frozen conditions in following seas should
also be considered as structural load cases for the
hull girder. When calculating hydrostatic stability,
the increased importance of steady hydrodynamic
pressure on the hull with increasing speed rela-
tive to hydrostatic pressure should be recognized.
This is an implicit consequence of being a “semi-
displacement” vessel.

The propulsion unit, rudders, stabilization fins
in faulty position, cavitation, and ventilation may
also influence stability. A scenario might be two
supercavitating propellers, one of which suddenly
ventilates, causing an asymmetry in thrust with
resulting directional instability.

If the ship is in a planing condition, that is, the
Froude number is larger than one, special dyna-
mic instability problems may occur. Examples
are “chine-walking” (dynamic roll oscillations),
“porpoising” (dynamic coupled pitch-heave osci-
llations), and “cork-screwing” (pitch-yaw-roll
oscillations). However, the major part of the
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commercial high-speed vessel fleet does not oper-
ate in planing conditions.

Miiller-Graf (1997) has given a comprehensive
presentation of the many different dynamic sta-
bility problems of high-speed vessels. This work
includes design features and factors influenc-
ing dynamic instabilities. Recommendations are
given on how to minimize dynamic instabilities of
monohulls.

1.2 Hydrodynamic optimization

A ship is often hydrodynamically optimized in
calm water conditions. Because good seakeep-
ing behavior is an important feature of a high-
speed vessel, optimization in calm water condi-
tions may lead to unwanted behavior in a seaway.
Both wave resistance and wave radiation damp-
ing are caused by the ship’s ability to generate
waves. Because low wave resistance may imply
low wave radiation damping in heave and pitch,
the result may be unwanted large resonant ver-
tical motions of a semi-displacement vessel. This
relationship was illustrated by a project with first-
year students knowing little about hydrodynamics.
A catamaran design was proposed in which each
of the two side hulls had a very small beam-to-
draft ratio. This hull form was fine for resistance,
but the vessel jumped out of the water during sea-
keeping tests when the wave periods were in res-
onant heave-and-pitch conditions. This extreme
behavior could have been counteracted at high
speed if the vessel were equipped with damping
foils.

Another example is the recent designs of pas-
senger cruise vessels with very shallow local draft
and nearly horizontal surfaces in the aft part of
the ship. These designs were the result of hydro-
dynamic optimization studies in calm water. One
does not need to be a hydrodynamicist to under-
stand that this caused slamming (water impact)
problems. Aft bodies with shallow draft should
also be of concern for directional stability and for
ventilation of waterjet inlets in waves. Hydrody-
namic optimization studies must therefore con-
sider resistance, propulsion, maneuvering, and
seakeeping. There obviously are also constraints
of a nonhydrodynamic character. For instance,
minimalization of ship motions may lead to higher
global structural loads.

1.3 Summary of main chapters

This textbook focuses on high-speed vessels.
However, some of the text on semi-displacement
vessels is also relevant for conventional ships.
Further, the discussion of slamming (water im-
pact) is important in many other marine applica-
tions, including offshore structures.

Chapter 2 considers resistance and propulsion
in calm water conditions. The two most impor-
tant resistance components of semi-displacement
vessels and SES are viscous resistance and wave
resistance. Viscous resistance is important for
hydrofoil-supported vessels, but induced drag due
to trailing vortices should also be considered.

The waterjet is the most common propulsion
system for high-speed vessels. We use conserva-
tion of fluid momentum and kinetic fluid energy
to derive the thrust and efficiency of the waterjet
system. The possibility of cavitation at the waterjet
inlet is also discussed.

Chapter 3 presents linear wave theory and a
stochastic description of the waves. This is neces-
sary background for later chapters that describe
wave-induced motions and loads on high-speed
vessels. Linear wave theory is also used to describe
wave resistance and wash in detail. This is done in
Chapter 4.

Chapter 4 considers wave resistance of semi-
displacement vessels and air cushion-supported
vessels. Ship waves are traditionally classified
as divergent and transverse waves. The trans-
verse waves have crests nearly perpendicular to
the ship’s track. The dominant wave picture far
away from the ship is normally the result of
divergent bow waves. The divergent waves are a
major source for the wave resistance of a semi-
displacement vessel at the maximum operating
speed. The effects of finite water depth on mono-
hull vessels, including the effect on trim and sink-
age, is also discussed.

Chapter 5 concentrates on SES. However, the
issues presented also have relevance for other air
cushion—supported vessels. The chapter explains
how the air cushion causes a depression of the
free surface and affects the roll metacentric height.
The air cushion typically carries 80% of the weight
of an SES. Details are given about the seal sys-
tem of the air cushion. Resistance and propul-
sion in calm water are covered in Chapters 2 and
4. This chapter discusses cobblestone oscillations



and the added resistance and speed loss in
waves.

Chapter 6 discusses foil-supported vessels. Rel-
evant hydrodynamic foil theory is presented. The
chapter starts out describing a boundary element
method (BEM) based on source and dipole dis-
tributions that may account for nonlinearities, 3D
flow, interaction between foils and struts, and free
surface effects. Thereafter is a presentation of lin-
ear theory. The advantage of a linear theory is that
we can more easily show how the angle of attack,
foil camber, foil flaps, and three-dimensionality of
the flow influence lift and drag of the foil. It is
also shown how the free surface and interaction
between tandem foils affect the steady lift and drag
of a foil. Unsteady flow conditions due to incident
waves and vessel motions are also handled. This
discussion is used in Chapter 7 to estimate damp-
ing of vertical motions of a semi-displacement ves-
sel due to an attached foil.

Chapter 7 describes the wave-induced motions
and global wave loads on semi-displacement ves-
sels. The effects of foil damping and hydrody-
namic hull-hull interaction on multihull vessels are
also considered. Added resistance in waves and
dynamic stability are other issues.

We discuss local and global slamming effects in
Chapter 8. This is an important structural load-
ing mechanism for all high-speed vessels. The local
slamming analysis may need a local hydroelastic
analysis. This is shown to be important when the
local angle between the impacting free surface and
the body surface is less than about five degrees.

1.3 Summary of main chapters « 11

Global hydroelastic response (springing and whip-
ping) due to wave effects is also discussed in Chap-
ter 8. Springing is a steady-state response, whereas
whipping is associated with transient response,
such as that caused by water impact (slamming)
on the wetdeck, bow flare slamming. or stern
slamming.

Chapter 9 discusses both steady and unsteady
flow effects around planing vessels. The steady
lift and trim moment can, to a large extent, be
explained by potential flow theory.

The hydrodynamic performance of prismatic
planing hulls in calm water is discussed by exam-
ples. Instabilities may play an important role for
a planing boat. One example is porpoising, which
is unstable heave-and-pitch motions. This is dis-
cussed in detail.

Wave-induced vertical motions of planing ves-
sels are also discussed. It is demonstrated that non-
linear effects are more important for planing ves-
sels than for semi-displacement vessels.

Chapter 10 considers maneuvering of a ship in
water of infinite horizontal extent. A slender-body
theory for a monohull at Froude numbers smaller
than approximately 0.2 is presented. This theory
can also be applied to a catamaran and an SES.
Directional stability, automatic motion control,
and viscous effects are other items considered. Itis
shown that the directional stability changes with
forward speed. Further, a maneuvering analysis
of a high-speed vessel must, in general, consider
motions in six degrees of freedom. A derivation of
Euler’s equation of motion is given.



2 Resistance and Propulsion

2.1 Introduction

The power of the installed propulsion machinery
is an indirect measure of the maximum resistance
of a vessel. However, the actual amount of this
power that can be transformed into thrust to coun-
teract the resistance depends on the efficiency of
the propulsion device. For an ACV and an SES,
power is also needed to lift the vessel. For an SES,
this is about 10% to 20% of the power needed
for propulsion. Casanova and Latorre (1992) have
collected data on installed horsepower in different
types of high-speed marine vehicles (HSMV).

Our focus in this chapter is on resistance and
propulsion in calm water. When we consider a ship
with constant speed on a straight course in calm
water conditions, the balance of forces is simple:
the ship resistance must be equal to the thrust
delivered by the propulsion unit.

It is most common in model tests and in numer-
ical calculations to consider the ship without an
integrated propulsion system. The resistance is
therefore evaluated without the presence of the
propulsion unit. We will follow this approach. This
means the ship resistance Ry is defined as the force
that is needed to tow the ship in calm water with a
constant velocity U on a straight track (of course,
the towing unit must not affect the flow around the
ship). The power needed to tow the vessel is:

Pr = ReU 2.1)

This is not true when wind and waves are present.
In that case, added resistance in wind and waves
has to be accounted for when required engine
power is estimated. Ship maneuvering will also
increase the resistance. Even sticking to our
assumption of a straight course in calm water,
important issues to consider are the efficiency of
the propulsion system and how the resistance is
affected by the propulsion system. For instance,
the flow in the vicinity of a waterjet inlet on a ship

12

hull affects the trim and sinkage of a high-speed
vessel, which will then influence the resistance. On
the other hand, the flow along the ship hull will
affect the inflow conditions to the propulsion unit
and hence the thrust. So ideally, we should not
have considered resistance and propulsion as sep-
arate issues.
We can divide the calm water resistance into

e Viscous water resistance

e Air resistance

e Spray and spray rail resistance
e Wave resistance

Actually, part of the spray resistance is viscous
water resistance, whereas the pressure part of
spray resistance is difficult to distinguish clearly
from the total wave resistance obtained by pres-
sure integration. Each component is discussed in
the following text, with the main focus on semi-
displacement monohulls and catamarans. How-
ever, SES and hydrofoil vessels are also addressed.
Additional details on resistance of hydrofoil ves-
sels are given in Chapter 6. Planing hulls are dis-
cussed in detail in Chapter 9. More in-depth stud-
ies of wave resistance of semi-displacement vessels
and SES are considered in Chapter 4.

The resistance is influenced by the trim angle,
and trim devices are used on semi-displacement
and planing vessels to optimize the trim angles.
Examples are interceptors (see Figure 2.2), trim
tabs (stern flaps) (see Figure 7.4), and transom
wedges, which start forward of the transom and
end at the transom. The entire wedge is under
the hull and is a local abrupt modification in the
buttock lines aft of station 19% (Cusanelli and
Karafiath 1997).

There is ongoing research on how to reduce
the ship resistance. One example is by injecting
microbubbles into the turbulent boundary layer.
Latorre et al. (2003) report that microbubble drag
reduction (MBDR) has the potential of reducing
the local skin friction by 15%. However, MBDR
will not be considered in this text.

Assaid above, to properly analyze the ship resis-
tance, the latter must be considered in conjunc-
tion with the vessel propulsion system. Waterjet
propulsion is the most common type of propul-
sion for high-speed vessels of nonplaning type.
Different types of propulsion systems for plan-
ing hulls are illustrated in Figure 2.1 and dis-
cussed by Savitsky (1992). The most common
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Figure 2.1. Various propulsors for high-speed vessels (Savitsky 1992).

propulsion is a subcavitating or partial cavitating
propeller in combination with an inclined shaft
(Figure 2.2). The appendage drag due to struts,
shaft, and rudder becomes important at higher
speeds. The unsteady forces on the inclined pro-
peller may lead to undesirable vibrations. When
the maximum speed is higher than 40 knots, free
surface—piercing propellers are sometimes used.
The two other types of propulsion systems
shown in Figure 2.1 are waterjet propulsion and
stern drive propulsion. Stern drive propulsion and
outboard engines are used mainly for pleasure and
recreation craft. Outboard engines up to 300 hp
are made today. In some cases, you might find up
to four of these on one boat. In practice, outboard
engines are not often used on boats longer than
40 feet. The outboard engines also include a ver-
sion of the waterjet referred to as a jet drive. These

Figure 2.2. Propellers with inclined shafts installed on
a model of a planing vessel with hard chines. Propeller
tunnels are used to minimize the shaft angle. The rudders
are twisted and adopted to the propeller slip stream. Two
interceptors are placed at the transom to control the trim
angle (see section 7.1.3 and Figure 7.5 for more details
about interceptors). (Photo by K.A. Hegstad)

may be used on recreation craft running on very
shallow waters, where there is a risk for a propeller
to be damaged. Another possibility, then, is to use
propeller tunnels. Design of propeller tunnels for
high-speed craft is discussed by Blount (1997).

Oblique-flow conditions, locally concentrated
wake peaks, and high loading density at high
speeds make it difficult to avoid cavitation on a
propeller. Oblique flow occurs, for instance, when
the propeller shaft has an angle relative to the ves-
sel velocity (see Figure 2.1a). Propeller tunnels are
beneficial in this context. Cavitation has been dis-
cussed by van Beek (1992), who considers thrust
breakdown and cavitation at a propeller blade root
as limiting criteria for the application of conven-
tional high-speed propellers.

If oblique flow can be avoided, conventional
propellers may run with little cavitation, even at
45 knots. This has been demonstrated by trac-
tor propellers in conjunction with right-angle
drives installed in catamarans and foil catamarans
(Halstensen and Leivdal 1990).

Our way of treating resistance and propulsion
of high-speed vessels follows the traditional route
in ship hydrodynamics. However, an interesting
question is: What can we learn about resistance
and propulsion from aquatic animals? Despite
potential payoffs, relatively little work has been
done to answer this question. An introduction to
this field is given by Triantafyllou and Triantafyllou
(1995) and Sfakiotakis et al. (1999).

2.2 Viscous water resistance

A main resistance component is caused by the
friction force on the wetted hull. Pressure loads
acting perpendicularly to the hull surface matter,
but have less importance. Boundary layer theory
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Figure 2.3. Boundary layer along a flat plate with inci-
dent (ambient) flow velocity U along the x-axis. § =
boundary-layer thickness.

may be used to describe the effect of fluid vis-
cosity. It means that the viscosity only matters in
a thin layer close to the hull surface. The two-
dimensional boundary layer along a flat plate can
be used to describe important characteristics of
the viscous flow. We can approximate the wetted
hull surface as a flat plate. If we look at the flow
from a reference frame following the ship, the for-
ward speed of the ship appears as an incident flow
with velocity U on a stationary hull, as shown in
Figure 2.3.

One important characteristic is that the water
must adhere to the plate, that is, there is no slip.
That means the flow velocity is zero on the plate.
At a short perpendicular distance §(x) from the
plate (function of the longitudinal distance x from
the leading edge of the plate), the flow velocity is
equal to U.

The viscous flow is laminar for Reynolds num-
ber Rn, =Ux /v less than~ 10°. Here v is the kine-
matic viscosity coefficient with 1.35-107%m?s™!
for salt water at 10°C (see Table A.2 in the
Appendix). The transition to turbulent flow occurs
for Rn, between 2 - 10° and 3 - 10°. Turbulent flow
is characterized by a velocity and a pressure that
vary irregularly with a high frequency. Laminar
flow means that the flow is well organized in lay-
ers. [tis steady when the incident velocity is steady.
One can make the analogy between laminar flow
and a school class marching orderly in a parade.
Every pupil keeps his or her position relative to
the others so that a clear structure with rows and
columns appears. Then things get out of order
and the pupils run everywhere without an appar-
ent system except that they have a mean forward
motion. This is like a turbulent flow. This analogy
between hydrodynamics and human beings is used
in simulating evacuation of passengers from pas-
senger vessels during catastrophic events. Hinze
(1987) gives the following definition of turbulence:

“Turbulent fluid motion is an irregular condition
of flow in which the various quantities show a ran-
dom variation with time and space coordinates, so
that statistically distinct values can be discerned.”
Turbulence frequencies may vary between 1 and
10,000 s71, and turbulent fluctuations are roughly
10% of average velocity (Hinze 1987). The upper
and lower bounds of the turbulence frequencies
depend on the field of application. Consider, for
instance, cross-flow past a circular cylinder at a
high Reynolds number. This is associated with a
vortex shedding frequency that is described by the
Strouhal number as a function of the Reynolds
number (Faltinsen 1990). Depending on the cylin-
der diameter and the ambient flow, a vortex shed-
ding frequency can be 1 Hz in marine applications.
This frequency cannot be considered a turbulence
frequency. If the frequency range around a vortex
shedding frequency was filtered out by an averag-
ing process, one would lose important information
on vortex-induced vibrations of structures.

Figure 2.4 illustrates how the flow changes from
being laminar to turbulent along a smooth flat
plate. The laminar 2D flow becomes unstable at
a critical Reynolds number Rn,,;,. If there is neg-
ligible turbulence intensity in the incident flow,
this corresponds to Ux/v =2 -10°. Rn., can be
found by a linear stability analysis (Schlichting
1979). The unstable 2D waves shown in Figure 2.4
are called Tollmien-Schlichting (T/S) waves. As
the amplitudes of the T/S waves grow, three-
dimensional instabilities occur. Fully turbulent
flow occurs at the transition Reynolds number
Rn,,. If there is negligible turbulence intensity in
the incident flow, Rn,, is 3 - 10°.

The horizontal velocity distributionin Figure 2.3
is representative of a laminar boundary layer in
the case of a 2D flow along a flat plate. This can
be described by the Blasius theory. The frictional
stress (longitudinal force per unit area) on the
plate is

ou

Tw =W 7

22)
ay y=0

Here u is the dynamic viscosity coefficient, which
is related to the kinematic viscosity coefficient v
by v = u/p, where p is mass density of the fluid.
Eq. (2.2) is also applicable to turbulent boundary
layer flow, but then u means in practice a velocity
that has been time averaged on the time scale of
turbulence.
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The velocity gradient du/dy at the plate is very
different for laminar and turbulent flows (Fig-
ure 2.5). Because turbulent flow implies much
a larger exchange of fluid momentum in the y-
direction than laminar flow does, both the bound-
ary layer thickness § and du/dy at the plate are
much larger for turbulent flow than for laminar
flow.

We cannot avoid turbulent flow along the hull
surface of a full-scale ship, and we must ensure tur-
bulent flow along the hull surface during model
tests to be able to scale the results to full scale.
Because we do not have sufficient knowledge yet
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Figure 2.5. Laminar (——) and mean turbulent (- - - - - )

velocity profiles for the boundary-layer flow along a flat
plate.

on how to model turbulence theoretically, empiri-
cism has to be partly used. We discuss this in more
detail in section 2.2.4. The empirical formulas for
frictional resistance are amazingly simple. They
express the viscous resistance as

Ry =0.5p0CrSU?, (2.3)
where § is the wetted surface area. It is common
to estimate S at zero speed. However, S changes
in reality as a result of the free surface elevation
along the hull. Further, the transom stern of a
semi-displacement vessel becomes dry for Froude
numbers Fn = U/+/Lg higher than approximately
0.4, and an SES on cushion causes a lower free
surface elevation inside the cushion than outside
the cushion. Here L is the overall submerged ship
length Log and g is the acceleration of gravity. The
International Towing Tank Conference (ITTC)
1957 model-ship correlation line expresses the
friction coefficient Cr for a smooth hull surface
as

0.075

= ————— 2.4
! (logyy Rn — 2)2 ¢4

where Rn=UL/v is the Reynolds number.
Eq. (2.4) agrees well with experimental results for
turbulent flow along a smooth flat plate.

Figure 2.6 illustrates how Cr changes going from
a laminar boundary layer to a turbulent boundary
layer along a flat plate. The Blasius solution is used
for laminar flow, and the Prandtl-von Karman
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Figure 2.6. Friction coefficients Cr for flow along a flat

plate as a function of Reynolds number Rn (Walderhaug
1972).

expression is applied for turbulent flow. Later on,
we will see that different empirical formulas exist
for turbulent flows. The Blasius solution for lami-
nar flow may be expressed as

1.328
Cr = Rl (2.5)
The Prandtl-von Karman expression is
0.072
Cr = Rl (2.6)

In Figure 2.6, several curves (experimental data)
for Cr are indicated in the transition between lam-
inar and turbulent flows. These depend on the tur-
bulence intensity 7 in the inflow velocity, which
may be expressed as

T =+ u?/U, (2.7)

u’ being the turbulent part of the longitudinal com-
ponent of the inflow velocity u, thatis,u = U + u'.
Further, u? means the time average over the tur-
bulence time scale of u”?. When T < 0.001, there
is no influence of 7" and the transition Reynolds
number is 2.8 - 10°. However, if T = 0.03, the tran-
sition Reynolds number becomes 10°.

Because a hydrofoil has a Reynolds number
much smaller than that of a submerged hull-
supported vessel, one may be tempted to design
laminar foil shapes, which are used in connec-
tion with gliders. Schlichting (1979) gives exam-
ples of foil shapes and their Cr values. The “lami-
nar effect” reduces the drag of normal airfoils by
30% to 50% in the Reynolds number range of
2-10° to 3-107. When Rn > 5-107, the laminar
effect is lost and the flow is fully turbulent. If we
consider as an example a hydrofoil with velocity
U =20ms! and use v = 10~°m?s~!, we see that
foils with chord lengths less than 1.5 m may ben-
efit from the laminar effect. However, we should

note that the results are for zero incidence, that
is, the foils do not cause lift. The presence of lift
implies a change in the pressure gradient along the
foil relative to nolift. This influences the drag force
and the transition. Further, the presence of surface
roughness may change the results. This is discussed
in section 2.2.6. Attention must also be given to
cavitation inception and the effect of nonuniform
inflow in the hydrofoil design.

We will present a theoretical basis for the resis-
tance formula for turbulent flow along a smooth
flat plate. To better understand this, we need first
to present Navier-Stokes equations.

2.2.1 Navier-Stokes equations

The flow around a ship is governed by the Navier-
Stokes equations, so to study the vessel resis-
tance, such equations should be solved for the
problem of interest. Navier-Stokes equations are
presented in many textbooks of fluid mechan-
ics, such as Newman (1977), Schlichting (1979),
and White (1974). We will limit ourselves to two-
dimensional flow of an incompressible fluid and
refer to the above-mentioned textbooks for a
detailed and general derivation of Navier-Stokes
equations. For our applications, water can be con-
sidered incompressible, that is, sound waves do
not matter. The flow around a ship is, of course,
three-dimensional, but empirical formulas for vis-
cous resistance are to a large extent based on
two-dimensional flow for a flat plate. Because the
boundary layer in which viscosity matters gener-
ally has a small thickness § relative to the local
radii of curvature of the hull surface, we can justify
that the hull surface appears locally flat and that
the 2D flat plate flow represents a first approxima-
tion. We later will see how we correct empirically
for three-dimensional flow around a ship hull by
introducing form factors.

The two-dimensional Navier-Stokes equations
for an incompressible fluid without gravity can be

written as
u du du N 3%u
9y?
(2.8)

8v+u8v+v8v_ 18p+v 82v+82v
at ax 3y  pdy ax2 = 9y2 )’

(2.9)

19p (82u
v

Cpox ax?



The continuity equation is

ou + v =0. (2.10)

ox  dy
Here we have used a Cartesian coordinate system
(x, y) as in Figure 2.3. u and v are the x- and y-
components of the fluid velocity, ¢ is the time vari-
able, and p is the pressure. We have three equa-
tions and three unknowns: u, v, and p. In order to
solve egs. (2.8) to (2.10), we need a set of initial
and boundary conditions. The body boundary con-
dition requires that the fluid adheres to the body
surface (no-slip).

Egs. (2.8) and (2.9) follow by analyzing the
motion inside an arbitrary fluid volume and
enforcing that the time rate of change of momen-
tum inside the fluid volume is equal to the sum of
forces acting on the fluid volume, that is, Newton’s
second law. These forces are the result of hydro-
dynamic pressure and viscous stresses. Concerning
the hydrodynamic pressure contribution, the force
per unit area due to the pressure p acts perpendic-
ularly to a surface element as —pn. Here n is the
surface unit normal vector with positive direction
outward from the fluid volume. To introduce the
viscous stresses, we consider a two-dimensional
rectangular fluid volume with sides parallel to the
x- and y-axes (Figure 2.7). On the top side AB of
the volume, we have the viscous stress components
7., and 7y, along the x- and y-axes, respectively.
They can be expressed as

ou  ov
=X
y=X; Ty =Ta
Ty = T2
4 A
Tyx = T2t
A
y ™ T = Tyq
¢+ D Cc
| |
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Figure 2.7. Rectangular fluid volume ABCD and vis-
cous stresses 7;; acting on AB and BC sides.
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and
(2.12)

The pressure force per unit area on AB is —p and
acts along the y-axis. This means the total hydro-
dynamic force per unit area on AB consists of the
components 7y, and (—p + 7,,) along the x and
y-axes, respectively.

The viscous stress components on the vertical

side BC are
v du
v = —+ — 2.13
by " <8x + By) ( )
and
ou

o =2 —. 2.14
T = 2U (2.14)

Here t,, and 7, are viscous stress components
directed along the y- and x-axes, respectively. The
total hydrodynamic force per unit area on BC con-
sists of the components — p + 7, and t,, along the
x and y-axes, respectively. In order to express the
viscous stresses in a more abbreviated and general
way in three dimensions, we change notation so
thatx =x;, y =X, 2 =X, U =uU;, v =Up, w = U3
and introduce 7;;, where i or j is equal to 1, 2,
or 3 when referring to x, y, and z, respectively.
This notation is depicted in Figure 2.7 for the two-
dimensional case. Here we have also included a
third dimension by introducing the z-coordinate
of the Cartesian coordinate system (x,y z) and the
velocity component w = u3 along the z-axis. We
define a surface element with an outward unit nor-
mal vector n = (11, ny, n3). If this surface element
belongs to a side of a fluid volume as in Figure 2.7,
then n is pointing outward from the fluid volume.
If we consider a surface element on a body surface,
then the normal direction is into the fluid domain.
The viscous stress (force per unit area) in the ith
direction is then

(2.15)

Tith + Tioho + Ti3Na,

aui + 3L£j
T = .
Y " 8Xj 8xi
We note the symmetry 7;; = tj;. The justification

of this linear relationship between viscous stresses
and derivatives of velocity components is, for

where

(2.16)



18 « Resistance and Propulsion

instance, discussed in Newman (1977). The New-
tonian stress relations given by eq. (2.16) assume
an incompressible fluid.

We will demonstrate that eqgs. (2.15) and (2.16)
are consistent with eq. (2.11). For example, let us
consider the top side AB in Figure 2.7, where n; =
0, n, = 1, and n3 = 0. This means that we have the
viscous stress components (duy/dx; + duy/dxy)
and 2udu,/0x,, that is, the same as egs. (2.11)
and (2.12). With the same procedure at the
bottom side CD, where ny =0, n, = —1, and
n3; =0, we find the viscous stress components
—u (Quy/9x2 + dun/9xy) and —2pudu, /dx; directed
along the x- and y-axes, respectively. These expres-
sions are similar to egs. (2.11) and (2.12), but with
opposite signs. This has to be kept in mind for our
next derivation of egs. (2.8) and (2.9). Assaid, they
follow from Newton’s second law. We shall focus
on eq. (2.8) and have in mind the fluid volume
in Figure 2.7. The sides Ax and Ay are assumed
small so that all quantities can be approximated
by the lowest-order terms in a Taylor expansion
about the center of the volume. We first evaluate
the forces acting on the volume. The resultant vis-
cous force component in the x-direction acting on
AD and BC can then be approximated as

A (224 A
X— — .

ax H ax Y
Further, the viscous force component in the x-
direction along AB and DC becomes

d u v
Ay— — + — ) | Ax. 2.18
yay [M(3y+BX>] ! (218)

The sum of eqs. (2.17) and (2.18) can finally be

rewritten as
9%u N 9%u AA
— + — | Ax
\ox 9y? Y

(2.17)

(2.19)

by means of the continuity equation (2.10). By a

similar Taylor expansion, the pressure force on the

surface of the fluid can be approximated as
ap

— —AxAy.

o (2.20)

Then we consider the time rate of change of fluid
momentum in the x-direction of the volume. Part
of this is the result of momentum flux through AB,
BC, CD, and DA. The momentum flux through a
surface element that is not moving is

pu (u-n)dsS, (2.21)

where u = (u, v, w) and dS is the area of the sur-
face element. Once more making a Taylor expan-
sion, we find that the momentum flux in x-direction
through AD and BC can be approximated as

,oAxi (u?) Ay.

o (2.22)

The momentum flux in x-direction through AB
and CD reduces to
0
pAy— (uv) Ax. (2.23)
dy

The sum of egs. (2.22) and (2.23) can by means of
the continuity eq. (2.10) be rewritten as

d d
0 ut + e AxAy. (2.24)
ax ay
Then we have to add the term
9
0 8—? AxAy (2.25)

to get all the contributions to the time rate of
change of the fluid momentum in the x-direction
inside the volume. These must be balanced by the
forces acting on the volume. By doing this, we find
the following equation:

ou n ou n u AxA
—_— u— — X
P\ar T"ax T %y Y

(2.26)

= —a—prAy +n (E)iu + j) AxAy
ox axz  9y? ’
as a first order equation valid for small Ax and
Ay. By dividing by pAxAy on both sides and then
letting Ax and Ay go to zero, we see that this leads
to eq. (2.8).

2.2.2 Reynolds-averaged Navier-Stokes (RANS)
equations

In principle, we can directly use Navier-Stokes
equations and solve them numerically to study the
turbulent flow. However, a very small time and
spatial discretization are needed for the numeri-
cal solution. Available computer technology lim-
its the possibilities. Reynolds-averaged Navier-
Stokes (RANS) formulations are commonly used
instead.

The RANS formulation means that we decom-
pose the variables of interest as u =i +u', v =
v+, p=p—+ p, where v/, v, and p’ are vary-
ing on the time scale of turbulence and &, v, and



p are time averaged over the time scale of turbu-
lence. Then we insert this into egs. (2.8) to (2.10)
and time average the equations over the time scale
of turbulence. Let us show this procedure for the
convective acceleration term udu/dx + vou/dy in
eq. (2.8). By using the continuity equation, this
contribution can be rewritten as

o 9
o, o 227)
ox ay

This result was already shown when we rewrote
eqs. (2.22) and (2.23) into eq. (2.24). We can now
write eq. (2.27) as

auv duu' a

o one 2 — /=
8x+ 8y+ 0x +ay(uv—|—uv)
(2.28)
w?  u
dx ay

Then we time average eq. (2.28). The two first
terms remain the same. Because the time averages
u' and v’ are zero, the third and fourth terms give
zero contribution. However, the time averages of
the twolast terms are not zero. Because turbulence
is 3D for 2D inflow conditions (see Figure 2.4),
we should actually have done the time averag-
ing by starting with the 3D Navier-Stokes equa-
tions (see Schlichting 1979). Because the du/dt-
term in eq. (2.8) also refers to time variations on
a time scale larger than that for turbulence, we
must include the effect of this term. Eq. (2.8) can
eventually be expressed as

3a+_au+_aa 1ap 821‘4+321‘4
—til—F+ V=== ———+4+V| =+ —
ot ox dy p dx 0x2  9y?
u? v
o v (2.29)
ax ay

The term proportional to v in eq. (2.29) is the
result of viscous stresses. The two last terms on the
right-hand side of eq. (2.29) are the result of what
is called turbulent stresses or Reynolds stresses.
The challenge in solving eq. (2.29) is that we have
introduced several new unknowns, such as «”2 and
uw'v'; therefore, we need new equations. In prac-
tice, these are empirical, that is, we need guidance
from experiments.

Turbulence modeling and numerical computa-
tions based on RANS, particularly for 2D flow
around bodies, are extensively covered by Cebeci
(2004). Efforts are also made to use large-eddy
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simulations (LES). Empirical relationships are
then only needed for the small-scale turbulent
flow. CFD (computational fluid dynamics) meth-
ods relevant to ship resistance and flow are dis-
cussed by Larsson and Baba (1996).

2.2.3 Boundary-layer equations for 2D turbulent flow

Our problem deals with boundary-layer flows, that
is, we are interested in the turbulent flow in a nar-
row region near the hull surface. Therefore we
can further approximate eq. (2.29). The boundary-
layer thickness § in Figure 2.3 is small relative to
the distance x from the leading edge. The mean
velocity varies rapidly across the boundary layer
from zero on the body to the free stream veloc-
ity U, at y = §. This implies that diz/dy is much
larger than 9i1/dx. The consequence is that the
9%it/9x* termin eq. (2.29) can be neglected relative
to the 9%i1/dy? term. It is implicit from Figure 2.3
that the flow must vary both with x and y. If we
neglect one of the terms in the continuity equation
di1/9x + 0v/dy = 0, this will not be true. Because
dv/dy is the order of v divided by § and diz/dx
is the order of i@, v is the order of @ - §, that is,
v is smaller than . This implies that both terms
#10ui/dx and vdu/dy in the convective accelera-
tion of eq. (2.29) are of the same order. From
eq. (2.9), it follows that dp/dy is of the order of
i - 8. This means that, as a first approximation, in
eq. (2.29) we can set dp/dy = 0. This gives that p
in eq. (2.29) is the same as p at y = §. Thus as long
as the boundary layer has a small thickness &, p
can be calculated from the flow outside the bound-
ary layer. There, the fluid is accurately described
by the potential flow theory, that is, the fluid can
be modeled as inviscid and in irrotational motion.
This estimate of p can be done by neglecting the
boundary layer and finding the tangential velocity
U, at the body surface. The steady version of eq.
(2.29) based on potential flow gives pU.dU, /dx =
—dp/dx. We can also neglect the term 9u2/dx in
eq. (2.29). In this way, we end up with the following
steady 2D boundary layer equations for turbulent
flow:

_ou u dU. d i
n—+v— =U-— v— —u'v’
ax a dx dy \ dy
(2.30)
ou 9
L, 231)
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In the case of steady flow along a flat plate, we
willhave U, = U and dU, /dx = 0.Further, the last
term in eq. (2.30) can be expressed as

10 ail — 13(+ )
—— | p—=—puv' ) =——(u+1),
I o 0y 1 '

(2.32)

is the viscous (also called laminar) shearing stress
and

(2.33)

T, = —pu'v’

is the turbulent stress.

We have pointed out earlier (see eq. (2.16))
that many stress components exist. Eq. (2.32) is
a boundary-layer approximation of r,, given by
eq. (2.11). This means that 7, is also a longitudi-
nal force per unit area on a horizontal surface like
AB in Figure 2.7. Measurements show that there
is a domain very close to the body surface where
7, > 1,. We can understand this by noting that 7, is
zero on the body surface, which is a consequence of
the body boundary condition, that is, #' = v' =0
on the body surface. However, 7; is not zero on
the body surface, as we see from the velocity dis-
tribution in Figure 2.5. The domain in which 7
dominates is called the viscous sublayer.

2.2.4 Turbulent flow along a smooth flat plate.
Frictional resistance component

Instead of proceeding with finding a numerical
solution to the boundary-layer equations, we will
follow a very different way to find the shear stress
on a flat plate, the velocity distribution in the
boundary layer, and the boundary-layer thickness.

The first step is to define three layers of fluid
next to the surface of the flat plate:

Inner layer or Viscous shear r; dominates
viscous sublayer:
Outer layer:

Overlap layer:

Turbulent shear r, dominates
Both types of shear are
important

Why we can state that the turbulent shear domi-
nates in the outer layer is a consequence of exper-
imental results.

The inner layer is very thin relative to the
boundary-layer thickness §. Then on the scale of
the inner layer, the outer layer is very far away.

It could just as well be at infinity. Therefore, the
mean longitudinal velocity i in the inner layer will
not be a function of §. To see what parameters i
depends on, we start with a Taylor expansion of i
about y = 0, that is, the surface of the plate. We
can write

1, 0%

o Rl7
= il,o+ y— + 2V a9y

ay

y=0 y=0

|, o (2.34)

o).
Y 3y + O0(y")

y=0

The body boundary condition gives il,_, =0,
and eq. (2.2) gives 9i1/dy|,—o = t,,/pt. If we apply
eq. (2.30) at y = 0 and neglect turbulent stresses,
we find that

0%u
U, == = u

— 2.
ax 9y? (2:35)

y=0

This means 8%iz/d yz}yzo =0 for the steady flow
along a flat plate. Further, if we differentiate
eq. (2.30) with respect to y, we find that
9%/9y*|,—0 = 0. In this way, we have shown that
i in the inner layer can be expressed as

= y% + 00", (2.36)
where O () means order of magnitude. This means
i is a function of y, t,,, and u, but it also will be a
function of p as a consequence of the fact that the
laminar stresses t; decelerate the fluid particles.
This is expressed by eq. (2.30). Similar to Prandtl
(1933), this gives

Inner law: & = f (1,, 0, 1, y) . (2.37)

We do not know the function fin the whole inner
layer but only very close to the surface of the flat
plate, as expressed by eq. (2.36).

von Karman (1930) deduced that in the outer
layer, we can write

Outerlaw: U — it = f (7. p. y,8). (2.38)

We have used the same symbol fin egs. (2.37)
and (2.38) to indicate a function, but obviously it
is not the same function in the two expressions.
Because laminar stresses 7; do not matter in the
outer layer, we can understand why eq. (2.38) does
not depend on p. The presence of 7,, in eq. (2.38)
expresses the fact that the wall retards the flow in
the outer layer.

Inthe overlap layer, we expect that the outer law
and the inner law match, or that both egs. (2.37)



and (2.38) are valid. Before proceeding with the
matching, we will introduce nondimensional vari-
ables using the Pi-theorem. The Pi-theorem is due
to Buckingham (1915) and was elaborated in detail
by Rouse (1961).

The Pi-theorem states:

Let a physical law be expressed in terms of n
physical quantities, and let k be the number of
fundamental units needed to measure all quanti-
ties. Then the law can be re-expressed as a relation
among (n-k) dimensionless quantities.

Both egs. (2.37) and (2.38) contain five physi-
cal quantities and three fundamental units (mass,
length, and time). This means that according to
the Pi-theorem, egs. (2.37) and (2.38) can be re-
expressed in terms of 5—3 =2 dimensionless
variables. The expressions are

Inner law: + — f (&) (2.39)
v* v
U—u
Outer law: — 4 g (X) . (2.40)
Here v §
= [ (2.41)
P

is called the wall friction velocity. In order to check
that v* has the units of ms~!, it is noted that t,, has
the units of Nm~2 or kgm~!s~2 and that p has the
units of kgm—3. This means that t,,/p has the units
of m?s2. We can find the function fin eq. (2.39)
very near the wall by using eq. (2.36). We then
divide both sides of eq. (2.36) by /7,,/p, that is,
v*. Using i = vp, this gives

7] YTy yv*
—_— = 2.42
v* Vo Tw/ P v ( )

We now apply egs. (2.39) and (2.40) in the overlap

region. This means
w U y
f( v ) Tt & (5)

(2.43)

Overlap law: “
U*

Differentiating eq. (2.43) with respect to y gives
, v* , 1
FONS =gy @4

Here

(2.45)
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and

= (2.46)

We then multiply eq. (2.44) by y and get the sepa-
rated variables form:
Oy =g

Let us now consider y* and n as independent vari-
ables. The only way to satisfy eq. (2.47) is for both
the left- and right-hand sides to be equal to the
same constant, which we denote 1/k. This means

oMyt =1/«
gmn=-1/k’

Integrating these two equations gives
fOM) =&+ B
g =—gIn(m+4

where A and B are constants. This means that in
the overlap layer, we can write either

(2.47)

_ 1 .
en(M)es ey
v* K v
by using inner layer variables or
U—u 1 y
—= = —;m(g) A (249)

by using outer-layer variables. The constants «, B,
and A have to be experimentally determined and
are found to be x = 0.4 and B = 5.5 according to
Nikuradse (1930). Schultz-Grunow (1940) found
that A= 2.35. The overlap region corresponds to
35 < yv*/v < 350. We should note that eq. (2.48)
cannot be valid in the whole inner layer. It does not
agree with eq. (2.42) and will actually give infinite
value of i for y = 0. Further, eq. (2.49) cannot be
valid in the whole outer layer. We see that it does
not give # = U when y = §.

Based on experimental results, it is possible to
construct a composite representation of i for both
the outer layer and the overlap layer (White 1974).
For turbulent flow along a flat plate, we can write

7] yu* .o (Y

el 25In (T) +5.5+2.5sin (53> .

(2.50)

When y/§ is small, that is, in the overlap layer, we
get eq. (2.48). If we substitute y = § in eq. (2.50),
we get a relationship between U and $.

In order to determine # as a function of y and x
based on eq. (2.50), we need to know v* = /7,,/p
and 8. Because eq. (2.50) does not apply in the
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Figure 2.8. Definition of control volume for flow past
a flat plate. (White, F. M., 1974, Viscous Fluid Flow,
McGraw-Hill Book Company, 2nd ed. 1991, Printed in
Singapore. The figure is reprinted with permission of The
McGraw-Hill Companies.)

inner layer, we cannot determine 7, based on
egs. (2.2) and (2.50). However, it is possible to
find an expression for t, based on conservation
of fluid momentum. We use a control volume, as
shown in Figure 2.8. The control volume has a hor-
izontal extent from the leading edge of the plate
to x. The upper boundary of the control volume
is outside the shear area or boundary layer. We
need to consider forces due to pressure, viscous,
and Reynolds (turbulent) stresses on the control
volume. This will be based on boundary-layer the-
ory. This means the pressure does not vary with y.
Because dp/dx is zero for flow along a flat plate,
the pressure does not vary along the sides of the
control volume. The force on the control volume
due to pressure is therefore zero. We use eqgs. (2.15)
and (2.16) in combination with Figure 2.7 to con-
sider the viscous stresses on the control volume.
There, a viscous stress ty; = Ty, = 24di/dx acts
on the vertical side parallel to the y-axis at x. This
is negligible according to the boundary-layer the-
ory. The only viscous stress acting on the control
volume is at the side coinciding with the surface of
the plate from the leading edge to x. This means
that on the control volume, a longitudinal force
D acts where D is the frictional (drag) force on
the plate. D follows from integrating 7,, given by
eq. (2.2) from the leading edge to x. 7,, also follows
fromegs. (2.15) and (2.16) by noting the difference
in normal vector n = (14, ny, n3) that applies.
Then we have to consider the turbulent stresses.
The turbulent stress —pu'v’ acting along the flat
plate is zero. This is a simple consequence of the
fact that ' and v’ are zero on the plate. The lon-
gitudinal component of turbulent stresses on the
vertical side of the control volume placed at the

horizontal position x is —pu?2. This gives a negli-
gible effect according to the boundary-layer the-
ory. We can also see this from eq. (2.30), where no
stress effect comes from a term like that.
The conservation of fluid momentum in the x-
direction can then be expressed as
Y H
—D=p / i’ dy—p/ U?dy. (251)
0 0

The first and second terms on the right-hand side
of eq. (2.51) correspond to the momentum flux
through the vertical side at x and at the leading
edge, respectively. The integration limits Y and H
are defined in Figure 2.8. Because eq. (2.30) fol-
lows from conservation of fluid momentum, we
could obviously have integrated this equation over
the control volume and obtained eq. (2.51). We can
rewrite eq. (2.51) by using conservation of mass for
the control volume, that is,

Y
UH = / idy. (2.52)

0

This gives
Y
D=,0/12(U—1'4)dy. (2.53)
0

This means that D can be expressed in terms of
the momentum thickness
Y

u u
= [2L(1-Z
o /U( U)dy’

0

(2.54)

that is,

D = pU?0. (2.55)

Eq. (2.54) is a general definition of momentum

thickness, whereas eq. (2.55) applies only to our

considered boundary-layer flow along a flat plate.

We define the friction coefficient
Tw

C =
1= 05002

(2.56)

expressing the frictional stress on the plate. By
using that D = [ 7,,dx, i.e. 7, = d D/dx, we have
do

Cr=2—.

/ dx

Because eq. (2.50) is valid everywhere in the
boundary layer except in the viscous sublayer,
which is a very small fraction of the boundary

(2.57)
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Table 2.1. Total drag computation for turbulent flow along a smooth flat plate

Cr, “Exact” Cr

(White 1974, (Hughes
Rn Table 6.6) Cp, ITTC  Error, % Cr (eq. 2.66)  Error, % eq. 2.67) Error, %
109 0.004344 0.004688 7.9 0.004210 =31 0.004188 -3.6
107 0.003015 0.003000 0.5 0.003030 0.5 0.002672 —114
108 0.002169 0.002083 -39 0.002181 0.5 0.001852 —14.6
10° 0.001612 0.001531 -5.0 0.001569 -2.6 0.001359 —15.7
1010 0.001236 0.001172 -52 0.001129 -8.7 0.001039 —15.9

layer, we can use eq. (2.50) as a good approxima-
tion in calculating 6 given by eq. (2.54). We then
set Y = §. This gives (see White 1974)

6 375 24778

- 2.58
1) A A2 ( )
where
U 2
A= —= | —. 2.59
==\ (2.59)

We can also express A by using eq. (2.50) at y = 8.
This gives

A=25In [E] + 8. (2.60)
VA

Eliminating § between egs. (2.58) and (2.60) gives

Rny = % = E _ 24.778 20:4(:=8)
A A2

v

(2.61)

By using that C can be expressed in terms of A by
eq. (2.59) and by curve-fitting, White (1974) found
that eq. (2.61) can be approximated as

C; ~0.012Rn, "°. (2.62)

By substituting eq. (2.62) into (2.57), we find

Rny

U 1
0

Rn, = —

or

Rny = 0.0142Rn®". (2.63)
Substituting eq. (2.63) into eq. (2.62) gives

C; =0.0244Rn'". (2.64)

According to White (1974), a more correct for-
mula is

C;=0.027Rn;"". (2.65)

From the expression above, C; is infinite at x =
0. This means the local behavior near the leading
edge is wrong, but this causes a negligible error
in predicting the drag on the plate. By integrating
eq. (2.65), we find the frictional force coefficient
Cr or

L
fOL Tpdx 1
@—agﬁz—zfq“”x
0

Rn
1
= R_n/Cf (Rn,)dRn,,
0

where Rn = UL/v. This means

Cr = 0.0303Rn"'7. (2.66)
In Table 2.1, this formula is compared with what
White (1974) considered the “exact” solution of
Cr in a broad Reynolds number range. The lower
Reynolds numbers are typical for ship model test-
ing, whereas the higher Reynolds numbers are rep-
resentative for full-scale ships. Cr-values based on
the ITTC formula and given by eq. (2.4) are also
included in the table. Also, other formulas not con-
sidered here exist for Cr for turbulent flow along
a smooth flat plate. We must also mention the
Hughes (1954) formula that was commonly used
in ship model testing:

0.066

"7 (log,, Rn — 2.03)°"

(2.67)

Calculations by eq. (2.67) are also presented in
Table 2.1 and show that the ITTC formula is in
general a better approximation than the Hughes
formula. However, eq. (2.66) generally gives the
results closest to what White (1974) considers the
correct expression.



24  Resistance and Propulsion

In order to estimate the boundary-layer thick-
ness 8, we first find a relationship between C; and
3, for instance, by using eq. (2.60). By curve fitting,
White (1974) found that

C; =~ 0.018Rn; /°,

where Rn; = U§/v. Using eq. (2.65) gives

6/7
Y _on (ﬂ) .
v v
However, using eq. (2.64) gives a relatively differ-
ent result, that is,
Us Ux\"’
— =016 (—x>
v v
or

0.16x

= Ty (2.68)

Let us consider the case U =20 ms~', x = 100 m
and use v = 107°m?s~!. This gives the boundary-
layer thickness as 0.75 m. This has relevance for
the boundary-layer thickness at the aft end of a
100 m-long monohull at a speed of 20ms~'. Let
us consider the corresponding thickness at model
scale and assume a model length L) =4 m. The
ratio between full-scale ship length Lg and Ly,
is 25. Model testing is done by Froude scaling.
This means that the model speed is (Ly/Ls)"’
times the full-scale speed, or 4 ms™! in this case.
Assuming turbulent flow in model scale and using
v = 10"%m?s~! and eq. (2.68) gives that the bound-
ary layer thickness is equal to 0.06 m at the aft end
of the ship model.

Eq. (2.68) is a geometrical measure of the
boundary-layer thickness. There are also other
measures of the boundary-layer thickness. One is
the momentum thickness 6 defined by eq. (2.54).
Another is the displacement thickness §*. We will
introduce this by means of Figure 2.8. From con-
tinuity of fluid mass of an incompressible fluid, it
follows that

Y Y
UH:/udy:f(U—i—ﬁ—U)dy
0 0
Y (2.69)
= UY+/(L7— U)dy.
0
Here Y = H + §* so that §* expresses how much

the streamline at y = H at the leading edge has
moved outward with respect to the plate at the

location x (Figure 2.8). From eq. (2.69), it follows
that

U(Y - H) = Us* =/(U—L‘t)dy

or

Y—o0o

Pty

0

5 = (2.70)

We can use eq. (2.50) to calculate §*. We introduce
then n = y/§ as an integration variable and inte-
grate from y = O until y = § instead of until infinity.
Eq. (2.70) can be rewritten as

1
ey YR A A
) U v* vt

0

Further, eq. (2.50) can be expressed as

_ 50
Y 25mp4+25mY +5.5+2.ssm2(ln),
v* v 2
This means

U sv*

Z =25m% +38.

v* v

Further, integrating and using eq. (2.59) gives
8*

5 = 3.75\/Cr/2.

We have already found é and C; as a function of

Rn, (see eqs. (2.64) and (2.68)). This gives

8" =0.066 x/ Rn/*, (2.71)

We note that §* is clearly smaller than §. This thick-
ness parameter can be used to measure how much
the flow outside the boundary layer is affected by
the boundary layer. As shown in Figure 2.8, the
slope of the streamline is dé* /dx. Because the flow
is parallel to a streamline and U is the dominant
velocity outside the boundary layer, we find that
there is a vertical velocity
ds*
dx
at the outer part of the boundary layer. This rep-
resents then a boundary condition for the poten-
tial flow outside the boundary layer. Eq. (2.72)
expresses that there in the potential flow appears
a flow coming out from the plate. A consequence
of this is that there exists a pressure gradient in the
x-direction. However, when calculating the effect
of this pressure gradient on the viscous flow, we
must also correct the boundary-layer equation.

2.72)

V=



This effect is not negligible in general, but the anal-
ysis will not be pursued here.

In order to find a measure of the thickness of
the viscous sublayer we use the information about
the velocity distribution given by eq. (2.50), which
is valid in the outer and overlap layers but not in
the viscous sublayer. The lowest y value for which
eq. (2.50) is valid corresponds to yv*/v = 35. We
then need to determine the friction velocity v* =
VTu/p,where t,, = 0.5pU?Cy. Using eq. (2.65) for
Cy gives

v* =0.114 U/Rn!/™, (2.73)

We define the thickness §y s of the viscous sublayer
by 8ysv*/v = 35. This means
X

dys =307 R

(2.74)
Using the previous example with U =20ms™!,
x =100m, and v =10"%m?s~! gives Sys=70-
10~°m or only 0.9 - 10~* times the boundary-layer
thickness we found.

The above-discussed formulas for the frictional
force constitute only one part of the total viscous
resistance effect for the ship. We consider other
effects in the following section.

2.2.5 Form resistance components

Experimental results show that eq. (2.4) has to be
modified to describe the viscous resistance of high-
speed monohulls and catamarans. A form resis-
tance component exists because of the interaction
between the ship’s three-dimensional shape and
the viscosity. Wave resistance is also a function of
the ship’s three-dimensional and finite transverse-
dimensional shape. However, viscosity does not
have an important influence on wave resistance,
or at least it is common to assume this. This means
wave resistance is not considered as a part of the
form resistance. The form resistance can be asso-
ciated with the following three effects:

e Frictional resistance
e Viscous pressure resistance
¢ Flow separation

We discuss these different effects in the follow-
ing text. When we derived the formulas for vis-
cous resistance of a flat plate, we used the ship
speed as the tangential velocity outside the bound-
ary layer. However, the ship’s three-dimensional
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form affects (and in general increases) the tangen-
tial velocity just outside the boundary layer. As a
consequence, the frictional stress on the hull gen-
erally will increase along the ship. When calculat-
ing the contribution due to viscous resistance, the
frictional stress must be resolved into a compo-
nent parallel to the longitudinal coordinate of the
ship. However, this effect is small, particularly for
slender hull forms. We should also note that the
ship’s three-dimensional shape causes a pressure
gradient along the hull. This influences the velocity
distribution in the boundary layer and therefore
the frictional stress at the hull surface. Another
important aspect is that the flow in the boundary
layer is 3D and not 2D as we assumed in the anal-
ysis of turbulent flow along the flat plate. Further,
we have implicitly assumed a thin boundary layer,
which may be less appropriate in the aft end of the
ship.

The second main contribution to form resis-
tance is the viscous pressure resistance. We explain
this by referring to a situation in which vis-
cous resistance is dominant and wave resistance
does not matter; this means for Froude numbers
U/ (Lg)™ less than ~0.15. In this case, there
is negligible free-surface motion and the normal
velocity on the mean free surface can be set equal
to zero. Let us look upon the flow from a reference
frame following the ship. This means the forward
speed of the ship appears as an incident flow veloc-
ity U along the longitudinal x-axis pointing toward
the stern of the ship (Figure 2.9). The free-surface
condition and the horizontal direction of the inci-
dent flow make the flow around the ship the same
as the flow around a double body consisting of the
submerged part of the ship and its image about
the mean free surface. This is a consequence of
the fact that the steady flow around the double
body is symmetric about the xy-plane. This means
zero normal velocity on z = 0 outside the body,

Image ship
T

Figure 2.9. Double-body approximation. For Froude
number Fn = U/Jfg < ~0.15 the flow around a ship
with speed U can be represented by the flow around a
double body consisting of the submerged ship and its
image about the mean free surface.
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Figure 2.10. The flow and pressure distributions around
a ship when Fn < =~0.15 (see Figure 2.9) Ambient pres-
sure is excluded. The upper figure does not account
for viscosity. The shaded area in the lower figure is
the boundary layer and wake where viscosity matters
(Walderhaug 1972).

that is, a similar condition that we have specified
in the free-surface condition for the ship problem.

Having now created the equivalent to the
double-body problem, we can use knowledge
about the flow around a body in infinite fluid. If
viscosity is neglected, the flow at the waterline
and the pressure force distribution look like those
in the upper drawing of Figure 2.10. Remember
that the spacing between the streamlines is an
implicit expression of the flow velocity, with high
velocities in regions with narrow spacings. Because
increasing velocity means decreasing pressure, we
see that the pressure increases in regions with
wider spacing. Because the ambient pressure is
constant in space and gives zero force, its effect on
the pressure force distribution is not included in
Figure 2.10. The resulting force on the ship due to
the pressure force distribution in the upper draw-
ing in Figure 2.10 is zero. This is the well-known
D’Alembert paradox, that is, there is no hydro-
dynamic force acting on a body in infinite fluid
due to steady potential flow without circulation.
However, the pressure influenced by the bound-
ary layer changes this situation. The shaded area
in the lower drawing of Figure 2.10 indicates the
boundary layer. Because of this viscosity region
next to the hull, the pressure force in the bow part
does not cancel the pressure force in the aft part
of the ship, so the boundary layer affects the pres-
sure distribution. We discussed this previously in
connection with eq. (2.72). Where the boundary
layer ends at the stern, a wake forms behind the
ship, where turbulent stresses are important. The
pressure approaches ambient pressure (or zero in
Figure 2.10) at some distance downstream in the
wake not shown in Figure 2.10. Actually, the pres-

sure has not yet reached its maximum value in the
small part of the wake presented in Figure 2.10.
From this figure, we see that the effect of the
boundary layer on the pressure is negligible in the
bow part, where the boundary layer is thin rela-
tive to that in the aft part. The lower drawing in
Figure 2.10 illustrates clearly that there is a viscous
pressure resistance.

The third main cause of form resistance is flow
separation. If the flow separates from the hull,
we get a larger domain aft of the separation line,
where viscosity matters. This implies a larger influ-
ence on the pressure distribution and increased
form resistance. Cross-flows past a circular cylin-
der and a sphere are classical examples of sepa-
rated flow. When the Reynolds number is larger
than ~10? for circular cylinders, the major part of
the drag forces is the result of the pressure.

If a surface has a sharp edge, the flow will sep-
arate from the sharp edge when there is a cross-
flow past the edge. However, the flow may also
separate from a surface without sharp corners, as
we have seen, for example, in bluff bodies such as
spheres and circular cylinders. We illustrate how
flow separation starts for a 2D flow situation by
means of Figure 2.11. If there is a point S on the
body surface where du/dy = 0 and there is back-
flow aft of the point S, we get flow separation from
point S. If du/dy = 0 also aft of S, we do not get
flow separation from S. This situation is beneficial
because du/dy = 0 means zero shear stress t,, on
the wall. This can be obtained by a proper design
of the hull surface (Tregde 2004) and is referred
to as Stratford (1959) flow. The position of point
S depends on the pressure gradient dp/dx along
the hull surface and on the flow conditions (lam-
inar or turbulent) in the boundary layer ahead
of the separation point. An adverse pressure

Figure 2.11. 2D flow with a boundary layer of thickness
8. Illustration of conditions for flow separation, that is,
du/dy is zero at the surface at § and there is a backflow
near the surface aft of S. The flow will then separate at
point S (Walderhaug 1972).



