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aspect ratio of foil

ratio between full scale and model length
wavelength

mean wetted length-to-beam ratio

dynamic viscosity coefficient

kinematic viscosity coefficient

ratio between damping and critical damping

mass density of fluid (water)

mass density of air

cavitation number; source density; standard deviation
cavitation inception index

propeller cavitation number

propeller cavitation number defined at 0.7 R

trim angle in radians; w.U/g

trim angle in degrees

Newtonian stress relations

frictional stress on hull surface

heel (roll) angle

velocity potential

yaw angle

circular frequency in radians per second

vorticity vector; vector of rotational vessel motion
natural frequency

frequency of encounter

frequency of waves in an Earth-fixed coordinate system
vector of rotational vessel velocity

volume

Special symbols

\Y%
VZ

displaced volume of water; vector differential operator
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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/,/Lg 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 Ly 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
Reliability of the main propulsion machinery

o Cost of the higher-grade fuel used
» 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 Elsasser 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:

¢ Submerged hulls

¢ Hydrofoils

¢ Air cushions

* 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 huli-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 figurc 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-cushion vehicle (ACV). (Artist: Bjarne
Stenberg)
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An SES experiences a more significant involun-
tary speed loss than that of a similarly sized cata-
maran in a scaway. 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
* Structural loading and response
* 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

Naval vessels Fast small craft

Vertical acceleration at forward
perpendicular (RMS value)

Vertical acceleration at bridge 0.15¢
(RMS value)

Lateral acceleration at bridge 0.12¢g
(RMS value)

Roll (RMS-value) 6.0°

Slamming criteria (probability)

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

0.03 (L < 100m)

0.01 (L > 300m)?

Deck wetness criteria (probability) 0.05

0275g 0.65¢g
02g 0275¢g
0lg 01lg
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 £ = 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 0.10g 6.0° Light manual work
015¢g 0.07¢g 4.0° Heavy manual work
0.10¢g 0.05¢g 3.0° Intellectual work
005¢g 004 g 2.5° Transit passengers
0.02¢g 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 (H3) and mean
wave periods (7} ). 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, T} ) 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, Hy 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 H; ;3 =2m. 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:

* Exposure of the waterjet inlet to free air

* Flow separation in front of and inside the inlet

* 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-
jet inlet. 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; =27 f;. Further,
the center frequency f. of the one-third-octave
bandis (f; )"/*. This means f, = £./21/% and f, =
fe2'%. 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,(ms2)
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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 fc.

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.
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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. It is
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:

Py = R;U 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
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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

* Viscous water resistance

¢ Air resistance

¢ Spray and spray rail resistance
* 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. Qutboard 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 strcam. 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
huil 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/vless 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. Itis 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 s7!, 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 distribution in 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

Ty =4 —
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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 « 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 8 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 1o be able to scale the results to full scale.
Because we do not have sufficient knowledge yet

o=

-
-
—-"—'

1.0

Figure 2.5. Laminar ( ) and mean turbulent (- - - - - )
velocity profiles for the boundary-layer flow along a flat

plate.
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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 = 0.5pCrSU?, (2.3)
where S 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 Los 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)

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



16 « Resistance and Propulsion

10° 108 107 108 Rn
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
CF = W (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 T in the inflow velocity, which
may be expressed as

T =+u?/U, @27

u' being the turbulent part of the longitudinal com-
ponent of the inflow velocity u, thatis,u = U + u'.
Further, 4”2 means the time average over the tur-
bulence time scale of u”?. When T < 0.001, there
is no influence of T and the transition Reynolds
number is 2.8 - 10%. However, if 7= 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 no lift. 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 N du N du 1dp %u N %u
—tu—+rv—=—-———+v| —+ —
ot ax dy p 0x ax2 = 3y?

(2.8)
v N v + dv 14p ) 3%v + azv)
— +u— —_ = —+—=).
ot Yax T Vay T ooy ax? " ay?

(2.9)



The continuity equation is

du  dv

PP + By 0. (2.10)
Here we have used a Cartesian coordinate system
(x. ) 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).

Eqgs. (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 m 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 t,, along the x- and y-axes, respectively.
They can be expressed as

ou  dv
Txy = MK (5; + 5(_ (211)
y=Xz
Ty = Te2
Tyy = T12
T A \
Tyx = T2t
A
y i
v D C
X=X
e E *
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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

v

Tyy = 2/‘5

(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 t,, and (—p + 1,,) along the x and
y-axes, respectively.

The viscous stress components on the vertical

side BC are
dv  du
= — + — 2.13
T = H (ax + 8y> 213)
and
Txx = 211?2 (214)
ox

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 + 1., and 7, 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 = x1, y =X, 2=X3, U = Uy, V= U, W = U3
and introduce t;, 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 = (ny, 1y, 13). 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)

71 + Tipha + Tisha,

(3ui + BM]’
Tij = —+ .
/ H 3Xj 3)(,‘
We note the symmetry 7;; = t;;. The justification

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

where

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

We will demonstrate that egs. (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, ny; =1, and n; = 0. This means that we have the
viscous stress components (8 /9x; + duy /3x1)
and 2u0u;/dx,, that is, the same as egs. (2.11)
and (2.12). With the same procedure at the
bottom side CD, where n; =0, n, = —1, and
n3 =0, we find the viscous stress components
—u (duy/dx; + Buy/9x) and —2udu, /3 x; directed
along the x- and y-axes, respectively. These expres-
sions are similar to eqgs. (2.11) and (2.12), but with
opposite signs. This has to be kept in mind for our
next derivation of eqs. (2.8) and (2.9). As said, 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

(2.17)

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

0 ou dv
— — + — . 2.1
Ayay [M(Bﬁaxnm (218)

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

rewritten as
%u
pl— +— | AxAy

a7+ oy (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

op

———AxAy. (2.20)
0x

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

ou (u-m)ds, (2.21)

where w = (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 («?) Ay.

- (2.22)

The momentum flux in x-direction through AB
and CD reduces to
a
pAyg}—) (uv) Ax. (2.23)

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

du du
— — | AxAy. 2.24
p<u8x+v8y> XAy (2.24)
Then we have to add the term
d
pa—L: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 ou ou
Pl tu—+v— | AxAy
at dx dy
(2.26)
_ 3pAA+ 62u+82u AxA
T Y TR G 3y? rar
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 u', v, and p’ are vary-
ing on the time scale of turbulence and &, 7, 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

du?

ox oy

9
uv 2.27)

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

on®  dav duw  d ,_,
— t+ ——+2——+ — (v +u'v)
0x dy 0x ay
(2.28)
ou?  uv
0x ay

Then we time average eq. (2.28). The two first
terms remain the same. Because the time averages
# and ¥’ are zero, the third and fourth terms give
zero contribution. However, the time averages of
the two last 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

aa+aaa+_au 1apJr azu+aza
i a2 =+ =
at ax dy p ox ax?  dy?
u?  duv
- — - (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 4”2 and
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

2.2 Viscous water resistance * 19

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 = 8. This implies that 3iz/dy is much
larger than 9i/dx. The consequence is that the
8%i1/9x* termin eq. (2.29) can be neglected relative
to the #%2/8y? 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
dii/dx + dv/dy = 0, this will not be true. Because
0v/dy is the order of v divided by & and dit/dx
is the order of &, v is the order of i - 8, that is,
v is smaller than &. This implies that both terms
@tdit/dx and vdit/dy in the convective accelera-
tion of eq. (2.29) are of the same order. From
€q. (2.9), it follows that 3p/dy is of the order of
i - 8. This means that, as a first approximation, in
eq. (2.29) we can set 3p/3y = 0. This gives that p
in eq. (2.29) is the same as p at y = 6. Thus as long
as the boundary layer has a small thickness 8, 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 du?/dx in
€q. (2.29). In this way, we end up with the following
steady 2D boundary layer equations for turbulent
flow:

L_{aa+ﬁaa« UdU°+ ] ( ail T)
— — = —{v——u'v
0x ay ¢ dx Ay “
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In the case of steady flow along a flat plate, we
willhave U, = Uand dU,/dx = 0. Further, the last
term in eq. (2.30) can be expressed as

Lo (om a1
—— = —puv' )= —— (v, + 1),
p pay ! !

ou

= — 2.32
"oy (2.32)
is the viscous (also called laminar) shearing stress

and

T = —pu'v

(2.33)

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 T,y given by
eq. (2.11). This means that 1, 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 3> 1. We can understand this by noting that t, 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 fiat 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 7; dominates
viscous sublayer:
Outer layer:

Overlap layer:

Turbulent shear 7, 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 8. 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 & 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

i = o+ on 1, 9%
U= itlyo+ y— Y
Y a.y y=0 2 (’y2 y=0
_ (2.34)
1 , 3% 4
-y —| 4+ 00uM.
+gY 7 |, (")

The body boundary condition gives ] y=o =0,
and eq. (2.2) gives 8i1/9y|,_o = 7,/ If we apply
€q. (2.30) at y = 0 and neglect turbulent stresses,
we find that

dU.
U,

3%
—U, —

dx _vé)_yz

(2.35)

y=0

This means i)zit/(‘)yzlyzo =0 for the steady flow
along a flat plate. Further, if we differentiate
eq. (2.30) with respect to y, we find that
3*/dy*|y—o = 0. In this way, we have shown that
i in the inner layer can be expressed as

i = y% + 00", (2.36)
where O () means order of magnitude. This means
it 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

Innerlaw: it = f (7., p, 1, y). (237)

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 — 1 = f(t,, 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 y. The presence of 1, in eq. (2.38)
expresses the fact that the wall retards the flow in
the outer layer.

In the 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 (yu ) (2.39)
v* v
Outer law: v _* . g (X) . (2.40)
Here v 8
= [ (2.41)

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 m2s~2. 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 u = vp, this gives

= *
v, Yw Y
v '

N

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

(YU (2
Overlap law: = f< ) = g (8)

v v*
(2.43)

(2.42)

Differentiating eq. (2.43) with respect to y gives
16+ v* ’ 1
iy )“v— =-g'(n) 3 (2.44)

Here

(2.45)
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and

n?
2.

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

oYy =-¢gmn.

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/«. This means

frmyt =1/«

gmn=—1/x
Integrating these two equations gives
FO) =g+ B
g =—¢In(n)+A

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

(2.46)

(2.47)

- 1 .
" (X”—> +B (2.48)
v* K v
by using inner layer variables or
U—-u 1 y
— (2 2.4
- ~In (5) A (249)

by using outer-layer variables. The constants «, B,
and A have to be experimentally determined and
are found to be ¥ = 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 & 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 = 6.

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

% —25mn (—yi) +55+25sim (32,

v* v 8
(2.50)

When y/é 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 3.

In order to determine i 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
eqs. (2.2) and (2.50). However, it is possible to
find an expression for r,, 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/ax 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 eqs. (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 11y = 1, = 2udit/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
€q. (2.2) from the leading edge to x. 1,, also follows
fromegs. (2.15) and (2.16) by noting the difference
in normal vector n = (ny, n3, 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?. 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/122dy—p/U2dy. (2.51)
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 €q. (2.51) by using conservation of mass for
the control volume, that is,

Y
UH = / ady. (2.52)
0
This gives
Y
D:p/z‘t(U—a)dy. (2.53)

0

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

Y
i 7
=1 —=(1-=)dy, 2.54
[G(-g)a e
0
that is,
D = pU?%. (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
tu?
Cr=—+
7705002

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

(2.56)

Cr=2 (2.57)

54
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
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Table 2.1. Total drag computation for turbulent flow along a smooth flat plate

C, “Exact” Cr

(White 1974, (Hughes
Rn Table 6.6) Cr, ITTC  Error, % Cr (eq. 2.66)  Error, % eq. 2.67) Error, %
108 0.004344 0.004688 7.9 0.004210 -3.1 0.004188 -3.6
107 0.003015 0.003000 0.5 0.003030 0.5 0.002672 —11.4
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
10" 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 @ given by eq. (2.54). We then
set Y = 8. This gives (see White 1974)

6 375 24778

— , 2.58
) A A2 ( )
where
U 2
A=—= | — 2.59
e (2:59)

We can also express A by using eq. (2.50) at y = 4.
This gives

§
A =25In [U—] + 8. (2.60)
VA

Eliminating & between eqs. (2.58) and (2.60) gives

Rny = % = A ﬁ _ 24.778 e04(—8)
v A A2

(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

Cy~0.012Rn,"°.

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

Rny

Ux 1 1/6
Rn,= — =—— | Rn/"dRn
: 0.006 / o T
0

or

Rng = 0.0142Rn%/7. (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, Cy 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
Cror

fol‘ Tpdx 1

Cr= 20 2 [ (x0)d
F = 0500°L L,/ s (x)dx
0

Rn
1
. Rde X
Rn/cf( n,)dRn,
0

where Rn = U L/v. This means

Cr = 0.0303Rn~"". (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
includedin the table. Also, other formulas not con-
sidered here exist for Cy 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

- 2.67
(log,, Rn — 2.03)* (267)

Cr

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

Cy ~ 0.018Rn, '/,

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

Us o7
Y _on (ﬂ) .
1% v
However, using eq. (2.64) gives a relatively differ-
ent result, that is,

6/7
5 _os( %)

v
or
0.16x

= 7 (2.68)

Let us consider the case U =20 ms™', x = 100 m
and use v = 10~ 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~L. Let
us consider the corresponding thickness at model
scale and assume a model length Ly = 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

14
UH=/udy=/(U+lZ—U)dy
0 0

, (2.69)

= UY+/(12 —-U)dy.
0
Here Y = H 4 §* 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‘4)dy
0

or

Y—o00

[

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 =Ountil y = & instead of until infinity.
Eq. (2.70) can be rewritten as

1
& v U &
— == — — — ) dn.
8 U / (v* v*) 7
0
Further, eq. (2.50) can be expressed as
i é

L 2542502 455+ 2.5sin? (E,]),
v* v 2

This means
U sv*
=~ =25m% 43
v* v

Further, integrating and using eq. (2.59) gives

6*
5 =375/Ci 72

We have already found 6 and C; as a function of
Rn, (see eqs. (2.64) and (2.68)). This gives

8* = 0.066 x/ Rn>/", .71)

We note that §* is clearly smaller than 8. 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 d8* /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
as*
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.

v=U

(2.72)



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* =
JTo/p,where 1, = 0.5pU%C. Using eq. (2.65) for
Cy gives

v* =0.114 U/ Rnl/™, (2.73)

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

x
Sys =307 ———.
Rn)l(a/m

(2.74)
Using the previous example with U =20ms™',
x=100m, and v =10"°m?s~! gives dys=70"
1079 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
* 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)o'5 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
—

Figure 2.9. Double-body approximation. For Froude
number Fn = U/,/Lg < ~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 2.10illustrates 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 §, 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/3y = 0 means zero shear stress ,, 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 S and there is a backflow
near the surface aft of S. The flow will then separate at
point § (Walderhaug 1972).



gradient, that is, 9p/dx is positive, is necessary for
flow separation according to boundary-layer the-
ory. We can see this from eq. (2.30) by first noting
that 8p/dx = —pU. dU./dx. Applying eq. (2.30)
for y = 0, that is, on the body surface, gives

op 2

u
— = U—

P 5y for y=0.

(2.75)
We recall from calculus that the conditiondu/dy =
0 for flow separation is also a condition for u (y) to
have either a local maximum or minimum value.
Because in our case we obviously have a minimum
value, it follows that 8%u/dy? is positive at the sepa-
ration point S. It then follows from eq. (2.75) thata
necessary condition for separation to occur is that
dp/dx is positive on the hull surface at the separa-
tion point. Because dp/dx = 0 for flow along a flat
plate, flow separation will not occur in this case.

Cross-flow past a circular cylinder is a classi-
cal case of flow separation. Figure 2.12 illustrates
the different regimes of boundary-layer flow for
2D cross-flow past a circular cylinder at trans-
critical flow. The instability point of the laminar
boundary-layer flow is Reynolds-number depen-
dent. No instability will occur ahead of the sep-
aration point for subcritical flow. The subcritical
flow regime is for Reynolds number Rn = UD/v
less than ~2 - 10° for flow around a smooth cir-
cular cylinder with diameter D in steady incident
flow with velocity U. The critical flow regime is
for ~2-10° < Rn < ~5-10°. The supercritical
flow regime is for ~5 - 10° < Rn < 3-10° and the
transcritical flow is for Reynolds numbers larger
than 3 - 10%.

If the flow is turbulent ahead of the separation
point (line in 3D case) S, separation occurs further
downstream than if the flow is laminar ahead of the
separation point (line in 3D case). The reason is
that the large exchange of fluid momentum occur-
ring in turbulent flows causes less deceleration of
the boundary-layer flow relative to laminar flows.
Even if the boundary-layer flow stays laminar up
to separation, the wake flow will become turbu-
lent for Reynolds numbers of practical interest.
The mean drag on a circular cylinder will decrease
as a consequence of turbulent separation. This
is related to the fact that the wake behind the
cylinder is narrower than that for laminar sepa-
ration. The frictional drag on the cylinder at high
Reynolds number will be lower for laminar bound-
ary layer than for turbulent boundary layer, as we
have seen for the flow along a flat plate. However,
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Turbulent
Transition boundary
Laminar/(/ {ye;
boundary
layer
Instability Separation
Point Point

Figure 2.12. Schematic view of flow domains in the
boundary layer of a circular cylinder with steady-state
cross-flow at transcritical flow. The incident flow veloc-
ity U is constant. The instability and separation points
depend on the Reynolds number UD/v.

the frictional drag is a small part of the drag on a
circular cylinder for Reynolds numbers of practi-
cal interest to us.

When the flow separation occurs from sharp cor-
ners and shear forces have secondary importance
relative to pressure loads, the Reynolds number
effect is not important in scaling drag forces from
model to full scale. An example is the cross-flow
past the rectangular cross section illustrated in
Figure 2.13. The model is 2.63 m high and of con-
stant cross-sectional form with side lengths 0.5 m
and 0.42 m. The model was towed vertically in the
middle of a towing tank of breadth 10 m and depth
5.5 m with the longest cross-sectional side in the
towing direction. The submergence was 2.5 m, and
the constant carriage velocity was 0.3 ms™!. This is
a sufficiently low velocity to avoid the influence of
surface waves. Further, the cross-flow at the free
surface can be approximated as two-dimensional.
Even though the towing speed is constant, the flow
is unsteady relative to the body. Pictures of the flow
were taken by covering the water surface with con-
fetti and using an exposure time of 1s.

Figure 2.13 shows an instantaneous picture
when the flow is symmetric about the center plane
of the model. The separated vortices from the two
leading edges are much more oval in form than
the two vortices downstream of the body. Later
on, an asymmetry is created in the wake, causing
alternate vortex shedding from the edges. The con-
sequence is an oscillatory lift force perpendicular
to the towing direction. The drag force contains a
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Figure 2.13. The photo on the left shows visualization of initial instantaneous flow around a rectangu-
lar cross section that is towed with constant velocity in the left direction. The flow is unsteady relative
to the body and will later be asymmetric about the center plane, resulting in alternate vortex shedding
from the edges. The photo on the right is from Prandtl (1956) and shows separated flow around an

airfoil at a high angle of attack, resulting in stalling.

steady part and an oscillatory part. If the structure
has natural frequencies in the vicinity of vortex
shedding frequencies, strong dynamic oscillations
of the structure may occur. Vortex-induced vibra-
tions are a classical problem associated with cross-
flow past cylindrical structures (Faltinsen 1990).

Flow separation should not occur at continu-
ously curved surfaces of a properly designed ship
on a straight course. However, we cannot avoid it
at the transom stern. When the Froude number is
higher than about 0.4, this flow separation causes a
dry transom stern. The flow separation at the tran-
som stern has an important effect on the hydrody-
namic lift on a planing vessel (see Chapter 9). Gen-
erally speaking, the flow separation at the transom
stern is not beneficial at low Froude numbers, but
has clear advantages for the hydrodynamic perfor-
mance at high speed. In Chapter 10, we discuss the
effect of cross-flow separation during maneuver-
ing of a ship.

When the angle of attack of the flow around a
foil is not small, there is also the possibility of flow
separation near the nose of the foil (“stalling”)
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(see Figure 2.13). This decreases the mean lift
force on the foil relative to no flow separation.
Flow separation will then also affect cavitation
inception.

2.2.6 Effect of hull surface roughness on
viscous resistance

In the previous sections, we assumed a smooth
hull surface. Actually, the frictional resistance is
affected by the roughness of the hull surface. The
influence of roughness depends in principle on
many parameters, such as the height, form, and dis-
tribution of the roughness. Figure 2.14 illustrates
both idealized types of roughness and roughness
due to paint. If we look by microscope at the flow
around the roughness structure on the scale of the
roughness dimensions, the flow we see has simi-
larities to flow around macroscale structures. For
instance, we have the possibility of flow separa-
tion. If we look at the sinusoidal roughness in
Figure 2.14, this will depend on the roughness
height k& and the wavelength A as defined in the

Figure 2.14. Visualization of different

types of roughness.



figure. The larger k/A, the larger the possibility of
flow separation. We are sure that the flow will sepa-
rate around a single rectangular type of roughness.
If there is a geometrically regular system of rec-
tangular roughness elements, the flow will depend
on k, the horizontal length s of each rectangle, and
the distance L between two subsequent rectan-
gular elements, as defined in Figure 2.14. Even if
the flow around the roughness structure does not
separate, there will be a form resistance on the
roughness structure similar to that discussed in the
previous section. The details of the flow become
very complicated to describe. We must also real-
ize the irregular shape of realistic roughness, for
instance, because of paint, as shown in Figure 2.14.
If these were irregular sea waves, we would use
a sea spectrum to characterize the “signal” (See
Chapter 3).

A common practice is to use an equivalent
sand-grain height to characterize the influence
of roughness on viscous resistance. This is based
on Nikuradse’s (1933) experiments with closely
spaced sand grains of equal height kg as shown in
Figure 2.14. We will come back to that later. For
the time being, we assume that the roughness
is uniformly distributed over the plate, like sand
grains of the same size and constant density. The
roughness height k is used as the only roughness
parameter.

We can derive expressions for the mean longitu-
dinal velocity & on the boundary layer of a rough
plate the same way we did for the flow along a
smooth plate. This means, by dimensional analy-
sis, we can establish a logarithmic dependence in
an overlap layer. The coefficients in the expression
are then experimentally determined. Once the @
behavior in the boundary layer is identified, we
can proceed as we did for a smooth plate to obtain
frictional drag on the plate.

Let us show the procedure for finding & in some
detail. We first assume that the roughness height k
is larger than the thickness of the viscous sublayer
for the smooth plate. This means kv*/v is larger
than about 35. It implies that there is no viscous
sublayer, but we can postulate that there is an inner
layer, where

a= f(t, p. kYy). (2.76)
This has similarities to eq. (2.37) for a smooth
plate. The difference is that u is substituted with
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k. Using dimensionless variables as we did for a
smooth plate, we can re-express eq. (2.76) as

2o1(2). @.77)
v* k

where v* = /7, /p. The outer law is the same for
smooth and rough plates (see egs. (2.38) and (2.40)
in dimensional and dimensionless forms, respec-
tively). By defining an overlap layer and following
the same procedure that leads to eqs. (2.48) and
(2.49), we find the law

7]

LR (%) + const (2.78)

v K

for the overlap region in fully rough flow. Exper-
iments show that 1/« is about the same value as
that for a smooth plate, that is, 2.5. White (1974)
showed that it is possible to construct a formula for
i valid for any roughness, including a smooth plate.

The expression for closely spaced sand grains is

kv
— ).

(2.79)

i

=25In (yi) +55-25In (1 +0.3
v

v*

We have set k = k; to indicate that it is valid for
closely spaced sand grains. If & =0, eq. (2.79)
agrees with the expression for a smooth plate.
If k;v*/v is larger than 60, which corresponds to
fully rough flow, then 1+ 0.3kv*/v = 0.3kv*/v
and eq. (2.79) becomes

L T [(y”*) ( Y )] 4+55-25In(03),
v* v ks v*

y
=251 — 8.5.
“(h)+

This agrees with eq. (2.78). We are interested in
finding the frictional force on the rough plate. This
can be achieved following the same procedure
we used for a smooth plate; however, this is not
done here. Instead we present the final formulas
for the frictional force coefficient Cr as given by
Schlichting (1979). These corresponding results
are shown in Figure 2.15, in which curves with
either Uk, /v or L/k, constant are indicated. Here
L is the plate length. We note that Cr along
curves with constant L/k; becomes independent
of Reynolds number beyond the broken line; this
is called fully rough flow. The Cg-value can then
be expressed as

(2.80)

C*lg"

L -2.5
Cr= (1.89 +1.62 log,, (E)) (2.81)
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Figure 2.15. Resistance formula of sand-roughened plate; coefficient of total skin friction. L = length
offlat plate, k = roughness height. (ISBN 0-07-055334-3, Schlichting, H., 1979, Boundary-LayerTheory,
7th ed., New York: McGraw-Hill Book Company. The figure is reprinted with permission of The

McGraw-Hill Companies).

for 10> < L/k, < 10°. Let us try to estimate when
the flow can be considered fully rough by using
ksv*/v > 60 as a criterion. We use eq. (2.73) for
v*. Because this applies to a smooth plate, the
results would not be exactly the same as those in
Figure 2.15. Further, because v* changes with x,
the criterion for fully rough flow will depend on x.
We have just set x = L in our estimate. This gives
that a minimum value krough of k; for fully rough
flow corresponds to either

L

=1.9-107Rn"/™
krough

(2.82)

or

KroughU _ ]_OBRnl/M’

v 19 (283)

Results from these formulas are presented in
Table 2.2. They agree reasonably well with the
dashed line in Figure 2.15.

We note that the results in Figure 2.15 become
nearly independent of roughness when Uk, /v is
smaller than the order of 100. We can use this to
define an admissible roughness height k.4, given
that there is no increase in drag compared with a

smooth plate. Schlichting (1979) proposes that

1%
Kadm = IOOU. (2.84)
Because Froude scaling is used in ship model test-
ing and the model speed is lower than full-scale
speed, we see that it is easier to obtain a hydrauli-
cally smooth surface in model condition than in
full scale. As an example, if we consider a model
speed of 5ms~! and use v = 107° m2s~!, this leads
t0 Kygm = 20 um (or 20 - 10~ m). Let us say that

Table 2.2. Estimates of lowest sand roughness
height k,ougn for fully rough flow along a flat plate
of length L as a function of Reynolds number?®

Rn L Ukrough
krough v
10° 7-10? 1.4.10°
107 6-10° 1.7-10°
108 5.104 2.0.10°
10° 4.10° 2.3-10°

@ Estimates based on eqs. (2.82) and (2.83). The latter
uses the wall friction velocity v* for a smooth plate as
a basis.
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Table 2.3. Effect of roughness on viscous frictional resistance

L L ACk
L(m) Rn A % CriTTC CrrouGH  ACr (eq.2.85)
rough
50 10° 43-10° 33.10° 0.00153 0.00259 0.00106 0.00045
100 2.10° 82.10° 6.7-10° 0.00141 0.00232 0.00091 0.00038
150 3-10° 1.2-10° 10° 0.00134 0.00218 0.00084 0.00035

L = ship length, Rn =

Reynolds number, k,ougn = minimum roughness height for fully rough flow, & =

roughness height = 150 pm, Cr:jrre = ITTC friction coefficient for smooth surface, CERouGH = Schlichting’s

friction coefficient, ACr = CrroucH — Crirrc. U =20 ms~lv=10"%m’s

the corresponding full-scale speed is 20 ms~'. This
gives kygm = 5 pm. A ship model is always made
hydraulically smooth, but this is not possible for a
full-scale ship hull, even for a newly built ship with-
out marine fouling accumulated during service.
This is connected to standard fabrication proce-
dures and the low value of k,4,,. However, efforts
are made to fabricate hydraulically smooth foils.

It is worth keeping in mind that the results in
Figure 2.15 are for a sand-roughened plate. The
practical use of the results for our purposes
requires that we define an equivalent sand rough-
ness height k. This is, for instance, 1 um for pol-
ished metal such as stainless steel used for foils
and 60 um for antifouling paint. Because rough-
ness may vary significantly in size and density, it
may be difficult to find an equivalent sand rough-
ness height.

Example: Effect of hull roughness on

viscous resistance

We consider an average hull roughness height
k =150 - 10~ m or 0.15 mm, whichin practice is an
upper limit for a newly built ship. We assume a ship
speed U =20 ms~'. If v = 10~®m?s™", this corre-
sponds to Uk/v = 3 - 10°. Let us for simplicity set k
equal to k, and use eq. (2.83) to estimate if the flow
is fully rough. This depends on the Reynolds num-
ber or the ship length. We consider only fully rough
flow and use eq. (2.81) to calculate Cr and define
ACy so that Cr=Crirrec + ACr, where Crirre
is the ITTC formula for a smooth hull (see eq.
(2.4)). We have already pointed out that there are
many formulas for Cr of a smooth plate and that
they do not give the same results. For instance, Cr
for a smooth plate presented in Figure 2.15 does
not give the same results as the Cr ;y7¢ formula.
However, because Cy ;77rc is commonly used for

2.1

ship hulls, we prefer such a formula in this context.
Results for different ship lengths are presented in
Table 2.3. In the same table, ACy values from

ACF = [111 (AHR-U)"*' - 404]C%_1m
(2.85)

are also given. Here AHR means the average hull
roughness in micrometers. This has been set equal
to 150 um. U should be given in units of meter
per second (ms™!). Eq. (2.85) is relevant only
for full-scale ships and is used by MARINTEK
(Minsaas, private communication). We will com-
pare ACr for ship lengths equal to 50, 100, and
150 m. Because L/ Kkyougp in all cases is larger than
L/k, fully rough flow can be assumed. We note
that AC, for fully rough flow is about twice the
value given by the MARINTEK formula. Why is
that so? The reason is simply that AHR is not the
same as Nikuradse’s sand roughness height k. In
a way, it accounts for differences in the details of
the roughness as shown in Figure 2.14. Values of
AHR for newly built ships may vary between 75
and 150 um, and ACy between 0.0002 and 0.0008
are commonly used. From Table 2.3 we note that
ACFr is not small relative to Cr for a smooth sur-
face. Other empirical formulas exist for the rough-
ness effect. The formula

10°AC, = 44 [(AHR/L)”} — 10Rn-‘/3] +0.125
(2.86)
by Bowden and Davison (1974) accounts for cor-

relation between model tests and full scale and
includes the effect of roughness. In this case, AHR

has dimension meter.

2.2.7 Viscous foil resistance

Special formulas are used for the viscous resis-
tance of a foil. Before we discuss details about
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Figure 2.16. Flow past a cambered hydrofoil section.
The angle of attack « is generally defined with respect to
the “nose-tail line,” between the center of the minimum
radius of curvature of the leading edge and the sharp
trailing edge. L and D denote the lift and drag compo-
nents of the total force F, and are defined respectively
to be perpendicular and parallel to the free-stream velo-
city vector. (Newman, J. N., 1977, Marine Hydrodynam-
ics, Cambridge: The MIT Press. The figure is reprinted
with the permission of The MIT Press)

it, we need some definitions. Let us refer to the
two-dimensional case shown in Figure 2.16. The
length c is called the chord length. The lateral
extent s of the hydrofoil in three dimensions is
called the span. The incident flow with velocity U
hasan angle of attack « as defined in the figure. The
lift force L and the drag force D act perpendicular
and parallel, respectively, to the free-stream veloc-
ity vector. The planform area A is defined as the
projected area of the foil in the direction of the
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Figure 2.17. Lift coefficient C, as a function of angle of
attack a for a 2D foil with turbulent boundary layer in
infinite fluid and steady inflow conditions. Linear theory
predicts a lift slope dC; /da = 0.11 when « is measured
in degrees. -

lift force for zero angle of attack «. This means
that A in the two-dimensional case shown in
Figure 2.16 is the chord length c. Further, A for
a thin foil is close to half the wetted surface. The
aspect ratio A is defined as

A= T
A large-aspect ratio means that the flow is close to
two-dimensional at each cross section of the foil, as
shown in Figure 2.16. A planar foil means that the
angle of attack is the same at each cross section.
A foil is uncambered when the foil is symmetric
about the “nose-tail line,” shown by the dot-long-
dashed line in Figure 2.16. The camber line is the
mean line between the upper and lower surfaces.
Lift and drag coefficients C; and Cp, for a foil
are defined as

(2.87)

CL= L (2.88)
Pvra
2
and
D
Co= , (2.89)
~U’A
2
respectively.

Figures 2.17 and 2.18 show examples of lift and
drag coefficients as a function of the angle of
attack « for steady flow past a 2D foil in infinite
fluid with turbulent boundary-layer flow condi-
tions. The ambient flow velocity or the foil speed
U is assumed small relative to the speed of sound,
that is, the fluid may be considered incompress-
ible. Abbot and von Doenhoff (1959) have pre-
sented comprehensive experimental results for C;,
and Cp. If linear theory and an inviscid fluid are

Cp
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Figure 2.18. Example of drag coefficient Cp as a func-
tion of angle of attack « for a 2D foil with turbulent boun-
dary layer in infinite fluid and steady inflow conditions.



assumed, the lift coefficient can be expressed as
2m(a — ap), where o is in radians. If the foil sec-
tion is uncambered and there is no flap or zero
flap angle, ag is zero (see Chapter 6). If « is mea-
sured in degrees, linear theory predicts dC /da =
27 (7 /180) = 0.11. The comparison with experi-
mental results shows good agreement for a broad
range of angles of attack and for many foil shapes.
Good agreement means less than a 5% difference.
Less good agreement may, for instance, occur
for large foil thickness-to-chord ratio ¢ /c, that is,
t/c > =~0.14.

When the flow separation occurs from the lead-
ing edge (see Figure 2.13), the lift coefficient
will start decreasing with increasing «. This is
called stalling. Flow separation is affected by the
boundary-layer flow and occurs much easier in
laminar than in turbulent flow. This means a higher
maximum value of C; is obtained for turbulent
boundary-layer flow. A necessary requirement for
flow separation is an adverse pressure gradient
(see Section 2.2.5). Because this occurs at the aft
part of the foil forward of the trailing edge, flow
separation may also happen there.

Inviscid theory for steady flow past a 2D foil in
an infinite and incompressible fluid predicts zero
drag. The drag forces illustrated in Figure 2.18
are therefore the result of viscous effects and are
Reynolds-number dependent. The Cp coefficient
presented as a function of o has a bucket form
with a minimum drag coefficient. It is obviously
desirable from resistance and operational points
of view, with a wide bucket causing lowest possi-
ble Cp, values for the broadest range of angles of
attack.

Many aspects of viscous foil resistance have
implicitly been covered in the previous sections.
The first step is to assume a smooth flat plate and
use the ITTC formula given by eq. (2.4) to cal-
culate frictional resistance. However, the viscous
resistance depends on the pressure distribution
around the foil, which is a function of the angle
of attack o. Because the difference between the
pressures on the pressure and suction sides gives
the dominant contribution to the lift force, we
may say that the lift force affects the viscous resis-
tance. Further, the viscous boundary layer flow will
affect the pressure distribution, as illustrated in
Figure 2.10.

We can estimate the viscous resistance of a 2D
foil by using information from Hoerner (1965). If
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we disregard the influence from lift, we can write
the drag coefficient defined in eq. (2.89) as

Cp = 2C#[1 +2(t/c) + 60(1/c)*],  (2.90)

where t/c is the thickness-to-chord ratio of the
foil and Cr is given by eq. (2.4). This means that
eq. (2.90) applies to a smooth surface in turbulent
flow condition. The formula may also be applied
to a strut.

If the aspect ratio is large, we can use strip
theory to obtain the viscous drag force on the
foil. This means the foil is divided into strips of
small lengths and with cross sections as depicted in
Figure 2.16. The flow is assumed two-dimensional
at each strip. A contribution to the viscous resis-
tance is then found by using eq. (2.90) with cor-
rection for the angle of attack on each strip
(see Figure 2.18) and simply adding together the
results obtained for each strip. In addition, we
must add the induced pressure drag due to the
trailing vortex sheet (see eq. 2.98). This is a 3D
flow effect that increases with decreasing aspect
ratio. The strongest effect is caused by tip vor-
tices. Figure 2.19 illustrates this together with other
strong trailing vortex systems present behind a
submarine. The tip vortices behind the wings of
a big airplane can cause strong rotating flow.
This requires that a small airplane coming after
a big airplane must wait some time before takeoff.
The effect of tip vortices can partly be counter-
acted by using winglets (Figure 2.20) on hydrofoils.
Winglets are used on many airplanes. They force
the flow to be more two-dimensional at the foils,
which means smaller induced drag due to the tip
vortices.

The vorticity in the trailing vortex sheet down-
stream from the foil comes from the boundary
layer along the foil and in the numerical flow sim-
ulations it is often assumed are concentrated in a
thin shear layer downstream from the foil. Actu-
ally, both the boundary layer and the free shear
layer are assumed to have zero thickness in the
calculations. If we look upon the flow in the free
shear layer on the scale of thickness of the free
shear layer, we find a rapid change of the flow
across the free shear layer. On the other hand,
looking upon the flow from outside the shear layer,
we will just see a jump in the tangential velocity
across the shear layer. The pressure is continuous
through the thin free shear layer in a similar way
as we deduced for the boundary layer, that is, as
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Figure 2.19. (a) The major vortex configurations around a submarine at a small angle of attack in a
slight turn. (b) Two cross sections of the hull at and behind the sail. In the latter case, the local angle
of attack (drift angle) is larger. (c) Necklace vortices around the control surfaces at the stern (Lugt

1981).

a first approximation, the pressure does not vary
across the boundary layer.

There is zero vorticity outside the boundary
layer and the free shear layer. Vorticity w is a vec-

tor defined by
ov .
)i

du ]
w:qu:i( —_— w

9z

Figure 2.20. Winglets on one of the two low-aspect ratio
foils in the front strut-foil system of a foil catamaran
tested by MARINTEK at Technical University of Berlin
(side view).

where u = (u, v, w) is the fluid velocity, (x, y, z)
is a Cartesian coordinate system, and i, j, and
k are unit vectors along the x-, y-, and z-axes,
respectively.

Because the vorticity is zero outside the bound-
ary and free shear layers, a velocity potential ¢ can
be introduced so that

e

0z

.0

dg
u ) x+J8y

5 (2.92)

We can now combine eq. (2.92) with the assump-
tion that the fluid is incompressible, that is, use the
continuity equation

du  dv  dw
—+—+—=0.
dx dy  az
This gives
Fp g
—+—+—==0. 2.93
ax2 3yt oz 293)

Eq. (2.93) expresses the fact that the velocity
potential satisfies the 3D Laplace equation. In
order to solve this equation, we need boundary
conditions on the foil and along the free shear
layer. This is just one way to solve the poten-
tial flow problem. We also could use the Euler
equations that correspond to the Navier-Stokes
equations with a zero viscosity coefficient. If
we substitute eq. (2.92) into Euler’s equations



and integrate these equations in space, we get
Bernoulli’s equation for the pressure p, that is,
1)

Ptz

+ g |Vol? + pgz = Constant.  (2.94)

Here we have included gravitational acceleration
g in Euler equations and assumed that the z-axis
is vertical and positive upward. The terms —pgz
and —pd@/dt —0.5p |Ve|* will be referred to as
hydrostatic and hydrodynamic pressure terms,
respectively.

Another way to represent the potential flow
solution is by means of Biot-Savart’s law (see sec-
tion 6.4.2). This expresses the influence of the vor-
ticity on the fluid velocity in the potential flow
domain. If the foil is thin, this represents the com-
plete contribution to the fluid velocity. We will not
pursue these different ways of finding the poten-
tial flow solution in this context, but use eq. (2.91)
to express the vorticity in the boundary and free
shear layers.

We start with the boundary layer and use
(x. y, z) as a local coordinate system, with the y-
axis normal to the foil surface. Consistent with our
derivation for a 2D boundary layer, we assume
that du/dy and dw/3y are much larger than 9v/dz,
du/dz, dw/dx, and dv/dx. Eq. (2.91) can then be
approximated as

(2.95)

By integrating eq. (2.95) across the boundary layer
and noting that « and w are zero on the foil surface,
we get
)
/ wdy =iw — ku,

0

(2.96)

where § is the boundary layer thickness and u and
w are tangential velocity components on the foil
surface as calculated by potential flow theory.

As for the free shear layer, the integration of
w across the free shear layer gives iAw — KkAu,
where Au and Aw are the jumps in the tangen-
tial velocity components u and w across the free
shear layer. Au and Aw can be obtained from the
potential flow solution.

What we have tried to illustrate in the previous
text is that the induced drag due to a thin trailing
vortex sheet downstream from a foil can be cal-
culated by potential flow theory. This is possible
because vorticity generated in the boundary layer
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is convected downstream in the fluid in a thin free
shear layer and does not diffuse much into the rest
of the fluid.

As an example, consider a thin foil with zero
camber and an elliptical planform. The aspect ratio
is then given by A = 4s/m £y, where s is the span
and ¢, is the chord at midspan. If the aspect ratio
is high, the angle of attack « is small, and we con-
sider steady incident flow in infinite fluid, we can
use Prandtl’s lifting theory as described in sec-
tion 6.7.1. The lift and drag coefficients defined
as in eqgs. (2.88) and (2.89) become then

2ra
CL= T2/ (2.97)
and
4o’ A
p=—">3, (2.98)
(A+2)

respectively. Here eq. (2.98) represents the
induced pressure drag due to the trailing vor-
tex sheet. If A goes to infinity, we get the two-
dimensional results, thatis, C; = 2ra and Cp = 0.

2.3 Air resistance component

The air resistance with no wind present may be
expressed as

Rax = 0.5p,Cp AU?, (2.99)

where p, is the mass density of the air and A is the
area of the above-water hull form projected onto
a transverse plane of the vessel. We note the dif-
ferent form between egs. (2.3) and (2.99); we used
a surface area S in eq. (2.3) and a projected area
Aineq.(2.99). Itis logical to use S when frictional
forces dominate, whereasitis logical to use A when
pressure forces dominate. Efforts are made to
design streamlined superstructures for high-speed
vessels in order to minimize Cp. Wind tunnel
tests are commonly used to determine Cp. Typical
values of Cp are between 0.5 and 0.7. Because
pq is only 1.25 kgm_3 for dry air at 10°C whereas
o for salt water at 10°C is 1026.9 kgm ™, the air
resistance makes a small contribution; however, it
should not be neglected a priori. For instance, an
SES on cushion has a small water resistance rela-
tive to a similarly sized catamaran. The air resis-
tance will then be more significant for the SES than
for the catamaran. The airflow can also influence
trim and sinkage, which again affect the resistance.
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If a model is made with complete superstructure
and is mounted below the main part of the towing
tank carriage in a model tank, the towing carriage
will affect the airflow and cause false effects, which
can be avoided by mounting the model in front of
the main part of the towing carriage.

Wind-tunnel tests and computional fluid dyna-
mics (CFD) are commonly used to estimate the air
resistance. Figure 2.21 illustrates the use of CFD
to trace exhaust gas on a cruise ship by drawing
streamlines. Calculations of the pressure distribu-
tion and drag coefficient are an integrated part of
the analysis.

2.4 Spray and spray rail resistance components

When the Froude number is larger than approx-
imately 0.5, the occurrence of spray increases
strongly with speed. Figure 2.22 shows an example
of large spray formation due to a round-bilge hull.
Miiller-Graf (1991) divides the spray resistance R,
into two components, that is,

Rs = RSP(FI‘L) + RSF(R}'I, Wn), (2100)

where the spray pressure resistance Rgp is a func-
tion of the Froude number and the spray frictional

Figure 2.21. Exhaust gas tracing on a
cruise ship by means of computational fluid
dynamics (CFD). (The figure is reprinted
with the permission of CFD Norway AS.)

resistance Ry is a function of the Reynolds num-
ber Rn and the Weber number
_ pVSZRdSR
==
Here Vi is the spray velocity, dsg is the spray
thickness, and 7y is the surface tension at the
water-air interface. A representative value of 7
is 0.073 Nm™!,

Miiller-Graf (private communication, 2004)
gives the following explanation of Rgp: “Due to
the high stagnation pressure and large pressure
gradients at the hull of the forebody near below
the free surface, the spray root, a sheet of green
water breaks violently out of the water surface,
causing hereby a fully turbulent flow in the spray
root. The rear part part of the spray root climbs the
hull sides up and aft. Because of the development
of Helmholtz-Taylor instabilities at the surface of
the spray root (Birkhoff and Zarantonello 1957),
which are initiated by the turbulence condition,
the outward thrown part of the spray root bursts
into a white mixture of water droplets and air. This
phenomenon starts at the top and on the front side
of the spray root. Rsp is caused by the generation
of the spray root.” When calculations or experi-
ments are done, one cannot clearly separate this
effect from the total pressure distribution on the

Wn (2.101)

Figure 2.22. Development of spray at
a semi-displacement round-bilge hull
(Miiller-Graf 1991).



a) 1. Width bgg, of the spray rails for
LWL/BWL > 5.4

bggy = (0.0055 — 0.008)LWL
bgps = (0.0048 ~ 0.0055)LWL
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b) 1. Width bgg of the spray deflector

LWL/BWL <45 bgg = (0.01 — 0.017)LWL
LWL/BWL < 4.5 bgp = (0.0055 — 0.007)LWL
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Figure 2.23. (a) Optimal dimensions and arrangement of the Advanced Spray Rail System for round-
bilge monohulls and round-bilge and hard-chine catamaran hulls. (b) Optimal dimensions and arrange-
ment of spray deflectors at round-bilge and hard-chine monohulls (Miiller-Graf 1994).

hull. The spray frictional resistance is caused by
the friction of the spray on the above-water hull
form. Because the velocity of the coherent water
sheet of the spray at the hull is difficult to estimate
and by this the frictional resistance coefficients are
unknown, the spray frictional resistance is hard to
calculate. The main direction of flow in the spray
sheet and the direction of the resulting component
of the frictional spray resistance are also unde-
fined. These quantities can be determined reliably
only by full-scale tests.

In order to vary the spray pressure resistance,
one must change the hull form in the bow part.
The spray frictional resistance can be reduced by
using spray rails separating the spray sheet from
the hull and reducing the spray wetted area. How-
ever, introducing spray rails causes spray rail resis-
tance Rgx. Miiller-Graf (1991) divides Rgg into two
components, that is,

Ryg = Rsrp + Rsrr, (2.102)

where the spray rail pressure resistance Rggp is
caused by generation of hydrodynamic lift due to
deflection of the spray sheet in the longitudinal
and transversal directions at the bottom of the rail.
The spray rail frictional resistance Rggr is caused
by frictional force on the rail. This resistance com-
ponent is negligible relative to the spray frictional
resistance Rgp. We cannot calculate Rgg in a sim-
ple way. The hydrodynamic lift on the spray rails
will affect the trim of the vessel and thereby the
hull resistance.

Miiller-Graf (1991, 1997) describes the results
of systematic model tests with semi-displacement
round-bilge hulls that are equipped with spray
rails. The Froude number range is between 0.3 and
1.0. Number, position, length, and cross-sectional
shape of the rails are varied, and optimum con-
figurations are derived (Figure 2.23a and b). The
optimal set of spray rails, which consists of the
two staggered external spray rails with triangu-
lar cross sections was introduced under the name
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Advanced Spray Rail System (ASRS). In order
to combine reduced wetted area and best possible
running trim, both transom wedge and spray rails
have to be installed at the same time. The effect
of the spray rails is Froude number dependent.
They can reduce the full-scale hull resistance of the
naked hull by up to about 12% for Froude numbers
larger than 0.5. However, at Fn = 0.3, the resis-
tance can increase by up to about 20% because of
the spray rails and the transom wedge. In a sea-
way, rails will reduce deck wetness. If long enough
and extended down to the waterline, or even
below, spray rails will increase dynamic transverse
stability and dampen roll motions. As Miiller-
Graf (1999a, 1999b) demonstrated, the Advanced
Spray Rail System has been proven to function
very well, not only for round-bilge monohulls but
also for round-bilge catamarans and trimarans as
well as for hard-chine catamaran hulls.

Miiller-Graf (private communication, 2004)
states, “At very small length-to-beam ratios,
L/B < 5.0, which are common for the daughter
boats of rescue-, police-, and custom craft, the
blunt forebody lines generate a very thick spray
which climbs straight upwards to the deck. To sep-
arate the spray from the hull and to throw it side-
wards away from the hull, the optimum bottom
width of the spray deflectors had to be approxi-
mately three times the spray rail width of hulls hav-
ing length-to-beam ratios L/ B > '5.4. It was found,
that only one spray deflector at each hullside is
necessary. The dimensions and arrangement of the
spray deflectors as well as their heights above the
waterline depending on their longitudinal position
at the hull are given in Figure 2.23.”

2.5 Wave resistance component

The wave resistance Ry is caused by the waves the
vessel generates following a straight course with
constant speed U in calm water conditions. This
means there are no incident waves. By waves we
mean both the local wave elevation along the hull
and the far-field waves. In Chapter 4, we discuss
this in more detail and show that the wave resis-
tance is influenced by the wetted hull form and
the Froude number. Further, the air cushion of
an SES generates waves which causes wave resis-
tance. If the ship is in shallow water, Ry can be
strongly influenced by the water depth 4. A depth
Froude number Fny, = U/ (hg)™ is used to char-

acterize this effect. Large changes in wave resis-
tance occur around the critical Froude number
Fny, = 1 when h/L is small. There is no simple for-
mula for wave resistance, like the one we have for
viscous resistance.

An important part of wave resistance is associ-
ated with the energy in the far-field waves caused
by the ship. The wave elevation can be measured
along longitudinal cuts parallel to the ship’s track,
and the associated wave resistance can be cal-
culated by assuming small wave slopes. This is
called wave pattern resistance Ryp, but it does not
account for the fact that the wave slopes can be
large or that the waves break near the ship. The
wave breakingresistance Ry due to breaking bow
waves of the blunt forms of tankers has been exten-
sively studied by Baba (1969). Rys can make an
important contribution. However, the bow waves
of high-speed vessels, particularly with flare, may
also overturn and impact on the underlying free
surface. Further, the overturning bow waves are
associated with spray and it is common to talk
specifically about spray resistance for high-speed
vessels (see the previous discussion). The behavior
of the pressure at the spray root causing the spray
is an integrated part of the pressure causing wave
resistance. Strong flow interaction effects due to
the demihulls of a catamaran may cause steep and
breaking waves between the two hulls in the aft
part of the catamaran. Further, the waves may
break aft of the transom stern of monohull and
multihull vessels.

2.6 Other resistance components

Drag forces on appendages have to be considered.
Examples of appendages for a hydrofoil vessel are
inclined propeller shafts, rudders not included in
the foil system, propeller nacelles, and waterjet
intakes (pods). Similar appendages may also be
used for other high-speed vessels. Empirical for-
mulas may be found in van Walree (1999) and
Hoerner (1965).

The skirt of an SES will cause a resistance com-
ponent. The skirt may be considered a high-aspect
ratio planing surface. The forward jet flow that is
generated will cause a drag force, as described in
section 9.2.4 for a 2D rigid planing surface. How-
ever, askirtis in reality flexible and vibrating, even
in calm water conditions. The percentage of addi-
tional resistance related to the flexible vibrations



is hard to estimate. The viscous resistance on the
skirt can be approximated by considering it as a
flat plate.

A planing vessel will have an important resis-
tance component associated with the hydrody-
namic pressure causing lift force and trim moment
on the vessel. This is considered in more detail in
section 9.2.

All the previous resistance components refer to
a ship with constant speed on a straight course
in calm water. Added resistance that is caused
by waves, wind and ship maneuvering should also
be considered. Added resistance in waves is often
misunderstood and believed to be wave resistance.
The added resistance R,y in waves is a conse-
quence of interaction between incident waves and
the ship. It is particularly large when the relative
vertical motion between the bow of the vessel and
the waves is large. The physical reasons for added
resistance are different for a semi-displacement
vessel and an SES. For a semi-displacement vessel,
it is caused by diffraction of the incident waves by
the ship and by radiation of waves due to wave-
induced ship motions. A dominant effect for an
SES is associated with the leakage from the air
cushion caused by the relative vertical motions
between the SES and the waves. If the lifting
power of the fans for the cushion is unchanged,
the air cushion pressure drops and the SES sinks
to a lower position with a larger wetted surface.
The calm water resistance in this lower position
explains the major part of added resistance for an
SES in a seaway.

When the wind resistance is calculated, the wind
velocity is time averaged over one hour and the
average wind velocity ujo at 10 m over free surface
is used as a reference value. The incident horizon-
tal wind velocity & will vary with height z above
the mean free surface, as illustrated in Figure 2.24.
The logarithmic horizontal velocity profile in the
overlap layer of a fully rough boundary layer flow
is often used. One version is to set the constant
in eq. (2.78) equal to zero. This means it/v* =
(1/k) -In(z/k) and  wuye/v* = (1/x) - In(10/ k).
Dividing those two equations gives

a  In(z/k)
= G0/ (2.103)

In order to find a measure of the roughness height
k, we can relate eq. (2.103) to another formula
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Figure 2.24. Incident flow velocity as a function of
height above mean free surface when air and wind resis-
tances are considered (Walderhaug 1972).

often used for &, that is,
i Z\/7

= (1)
Using k = 0.006 m gives almost the same velocity
distribution as in eq. (2.103), from around z > k
to about 100 or 200 m. In fully developed seas, ug
can be related to the sea state, as we shall see in
Table 3.5.

Figure 2.24 illustrates that the incident flow
velocity will not vary with height when air resis-
tance is considered. We can in principle use a drag
formula such as eq. (2.99) to obtain the influence
of wind resistance. If head winds are considered,
we should add U and an average wind velocity over
the superstructure. In this context, a challenge in
the Cp prediction is that this is influenced by the

incident flow variation with height above mean
free surface.

(2.104)

2.7 Model testing of ship resistance

Model testing is the standard procedure to predict
the resistance of a ship. A model that is geomet-
rically similar to the ship is manufactured. How-
ever, it is normally not equipped with appendages
such as a rudder and propulsion system. The rea-
son is scaling problems. The scaling of resistance
from model scale to full scale is by means of
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nondimensional resistance coefficients and knowl-
edge about what flow parameters (Reynolds and
Froude numbers) matter. Let us illustrate what
we mean by nondimensional resistance using
eq. (2.3). We can write

Ry

R S — C ,
0.50SU2 F

which is a nondimensional quantity. Let us see the
consequence of requiring that

Rys
= . 2.105
0.5p5SsU¢ ( )

Ryy
O.S,OMSMUAZ,I

Here the subscripts M and S refer to model and
full-scale ships, respectively. Let us assume that the
hull surface is smooth and the flow at the hull sur-
face is turbulent in both the model and full scales.
We will use eq. (2.4), which states that if eq. (2.105)
is true, then

UMLM

127 Vg

UsLs

)

that is, we must have the same Reynolds num-
ber in model and full scales. Let us say that Ly =
100 m, Ly =5 m, Us =20 ms~!, and the kine-
matic viscosity coefficient vy = vg. This leads to
Uy =400 ms™!. It is not difficult to understand
that this is not the right procedure. It is impos-
sible in practice to have a towing carriage with
a speed like that. Because the nondimensional
wave resistance is a function of Froude number
and Uy = 400 ms™' would lead to very differ-
ent Froude numbers in model and full scales, we
have in practice no way to scale wave resistance.
Further, new physical phenomena associated with
cavitation will occur with a model speed like this.

The procedure that is followed in practice is
based on Froude’s hypothesis. The total water
resistance coefficient Cr is divided into two parts,
that is,

Ry
0.508U?

where Cr is defined as in eq. (2.3) and assumed to

be only a function of Reynolds number for geo-

metrically similar models. Further,
R

T 050807

where Ry is the residual resistance. A main com-
ponent of Rg is the wave resistance. Cr is assumed
to be only a function of Froude number for geo-
metrically similar models. This procedure assumes

Cr= = Cr + Cg, (2106)

Cr (2.107)

that the air resistance is either negligible or is cor-
rected for when the total resistance is measured. If
the flow around the superstructure separates from
sharp corners, the Reynolds number dependence
of the drag coefficient associated with the airflow
will be small. This means the air resistance will
Froude scale in cases like that.

The model speed is obtained by Froude scaling,
That means we require

Un Us

or
(2.108)

Repeating the previous example with Lg=
100 m, Ly =5 m, and Us = 20 ms™! gives Uy =
4.47 ms~!. This leads to a very different Reynolds
numbers in model and full scales. We must then
know how Cr depends on Rn. For instance, if the
ITTC 1957 model-ship correlation line expressed
by eq. (2.4) is used, then we know how to extrapo-
late Cr from model to full scale. Because this for-
mula is based on turbulent flow, we must ensure
that the flow along the ship model is turbulent. We
will use the results for two-dimensional flow along
a smooth flat plate as a basis. Transition to turbu-
lence depends on the turbulence intensity of the
inflow. If we neglect the effect of turbulence in the
inflow, the transition to turbulence occurs when
Ux/v = 3-10°. Here x is the longitudinal distance
from the leading edge. Using U = 4.47 ms~! and
v = 107% m?s~! gives that turbulence is ensured for
longitudinal distances from the bow larger than
0.67 m. To avoid errors in our extrapolation, we
want transition to turbulence to happen closer
to the bow. This is achieved by using turbulence
stimulators at the bow of the model. For instance,
Molland et al. (1996) used trip studs of 3.2 mm
diameter and 2.5 mm height at a spacing of 25 mm.
The studs were situated 37.5 mm aft of the stem
on 1.6 m-long models. White (1974) gives

Uk/v = 826 (2.109)

as the criterion for a wire of diameter k to be
fully effective in causing turbulence. We see from
eq. (2.109) that it is the lowest tested speed
that determines k. Let us say that this corre-
sponds to Fn = 0.15. If a 5m-long model is
used, this means U = 1.05 ms~! and k& = 0.0008 m
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Figure 2.25. Drag coefficient Cp at zero angle of attack

for NACA 16012 section as a function of Reynolds num-
ber Rn (van Walree and Yamaguchi 1993).

with v = 10~*m?s~!. If the diameter is too large,
it will affect the global flow. This is of concern, for
instance, in testing the foils and struts of a hydro-
foil vessel.

van Walree and Yamaguchi (1993) carried out
a series of experiments with a NACA 16012 foil in
order to investigate possible scale effects on the
lift and drag. The tests were performed with a ver-
tical surface-piercing strut at two different immer-
sions (1.0 m and 0.5 m), with the intention of elim-
inating free-surface effects. With a chord length of
250 mm, the foil was tested in the Reynolds num-
ber range 0.2 < Rn- 10~® < 1.5, with and without
turbulence stimulation. The results for zero lift
angle are presented in Figure 2.25. They clearly
reveal the effect of turbulence stimulation, partic-
ularly at low Reynolds numbers. However, neither
the Carborundum size (60 pm, coverage about
40% over 5% of the chord length from the leading
edge) nor the Hama strip thickness (0.18 mm, 5%
from the leading edge extending over 8% of the
chord length) seems sufficient to trigger fully tur-
bulent boundary-layer flow at low Reynolds num-
bers. Carborundum is a trade name. It consists of
silicone carbide. The basis of a Hama strip is a
tape (Hama et al. 1956, Hama 1957). A sawtooth
shape is made on the upstream edge by means of
a scissors.

An advantage of the Hama strip seems to be
the almost constant drag coefficients that can be
obtained for relatively low Reynolds numbers in
the transition from laminar to turbulent boundary-
layer flow. This makes extrapolation procedures
more simple to apply. The results for untripped
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foils and foils with Carborundum are less well
defined in this region and therefore result in unde-
fined scale effects.

If Cr is known, as in eq. (2.4), Figure 2.26 illus-
trates how the calm water resistance of aship in full
scale can be obtained by scaling model test results
to full scale. Because the model tests are based
on a smooth model without appendages, we have
to add a resistance coefficient C,4 that accounts
for hull roughness, air resistance, and appendage
resistance.

Another method that was commonly used to
establish viscous resistance for a smooth hull sur-
face is the Hughes (1954) method. This expresses
the viscous resistance as

Cr=Cr(1+k), (2.110)

where
0.066

VR VY
(log,, Rn — 2.03)° @D

Cro

The form factor k must be experimentally deter-
mined and is assumed to be independent of
Reynolds number. Estimation of k requires that
model tests be done for small Froude numbers
where wave resistance is negligible, let us say
Fn < ~0.15.

A difficulty with the Hughes method is that it
requires measurements at small speeds. The flow
at the hull surface may then be laminar at the bow
part of the ship model. Further, because the resis-
tance decreases with decreasing speed, measure-
ment accuracy becomes important. Typical values
of (1 + k) for displacement ships are between 1.2
and 1.4. If the flow separates, (1 + k) can be as high
as 1.8.

We can speculate what (1 +k) represents.
Because Hughes assumes that Cpy is the friction
coefficient for a flat plate, it is logical to say that
(1 + k) accounts for the three-dimensionality in

M s A

Figure 2.26. Scaling of ship resistance from model (M)
to full scale (S) (Walderhaug 1972).
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the flow along the hull surface and for the effect
of pressure drag. The latter effect is particularly
important when flow separation occurs. However,
we must be sure that Cry as given by Hughes is
a correct value for 2D turbulent flow along a flat
plate. The results in Table 2.1 do not indicate that.
Actually, Cr given by eq. (2.4) is closer to the 2D
flow formula. If we calculate Cr/Cpry, where Cr is
given by eq. (2.4), and interprete this in terms of
(1 + k), it gives (1 + k)-values between 1.12 and
1.13 for Rn between 10° and 10'°, Molland et al.
(1996) instead use Cr given by eq. (2.4) as a basis
and multiply thisby (1 + k) to predict viscous resis-
tance. They obtain experimentally (1 + k)-values
for high-speed monohulls between 1.22 and 1.45.
The (1 + k)-values for high-speed catamarans are
higher when compared with the demihull in isola-
tion. The highest (1 + k)-value found was 1.65.

One possible reason why the (1 + k)-values for
high-speed mono- and multihull vessels are high
is flow separation at the transom stern. When the
form factor is determined, the Froude number is
small and the transom stern is wet. The sharp
edge of the transom stern ensures flow separation,
which causes a pressure drag force. This is called
base drag, where the word base now refers to the
transom stern. What happens is that the vortex
shedding due to flow separation alters the pressure
distribution on the transom stern. Hoerner (1965)
has presented base drag coefficients for longitudi-
nal ambient flow along axisymmetric bodies with
a large length-to-beam ratio in infinite fluid. We
can express the base drag as 0.50Cp AU?, where A
is the base area.

Because the same form factor is applied to vis-
cous resistance for all Froude numbers, a contra-
diction occurs when the flow separation causes a
dry transom stern for Frn > 0.3-0.4. The base drag
coefficient should be influenced by this.

2.7.1 Other scaling parameters

In the previous discussion, we assumed that only
Froude and Reynolds numbers are the parame-
ters to consider when scaling from model to full
scale. However, cavitation number may matter for
hydrofoils. Cavitation may lead to ventilation. The
cavitation number is defined as

_ Po—pv
? = 05007

(2.112)

where py is the ambient pressure at the position
of the foil, py is the vapor pressure, and U is the
foil velocity. We can write py as p, + pgh, where
Da is atmospheric pressure and 4 is the submer-
gence of the foil. How the vapor pressure depends
on temperature is presented in Table A.3 in the
Appendix. Because U in practice will be Froude
scaled and the major contribution to py — py is
Da, We see that o is not the same in model and full
scales. Because cavitation may be a problem for
hydrofoils and planing vessels, we should be con-
cerned about this. The only possibility is then to
use a depressurized model tank. However, this is
not possible in most ship model basins.

If we want to get a correct spray picture of a
model, we must scale surface tension correctly.
The Weber number Wn expresses the influence
of surface tension. It can be written as
_ pUL
==
where T is the surface tension, which is nearly
the same in model and full scales. A representa-
tive value is 0.073 Nm~'. Because the ship speed
is Froude scaled, that is,

Ly
Uy=,|—U
M= 7. Us

we find by assuming the same value of Tg/p in
model and full scale that

Wn

(2.113)

Ly 5 Ly
Mpr=M g
Ls STLs

Ly
(%
This means we will not obtain the same Weber
number in model and full scales. However, the dif-
ference in the spray picture will have a small effect
on the pressure and frictional forces on the hull. It

means that the Weber number is not important in
scaling model test results of resistance to full scale.

(Wn)y, =

(Wn),

|

2.8 Resistance components for semi-displacement
monohulls and catamarans

Molland et al. (1996) presented systematic results
for calm water resistance, trim, and sinkage of
monohulls and catamarans. The monohulls corre-
spond to demihulls of the catamarans. The length
L of the still waterline is 1.6 m, block coefficient
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is Cg =0.397, longitudinal prismatic coefficient
is Cp = 0.693, and midship section coefficient is

Cy = 0.565. Here

P
B Lpp-B-D
v
C -
" Ay Lee
A
=D

where Lpp is the length between perpendiculars.
The forward perpendicular (FP) is a vertical line
through the intersection of the designer’s load
waterline (DLWL) and the fore side of the stem.
The after perpendicular (AP) is a vertical line pass-
ing through the DLWL and the rudder post or the
transom profile. This implies that there is an ambi-
guity in the definition of AP. When the vessel has
a transom stern and no rudder, AP is at the tran-
som according to the previous description. This
means Lpp is the same as the length of DEWL. Fur-
ther, V = displaced volume of water, Ay = area
of midship section, and B and D are the beam
and draft, respectively. LCB = —6.4%¥ was the
same for all models. Here LCB = —6.4%8 means
that the position of the center of buoyancy is
6.4% of the length between perpendiculars aft
of midships for all models. The length-to-beam
ratio L/B of the demihulls varied between 7
and 15.1, and the beam-to-draft ratio B/D of
the demihulls varied between 1.5 and 2.5. The
ratio 2p/ L varied between 0.2 and 0.5. Here 2p
is the distance between two demihull centerlines.

Model: 4b
Figure 2.27. Monohull or demihull of a catamaran in
experiments by Molland et al. (1996). Length L =
1.6 m. Length-to-beam ratio L/B =9. Beam-to-draft
ratio B/D =2. L/V3 =7.41.Cp = 0.397. Cp = 0.693.
Cp = 0.565. Wetted hull surface area at zero speed
$=10338 m%. LCB = —6.4%%.

The Molland group found that the length to dis-
placement ratio L/V'”* was the most significant
hull parameter causing decreasing resistance with
increasing 1/ V'/3. The effect of B/D on resistance
was not large.

We will present their results for models of a
type denoted 4b. Main characteristics and the body
plan are shown in Figure 2.27. Figure 2.28 gives
the residual resistance coefficient Cr as a function
of Froude number for the monohulls and catama-
rans with 2p/L = 0.2,0.3,0.4,0.5. Cy is obtained
by subtracting Cr given by the ITTC 1957 model-
ship correlation line (see eq. (2.4)) from the total
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resistance coefficient Cr. The static wetted sur-
face area is used in calculating Cr, Cg, and Cy.
The results show that the catamarans have resis-
tance higher than twice the resistance of a mono-
hull. There is a tendency for the Cy for the cata-
marans to approach the Cg for the monohull when
2p/ Lincreases. However, there is still a clear dif-
ference when2p/L =0.5, showing that hull inter-
action still matters. We note that Cy is not zero
for a small Froude number, which means that C-
obtained by the ITTC 1957 line is not sufficient
to explain the viscous resistance. This is further
clarified in Figure 2.29, in which Cy, C; — Cyp,
and Cyr are presented for Fn between 0.15 and
1.05. Here Cwp means the wave pattern resistance
coefficient, that is, the contribution to the wave
resistance from the far-field waves, as described
earlier in the text. Cyp is also nondimensional-
ized by the static wetted surface area. There is

also a curve 1.45C in Figure 2.29 that fits the total
resistance for the lowest Froude number when the
wave resistance is believed negligible. This means
the form factor (1 + k), with ITTC 1957 line as a
basis, is 1.45. If Hughes’s Cy had been used as a
basis, (1 + k) would be 1.45-1.12 = 1.62. The fig-
ure shows that the wave pattern resistance cannot
explain the total wave resistance if we now inter-
pret Cyp to be Cy —1.45 Cp. The results show
that, generally speaking, viscous resistance and
wave resistance are of equal importance. How-
ever, viscous resistance dominates for the smallest
and highest Froude numbers.

Figures 2.30 and 2.31 present the trim angle
and sinkage for the catamarans and the monohull,
respectively. Positive trim angle means bow up and
sinkage is positive downward. The trim angle and
sinkage have a clear influence of Froude number
when Fnis larger than 0.3 to 0.4. The catamarans
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Figure 2.30. Running trim: model 4b (see
Figure 2.27; Molland et al. 1996).
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Figure 2.31. Running sinkage: model 4b
(see Figure 2.27; Molland et al. 1996).
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display significantly higher running trim angles
than the monohull, but generally approach the
monohull angle as 2p/ L increases. The increased
trim with speed will in practice be counteracted by
trim tabs and/or interceptors (see section 7.1.3) in
order to minimize the resistance.

2.9 Wake flow

A wake flow, for instance, is important in the anal-
ysis of the inflow to a propeller behind a ship. It is
affected by both potential and viscous flow effects.
In Chapter 6, we show that the wake generated
by an upstream foil provides an important inflow
condition to an aft foil of a hydrofoil vessel with
a fully submerged foil system. Our analysis in this
section is idealized and concentrates on viscous
flow effects.

We consider a vertical strut with forward speed
U and analyze 2D flow in a horizontal cross-
sectional plane. The effect of the free surface is
neglected, and the incident flow has zero angle of
attack. The flow is described in a coordinate sys-
tem following the strut (see Figure 2.32). There is
then anincident flow with velocity U along the pos-
itive x-axis. A wake is generated behind the strut.
Even if the flow is laminar in the boundary layer
of the strut, the flow in the wake will be turbu-
lent at a small distance behind the foil. The reason
is that a laminar wake profile becomes unstable
more easily than does a laminar boundary-layer
profile (Schlichting 1979). Figure 2.32 illustrates
the time-averaged longitudinal velocity profile u
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in the wake at some distance behind the foil. We
express it as

a=U-—u, (2.114)

where u; is positive in the wake and zero out-
side the wake. The wake will be analyzed far away
from the strut. This means «;/U < 1. The wake
flow can be described by the boundary-layer equa-
tions given by egs. (2.30) and (2.31). However, the
boundary conditions differ. It is meaningless, of
course, to require a nonslip condition as we would
on the strut surface. Further, the turbulent stress
7, expressed by eq. (2.33) dominates over laminar
stress 7; given by eq. (2.32). This is a consequence
of measurements and is documented later in the
text. In order to solve the boundary-layer equa-
tions, we need to relate 7, to the mean velocity.
This will be done by expressing 7, as
it
T = M,W.
The form of this expression is the same as the one
for laminar stress given by eq. (2.32). We assume
4, is a constant. The actual value of y, has to be
experimentally determined and is dealt with later.

(2.115)

Figure 2.32. 2D mean wake flow with velocity & behind
a strut with incident flow velocity U.
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The pressure can be assumed to be constant
and equal to the ambient pressure far away from
the strut. This is the same as saying that the
velocity outside the wake is equal to the incident
flow velocity U far away from the strut. Because
u1/U < 1, eq. (2.30) can be linearized. This gives

ouy 9%u,

= (2.116)

=V Ey_z,
where v, = 1, /p. The solution of eq. (2.116) for
our wake problem can be found in Schlichting
(1979), that is,

uy = A;Ux™"? exp(—0.255%),

U 1/2
=)

Eq. (2.117) shows that the wake goes exponen-
tially to zero when |y| — oo. The constant A ;
is determined below. The x-dependence of u; at
y = Oaccording to eqgs. (2.117) and (2.118) is x /2.
Other x-dependency may also satisfy eq. (2.116),
but it is only the x-dependence in egs. (2.117) and
(2.118) that is consistent with the conservation of
fluid momentum. We will show this and choose a
control volume as in Figure 2.33. The strut surface
and the surfaces B, C, D, and E in the fluid far away
from the strut are enclosing the considered fluid
volume. The flow velocity at B, C, and E is equal to
the incident flow velocity, whereas the flow veloc-
ity at D is given by eqgs. (2.117) and (2.118). We
can then write the momentum flux into the con-
trol volume as

—pr2 dy+p/a2 dy.  (2.119)
B D

(2.117)

where

(2.118)

This must balance the longitudinal force acting on
the control volume. The pressures at B, C, D, and

c Stream line
L S— D

A

E Stream line

Figure 2.33. Surfaces A, B, C, D, and E enclosing the
fluid volume used in application of the conservation of
fluid momentum to express the drag force on the strut.

E are equal to the ambient pressure. Because this
is a constant, it gives zero total pressure force on
the sum of the surfaces B, C, D, and E. There is
a Reynolds (turbulent) stress —pu? that in prin-
ciple gives a force on surface D. However, this is
negligible. This means the force acting on the con-
trol volume is minus the drag force R acting on the
strut, that is,

Rzp[Uz dy—p/ﬂzdy. (2.120)
B D

We can rewrite the expression for R by using con-
tinuity of fluid mass, that is,

p/Udy:p/ady
B

D

(2.121)

This gives

R:p/z}(U—ﬁ)dy. (2.122)
D

We now introduce i, defined by eq. (2.114), let C
and E tend toinfinity, and use the fact thatu, /U <«
1 to linearize the expression for R. The result is

R:pru, dy.

—00

(2.123)

Using eqs. (2.117) and (2.118) gives then

r 1
R=pU2A, x'? /% f exp (—Zn2> dn.
- (2.124)
= pU?A, 27 /v,JU

This means R is independent of x as it should be.
We can also express R as

R=05pCpU?, (2.125)

where Cp is known as in eq. (2.90) and c is
the chord length, as shown in Figure 2.32. Using
eqs. (2.124) and (2.125) gives

A= fTD; v—lf (2.120)
Further, according to experiments,
v, = 0.0222UCpec. (2.127)
This means
A =0.95/Cpe. (2.128)



Using egs. (2.127) and (2.128) in eqs. (2.117) and
(2.118), we find that
x

~1/2 R
=1-0.95 <——) e 0P (2.129)

u
U CDC

where

7= y(0.0222Cpcx) 2. (2.130)

Let us evaluate the relative importance between
turbulent and laminar stresses in the far-field
wake. This can be expressed by v,/v. Using
eq. (2.127) gives

Ve

— =0.0222Cp Rn.

v

(2.131)

As an example, let us consider a strut with zero
thickness, that is, a flat plate. We see from eq. (2.90)
that Cp = 2Cr, where Cr is given by eq. (2.4).
This means v;/v is equal to 208 and 1332 for
Rn = 10° and 107, respectively. So we confirm that
Reynolds stresses dominate over laminar stresses
in the wake.

We can use the factor exp(—0.257%) in
eq. (2.129) to define a measure of the thick-
ness of the wake. The y-value corresponding
to exp(—0.257%) = 0.5 is called by, (Schlichting
1979). From eq. (2.130), it follows that

b]/z = 0.25\/ CI) CcX.

This means by, is proportional to ,/x. Because the
wake velocity decays exponentially with y, we can-
not define geometrically the thickness of the wake.
However, instead of using 2b, ; as a measure of the
wake thickness, we could introduce, for instance,
the y-value corresponding to exp(—0.257%) = 0.01
and call it by/i0. The value 2by100 is obviously a
better measure of the wake thickness than 2b; ;.
Whatever value of exp(—0.25n%) we use as a basis
to define the wake thickness, we will find that the
wake thickness is proportional to /x.

There is nothing in the previous derivation of
the far-field wake that requires the body to be a
strut. It could just as well be a circular cylinder or
any other 2D body that is symmetric about the x-
axis and in which the incident steady flow is along
the x-axis. However, an important feature of the
flow around a bluff body is flow separation and
resulting vortex shedding. This causes additional
time-dependent flow velocities and forces that are
not accounted for in the previous application of
conservation of fluid momentum.

(2.132)
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As long as the body is streamlined and no flow
separation occurs, we could in principle use the
boundary-layer equations given by egs. (2.30) and
(2.31) from the leading edge to the far-field wake
for a body that is symmetric about the x-axis and
in which the incident steady flow is along the x-
axis. However, this requires knowledge about the
Reynolds stresses, which cannot be expressed as
simply as we did in the far-field wake.

Our derivation is based on u;/U « 1. How
close to the body one can apply the wake solu-
tion requires comparisons with model tests. How-
ever, one can get a qualitative understanding by
using eq. (2.129) for y =0, and calculating u;/U
as a function of x. Blevins (1990) was able to use
the far-field mean wake solution very close to a
circular cylinder by redefining the origin of the
coordinate system.

The wake solution may be used to define the
inflow velocity to a 2D body in the wake of another
2D body. As long as the downstream body is not
too close to the upstream body, there is little influ-
ence from the downstream body on the upstream
body. However, the upstream body may have an
important effect on the downstream body.

In the following section, we see, for instance,
that the wake behind a ship hull provides animpor-
tant inflow to the propeller. However, this highly
3D flow phenomenon cannot be described by a
simplified procedure. It requires either model tests
or CFD (computational fluid dynamics) simula-
tions with proper turbulence modeling.

2.10 Propellers

Hydrodynamics of ship propellers is a special-
ity by itself and there are textbooks and lecture
notes dealing comprehensively with the topic (e.g.,
Breslin and Andersen 1994, Carlton 1994, Kerwin
1991). Our presentation is of an introductory
nature. We first discuss open-water propeller char-
acteristics, meaning how the propeller performs
when the ship does not influence the propeller
flow. This is the converse of what we assumed to
analyze resistance. In that case, we assumed the
propeller was not present. Finally, we discuss how
to correct for hull-propeller interaction.

Figure 2.34 shows a typical propeller draw-
ing and definitions of commonly used parame-
ters. Most propellers are fixed-pitch propellers.
However, some have adjustable blades and are
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Figure 2.34. Typical propeller drawing (van Manen and van Oossanen 1988).

called controllable-pitch propellers. If the pro-
peller viewed from aft of the propeller turns
clockwise, it is called right-handed. A left-handed
propeller rotates counterclockwise. If a ship is
equipped with two propellers (see Figure 2.2), the
starboard and port propellers are normally right-
handed and left-handed, respectively. The face of
the propeller is the propeller surface seen from
aft of the propeller. The other side is called the
back.

Different areas are used to characterize the
propeller. The propeller disc area A, is equal to
n D?/4, where D is the propeller diameter. The
expanded area Az of the propeller is obtained by
considering different circular cylinders with axis
coinciding with the propeller shaft axis and with
different radius r between r, and the propeller
radius R. Here r, is the radius of the root section,
that is, the hub. The intersection between the
cylinder surfaces and a propeller blade defines
propeller blade sections. These are indicated by
lines in Figure 2.35. We then unfold the cylinder
surface with the propeller blade section so that the
section becomes planar. The chord length ¢ (r) of
this section is the length of the “nose-tail line” as

T

Figure 2.35. Right-handed screw propeller and its shaft
in uniform inflow velocity U corresponding to the ship
speed. n = shaft revolutions per second, Q = shaft
torque, T = propeller thrust. There are lines drawn on
the propeller with constant radial distance from the shaft
axis. Each line defines a propeller blade section. (Photo
by K. A. Hegstad)
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Figure 2.36. Two-dimensional view of a propeller blade
section, moving to the right with velocity U and in
the peripheral direction with velocity 2znr. Here r
is the radial distance from the shaft axis. The local
angle of attack « is shown here as the difference
between the pitch angle of the blade and the inflow
angle tan~!(U/2mnr). The resultant force F contains an
axial component (thrust), and a peripheral component
(torque/radius). (Newman, J. N., 1977, Marine Hydro-
dynamics, Cambridge: The MIT Press. The figure is
reprinted with the permission of The MIT Press.)

shown in Figure 2.16. The expanded area is defined

as
R

Ap = Z/ c(r)dr,
™
where Z is the number of propeller blades.

A developed area Ap can also be defined (van
Manen and van Qossanen 1988). This is more elab-
orate to evaluate. However, in practice, Ap and
Ag are close (Carlton 1994). The blade area ratio
(BAR) is either Ap/Ap or Ap/Ao.

We use Figures 2.35 and 2.36 to give a simplified
picture of how a propeller works. Infinite fluid is
assumed. There is a shaft torque Q delivered by
the engine and a constant number n of shaft rev-
olutions per second. Assuming a steady inflow to
the propeller, Q must balance a steady hydrody-
namic torque on the propeller blades and the hub.
Actually, the hub torque is negligible. Seen from a
propeller blade section as in Figure 2.36, there is an
axial inflow velocity U equal to the ship’s speed.
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This is a consequence of temporarily neglecting
hull-propeller interaction. The propeller revolu-
tion causes an inflow velocity 2z ar in the periph-
eral direction. Here r is the radial distance from
the propeller shaft axis to the propeller blade sec-
tion. The resultant inflow velocity vector causes an
angle of attack « relative to the blade section. This
angle of attack is equal to the difference between
the pitch angle 8,, of the blade section and the
inflow angle 8 = tan~! (U/2mnr), that is,

o =0, —tan ' (U/27nr). (2.133)

The pitch angle 6,, is the angle between the plane
of rotation and the chord line, that is, the nose-
tail line shown in Figure 2.16. The word pitch is
related to a helical curve with angle 8,,, as shown
in Figure 2.37.

Let us consider a point A on a cylinder surface
of radius r. The point rotates around the cylin-
der axis and moves axially with constant velocity.
The starting and ending positions after one com-
plete revolution are denoted Ag and A, in the fig-
ure. The axial motion during this time period is the
pitch P. If the cylindrical surface between Ag and
Ay is cut open along Ao and A, and unfolded into
a plane, we get the right picture in the figure. We
see from this picture, that the relationship between
the pitch and the pitch angle is P = 27rtané,,.
The propeller pitch is defined in the literature in
different ways. Instead of using the nose-tail line to
define the pitch angle, a face-pitch line is also used
(Carlton 1994). Further, the propeller pitch may
be defined as the local pitch at r equal to either
0.7R or 0.75R, where R is the propeller radius.

The flow situation in Figure 2.36 is similar to
that in Figure 2.16. In both cases, there is a flow
with an angle of attack past a 2D foil. When the
foil is symmetric about the nose-tail line, that is,
uncambered, and the angle of attack is zero, there
is zerolift according to potential flow theory for 2D
steady flow past a foil in infinite fluid (see Chap-
ter 6). According to the same theoretical assump-
tions, there is also zero drag. However, drag occurs,
for instance, as a result of 3D flow and viscous
effects. There are in general both a lift force and a
drag force acting on the propeller blade section.
Figure 2.16 shows that the lift force dominates.
This is normally the case. Because a sharp trailing
edge is essential in developing a large lift force, the
way the propeller rotates matters. It implies that
the propeller is less efficient when going astern.



50 < Resistance and Propulsion
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Figure 2.37. Left figure: helical curve described by point A on a cylinder surface with radius . Point A
rotates with constant velocity around the cylinder axis and moves axially with constant velocity. Right
picture: the cylinder surface is unfolded into a plane. P = pitch, 6, = pitch angle.

Let us try to give a simplified description of the
flow around a foil. We then disregard the details of
the boundary layer. The lift is closely related to the
circulation I" around the foil, where I' = fc u-ds,
u is the fluid velocity, Cis a closed curve enclosing
the foil. The circulation implies higher velocities
on the suction side than on the pressure side of
the foil and is a consequence of the flow leaving
tangentially from the trailing edge of the foil (Fig-
ure 2.38). Figure 2.38 also illustrates that the flow
velocity is higher on the top side (suction side) of
the foil than on the lower side. We can see this by
using the conservation of fluid mass, noting that
there is no flow through streamlines and that the
distance between streamlines is shorter on the top
side than on the lower side.

The fact that the flow leaves tangentially from
the trailing edge is referred to as the Kutta con-
dition in mathematical foil theory. The Kutta con-
dition is a restriction imposed on the flow based
on physical flow observations. If a Kutta con-
dition was not imposed and there was no cir-
culation around the foil, it would lead to zero

force on a foil in steady potential flow in infinite
fluid (D’Alembert’s paradox). The corresponding
unphysical theoretical flow would imply cross-flow
with infinite velocity at the trailing edge of the foil
(see Figure 2.39). This suggests that a vortex will
be shed in reality from the trailing edge. It is the
reason for the development of circulation around
the foil. The flow adjusts itself so that it leaves tan-
gentially from the trailing edge. The reader should
refer to Chapter 6 for details about foil theory.

The resultant force vector F in Figure 2.36 is
decomposed into an axial force component 7 that
contributes to the propeller thrust and a peripheral
component Q/r that contributes to the propeller
torque.

We said that this explanation was simplified.
So what are the simplifications used? Well we
have basically used a strip theory approach, which
implies that the flow is two-dimensional at the
blade section. If the aspect ratio of the propeller
blade is large, the strip theory represents a good
approximation. However, by using a definition of
aspect ratio like eq. (2.87) for a propeller blade,

Figure 2.38. Assumed flow past a foil in which the flow leaves tangentially from the trailing edge
(Kutta condition). The lines represent streamlines. (Newman, J. N., 1977, Marine Hydrodynamics,
Cambridge: The MIT Press. The figure is reprinted with the permission of The MIT Press.)
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Figure 2.39. Flow past a foil without circulation.
(Newman, J. N. 1977, Marine Hydrodynamics,
Cambridge: The MIT Press. The figure is reprinted with
the permission of The MIT Press.)

we find that some propellers can have an aspect
ratio of an order of one. This means that the 3D
flow effects cannot be ignored. One consequence
of the 3D flow is the tip vortices from the propeller
blades (Figure 2.40). As a first approximation,
they form helical paths that can be determined
by noting that vorticity is convected with the fluid
velocity. We then use a propeller-fixed coordinate
system. As first approximation, the longitudinal
(axial) and peripheral velocities at the propeller
tip are, respectively, U and wn D. We can construct
a helical curve for a tip vortex as in Figure 2.37. The
radius R is 0.5D. The angle 0,, is replaced with the
inflow angle tan~'(U/mnD).

The tip vortices will influence the inflow to the
propeller blade section in Figure 2.36. However,
there are also influences from other parts of the
trailing vortex sheet and other sections of the
blade, as well as other blades. If the aspect ratio
of a propeller blade is high, the influence is only
caused by the trailing vortex sheets of the dif-
ferent blades. The inflow velocity to a propeller
blade can then be represented as in Figure 2.41,
which shows axial (U, ) and tangential (U;) correc-
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Figure 2.40. Tip vortex sheet cavitation of a four-bladed
propeller used for a high-speed vessel. The tests have
been done in the cavitation tunnel at the Marine Tech-
nology Centre, Trondheim. P/D = 1.2, Ag/Ay =0.71.
No shaft inclination. (Photo by F. Bolstad.)

tions to the inflow velocity due to 3D flow effects.
Similar 3D flow effects are discussed in con-
nection with high-aspect ratio lifting surfaces in
section 6.7.

Propeller slip stream

The propeller slip stream can as a first approxima-
tion be estimated by considering the propeller as
an actuator disc in infinite fluid. This means that
we let the number of propeller blades go to infin-
ity and the cross-dimensions of each blade go to
zero in such a way that there is flow through the
propeller disc. We will limit our discussion to an
axially symmetric flow (see e.g., Lewis 1996). The
inflow velocity far upstream is assumed equal to

Q/r

2nnr

Figure 2.41. Incident flow velocity components U,(r) and U,(r) due to trailing vortex sheet from the
propeller blades modify the incident flow velocity to a propeller blade section relative to the two-
dimensional flow pictured in Figure 2.36. There is a lift force L and a drag force D perpendicular and
parallel, respectively, to the incident flow velocity with magnitude U". The resultant force F contains
an axial component (thrust 7') and a peripheral component (torque/radius Q /).
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Figure 2.42. Modeling of the propeller slip stream in
infinite fluid by means of an actuator disc model. U = the
inflow flow velocity far upstream, U,y = through-flow
velocity at the actuator disc, Ug = the slip stream velo-
city far downstream. A B and D C are parts of streamlines.

the ship velocity U. The flow picture is illustrated
in Figure 2.42 with a stream surface consisting of
streamlines AB and DC that touch the propeller
blade tips. The flow velocity is everywhere in the
axial direction, that is, the swirling flow associ-
ated with the trailing vortex sheets behind the pro-
pelleris neglected. The velocity outside the stream
surface shown in Figure 2.42 is equal to the ship
velocity U. The flow velocity inside the stream sur-
face varies only in the longitudinal direction and
is equal to U, and Us at the propeller plane and
far downstream, respectively.

Anincompressible and inviscid fluid is assumed.
The propeller thrust force T may be expressed
by conservation of fluid momentum and is equal
to the difference in momentum flux through the
cross-plane at BC and AD in Figure 2.42, that is,

T = prriU2 — pnr U

in

(2.134)

Here r;,, and r, are the radial distances from the
propeller axis to the stream surface at AD and
BC, respectively. Continuity of fluid mass gives

p”rﬁru = anzljp() = ,07TV§US. (2135)

Here R is the propeller radius. Using eq. (2.135)
in eq. (2.134) gives
T = pnR*U, (Ug — U). (2.136)

The propeller thrust may also be expressed by
direct pressure integration. This gives consistent

with our simplified model that

T=(p,— p)7R?, (2.137)

where (p, — p1)is the pressure rise across the actu-
ator disc representing the propeller. The pressure
can be related to the flow velocity by means of
Bernoulli’s equation (see eq. (2.94)). Neglecting
gravity and applying Bernoulli’s equation sepa-
rately on the upstream and downstream side of
the actuator disc gives

P+ %Uio = Pamy + gUZ (2.138)
+ gUﬁo = Pumb + §U§. (2.139)

Here p,.» means the ambient pressure. This means
that eq. (2.137) can be expressed as

T= g (U2 - U?) R

Comparing egs. (2.136) and (2.140) gives U,
(Us — U) = 0.5(U% - U?), that is,

(2.140)

Un=3Us+0).  @1a)
This expresses that the through-flow velocity
Uy at the actuator disc is the average of the inflow
velocity U and the slip stream velocity Us far dow-
stream of the propeller.
Eq. (2.140) can be rewritten as

Us=U1+ Cr, (2.142)
where
T
o 2.143
" T 05p0UR? ( )

This determines the slip stream velocity Us in
terms of the propeller thrust-loading coeffi-
cient Cy. The radius rg associated with the far
downstream slip velocity can be determined by
€gs. (2.135) and (2.141), giving

re= R /05 (1 + U%) (2.144)

Egs. (2.142) and (2.144) are commonly used in
expressing the inflow velocity to a rudder behind
a propeller (see Figure 10.30 and associated text).
Even though Us and rg are asymptotic values far
downstream of the actuator disc, they represent



good approximations when the longitudinal dis-
tance between the rudder and the propeller is
the order of the propeller radius (Soding 1982).
If we want to evaluate the propeller slip stream
at a much larger downstream distance, turbulent
stresses must be considered. This can be analyzed
by considering the slip stream as a turbulent axis-
symmetricjet flow. Details are given by Schlichting
(1979). A more sophisticated approach must obvi-
ously account for the presence of viscous propeller
forces, swirling flow, the free surface, and the ves-
sel. However, we must still keep in mind that rep-
resenting the propeller as an actuator disc is an
approximation.

2.10.1 Open-water propeller characteristics

Even if three-dimensionality matters in the flow
around the propeller, it does not change the fact
that the inflow angle tan=!(U/2mnr) is an impor-
tant parameter. A global measure of the inflow
angle is the advance ratio

U
J=—, 2.145
D ( )
where D is the propeller diameter. If Reynolds
number and cavitation effects are disregarded,
then the nondimensional thrust and torque,

expressed by

T
- 146
Kr= D (2.146)
and
Y
Ko= —=, 2147
7 pn2DS (2147)

respectively, will depend only on the advance ratio
J for geometrically similar propellers. However,
we should recall that we have assumed infinite
fluid, that is, no free surface effects. Figure 2.43
gives examples from Gawn (1953) on the thrust
coefficient Ky and the torque coefficient Ko as
a function of J for three-bladed propellers with
different pitch-to-diameter ratios. The blade area
ratio in this case is 0.65, whereas Gawn (1953)
also presented results for other blade area ratios
from 0.2 to 1.1. The propelier efficiency n, is also
plotted. This is the ratio of the propulsive power
UT done by the propeller in developing a thrust
force, divided by the shaft power 2rnQ required
to overcome the shaft torque. The latter is also
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the power delivered by the vessel machinery. This
means

urTr J Ky

. L~ 2148
= 2anQ T 27 Ky (2.148)

It is obviously an advantage to have high effi-
ciency, and Figure 2.43 shows that a maximum effi-
ciency of up to 0.8 can be achieved with the studied
propellers. Maximum values of Kr and K¢ occur
for J = 0. However, 7, is then zero. This follows
from eq. (2.148). We note that Ky and K¢ tend
to zero for approximately the same J-value for a
given pitch-to-diameter ratio. We will explain this
by the simplified picture in Figure 2.36, that is, we
assume first a 2D flow condition. We will neglect
viscous forces. There is then only a lift force L per-
pendicular to the inflow velocity vector. This can
be expressed as

dcC
L=2W? + 4?2y =L (@ — o), (2.149)
2 da

where ¢ is the chord length of the blade section.
dC/da is a constant and depends on the foil pro-
file. It is 27 according to linear theory for a 2D
foil in an infinite and incompressible fluid when
the angle of attack o (see Figure 2.16) is given
in radians. When « = 0, there still will be a lift
for a cambered section. This is expressed by ag in
eq. (2.149). o will be negative relative to the flow
situation in Figure 2.16. Actually most of the lift
on the propeller blade at design speed is the result
of the foil camber.

The decomposition of eq. (2.149) in axial and
peripheral directions gives contributions to the
thrust and torque equal to Lcos g and r Lsin 8, re-
spectively. Here cos = 2mnr/(U? + 4n*n’r?)'?
and sin g = U/(U? + 4n?n?r?)"/2. We then have
to add contributions from all blade sections and
blades to find propeller thrust and torque. If a rep-
resentative blade section with r equal to 0.7 times
the propeller radius R is chosen, this gives

a =6, —tan"! I .
077

We must require that @ — ay is positive. This gives
the thrust and torque directions as in Figure 2.36.
If « — g were negative, then the hydrodynamic
torque on the propeller would act in the same
direction as the propeller shaft torque delivered
by the engine. This means we cannot balance the
torque and the inflow will drive the propeller.
Another matter is that it would lead to negative

(2.150)
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Figure 2.43. Thrust, torque, and efficiency coefficients for a series of three-bladed propellers with
pitch-to-diameter ratios 0.4 to 2.0. Blade area ratio (BAR) = 0.65 (Gawn 1953).

thrust. Three-dimensional flow effects will reduce
the angle of attack (see Figure 2.41), how much
is a matter of detailed investigation. Let us now
roughly say that C; = 2ra, that is, the effect of ay
is offset by 3D flow effects. Because the thrust
and torque are proportional to « in this simpli-
fied analysis, by means of eq. (2.150) we see that
K7 and K become zero for the same J-value
for a given pitch-to-diameter ratio. Eq. (2.150)
shows that the J-value that corresponds to zero
K7 and K, values increases with increases in the
pitch angle 9,,, that s, pitch-to-diameter ratio. This
agrees with Figure 2.43. We can estimate what this

J-value is from eq. (2.150). We then use Figure 2.37
showing that tan6,, = P/ (27r) and use the fact
that the propeller pitch corresponds to r = 0.7R.
This shows that zero « corresponds to a pro-
peller pitch-to-diameter ratio equal to the advance
ratio J. That is in reasonable agreement with
Figure 2.43.

If the propeller is approximated as an actua-
tor disc and an axially symmetric flow is assumed,
the propeller thrust, torque, and efficiency can be
expressed in a simple way. The propeller thrust can
be written as either eq. (2.136) or eq. (2.140). The
shaft power is equal to the difference in kinetic



energy flux through the cross-planes at BC and
AD in Figure 2.42 (see part B of exercise 2.12.4),
that is,

1 1
2rnQ = Epmgug - ipnr,?ntﬂ. (2.151)

Using eq. (2.138) gives
2rnQ = %P”RZU,)O (U2 -U?). (2152)

Egs. (2.148), (2.136), and (2.152) imply that the
propeller efficiency can be expressed as
2

o ———— 2.153
=Ty Uy U (2.153)
This can be rewritten as
-2 (2.154)
S Y gy g '

by means of eq. (2.142). The propeller thrust-
loading coefficient Cy in eq. (2.154) can be
expressed as
8 Ky
=2
by using the definitions of Cy, J, and Ky given
by eqgs. (2.143), (2.145), and (2.146), respectively.
Eq. (2.154) is called the ideal efficiency. The effi-
ciency of various propulsion devices will for a

(2.155)

given thrust-loading coefficient always be lower
than the ideal efficiency. One reason is that our
simplified actuator disc model for the propeller
does not account for viscous drag forces on the
propeller and the kinetic energy associated with
the swirling flow behind the propeller. However,
the ideal efficiency represents ameasure in judging
the qualities of different propulsion devices (see
examples in Breslin and Andersen 1994).

2.10.2 Propellers for high-speed vessels

The previous discussion does not account for the
possibility of propeller cavitation, which is of con-
cern for high-speed vessels. A broad and in-depth
coverage of cavitation is given by Brennen (1995).
Kato (1996) reviewed the modeling, analysis, and
computational methods of cavitation for hydro-
foils and marine propellers. Generally speaking,
cavitation occurs when the total pressure becomes
equal to vapor pressure p, somewhere on the pro-
peller surface. p, is only 0.012 times the atmo-
spheric pressure at 10°C (see Table A3 in the
Appendix). This means practically zero pressure.
The pressure can, by the way, never be negativeina
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fluid. The total pressure is the sum of atmospheric
pressure p, and hydrostatic pressure at a given
instantaneous position on the propeller and the
hydrodynamic pressure on the propeller. The lat-
ter is the cause of the lift expressed by eq. (2.149)
and therefore of the propeller thrust and torque. If
we continue using the flow picture in Figure 2.38,
there will be a suction pressure on the curved
“upper” side of the blade section. So except for
some details around the nose of the blade section,
it is the difference between the higher pressure on
the nearly flat “lower™ (face) side and the lower
pressure on the “upper” (back) side that causes
lift. It is the suction pressure that is of concern
from a cavitation point of view. Because the lift
increases with the square of the inflow velocity,
the hydrodynamic pressure will do the same. It
implies that by increasing the ship’s speed, the load
on the propeller must increase, thus the possibility
of cavitation will increase. Further, the hydrostatic
pressure also matters. This implies that the closer
a propeller blade section comes to the free surface,
the larger is the possibility of cavitation on the low-
pressure areas of the section. The scenario may
then be a varying cavitation volume on the outer
part, that is, near the tip, of the propeller blade
as the propeller blade passes near the free sur-
face. When the cavitation disappears and bubbles
implode, it may lead to propeller erosion. Face cav-
itation is of most concern in this context. Further,
the varying cavity volume on a propeller blade as
it passes near the free surface acts similarly to a
fluid source generating pulsating pressures on the
hull (Huse 1972). These pressure pulses may excite
undesirable hull vibrations.

If partial cavitation is unavoidable by the pro-
peller design, a supercavitating propeller design
may be concidered. If the propeller is to be used
on a high-speed vessel with a speed above the
order of 50 knots, cavitation will occur. A super-
cavitating propeller means that the entire suction
side of the foil is contained within a cavity. The
blade section of a supercavitating propeller typ-
ically has a sharp leading edge. The flow around
this sharp edge causes high velocities, which means
low pressure. This facilitates cavitation inception.
A supercavitating blade section has a much lower
lift coefficient C; and lift-to-drag ratio than does a
noncavitating blade section. A pioneering analysis
was made by Tulin (1953). Two-dimensional lin-
ear steady supercavitating flow around a flat plate
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Figure 2.44. Propeller cavitation number
oy (see eq. (2.157)) as a function of vessel
speed U. Ambient pressure is based on 1 m
submergence of the propeller shaft.

720 25 30 35 40 45 50
U (knots)

in infinite fluid at small angles of attack o was
studied as a function of the cavitation number.
Geurst (1960) extended this theory to cambered
foils. If we consider a flat plate at zero cavitation
number, then C; is 0.5z« for supercavitating flow
compared with 2rra for a noncavitating flat plate.
This has obvious consequences for propeller thrust
and torque.

The cavitation number is an important param-
eter. For a blade section, this can be expressed as

— Da + ,ogh —Dv
0.50[U2 + 2rnr)?]’

(2.156)

where £ is the minimum instantaneous submer-
gence of the blade section during the propeller
rotation. The higher the cavitation number, the
smaller the probability of cavitation.

The propeller cavitation number o, follows by
inserting r = 0in eq. (2.156), that is,

_ Patpgh—p,

85,07 (2.157)

o]

Figure 2.44 illustrates how o, decreases with
increasing speed when the propeller shaft is 1 m
submerged. Newton and Rader (1961) have pre-
sented extensive model test results showing how
the thrust coefficient K7, the torque coefficient
Ko, and the propeller efficiency np depend on
oo and the advance ratio J for uniform axial
inflow. The Newton-Rader series consists of three

bladed propellers and covers a wide range of pitch-
diameter and blade area ratios (1.0 < P/D <
2.0,0.5 < Ap/Ap <1.0). Here Ar means the
expanded blade area and Ay is the propeller
disc area. The parent propeller (P/D =1.25,
Ag/Ao = 0.71) is illustrated in Figure 2.45. Fig-
ure 2.46 presents K7, K, and np as a function of
oo and J for the parent propeller.

A radial distance r corresponding to 0.7 times
propeller radius (R) is typically used in eq. (2.156)

—— X =0.95

e 0.9
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Figure 2.45. Blade elements of the Newton—Rader
series parent propeller. x means radial distance from
propeller shaft divided by propeller radius. Presented
by Kruppa (1990) based on Newton and Rader (1961).
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Figure 2.46. Hydrodynamic characteristics of the Newton-Rader series parent propeller. / = advance
ratio. K7 = thrust coefficient, Kp = torque coefficient, np = propeller efficiency, o9 = propeller
cavitation number defined in eq. (2.157), Ag = expanded blade area, Ap = propeller disc area, P =

propeller pitch, D = propeller diameter.

to characterize the occurrence of cavitation for the
propeller. This gives a cavitation number oy ; that
can be expressed as

o0 = Pa+Pgh—Pv . 1
0.7 OSPUZ 1+(7’TO7)2

(2.158)

It is possible to design a propeller in uniform axial
inflow so that cavitation is avoided when ay7 >
0.12 (Kruppa 1990). This criterion is illustrated
in Figure 2.47 by presenting J as a function of U
when minimum submergence of the blade section
atr = 0.7R is 1 m. The results show that increas-
ing speed requires increasing minimum advance
ratio to avoid cavitation.

Uniform axial inflow can be achieved in calm
water conditions when the combination of a trac-
tor propeller and a right-angle drive (Z-drive) is
used. A Z-drive isillustrated in Figure 2.1b. A trac-
tor propelier is rotated 180° about a vertical axis
relative to the propeller in Figure 2.1b and faces an
incident flow very close to the forward speed of the

J
25 v T -
2 -
No cavitation
is possible
15F 1
w7 e '
________ \
__________ 647 = 0.05
05F e - ,
- Supercavitation
ol . L ; . . . .
20 25 30 35 40 45 50 55 60
U (knots)

Figure 2.47. Cavitation domains as a function of ves-
sel speed U and advance ratio J. op7 = local cavitation
number at radial distance 0.7 times the propeller radius.
Ambient pressure is based on 1 m submergence. Criteria
are according to Kruppa (1990).
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Figure 2.48. Model testing of a tractor propeller that is
integrated in the aft foil-strut system of a foil catamaran
(see Figure 6.4). Only the strut part is seen in the figure
(Minsaas, unpublished).

vessel (see also Figures 2.48 and 2.49), similar
to a propeller on an airplane. Propellers with
negligible cavitation can then operate beyond
40 knots. A propeller such as this was designed
by MARINTEK and reported by Halstensen
and Leivdal (1990). This SpeedZ propulsion sys-
tem uses controllable pitch propellers with four
blades. Pitch-to-diameter ratios of P/D =1.80
and advance coefficient J = 1.50 ensure that no
thrust breakdown occurs at a vessel speed of
45 knots.

Propellers fitted to inclining shafts are some-
times used for planing vessels (see Figures 2.1a
and 2.2) and hydrofoil vessels. The inflow to the
propeller blade sections is then nonuniform. Local
wake peaks occur because of struts and shafting.

The criterion oy7 > 0.12 is no longer valid, and
cavitation is of concern.

Fully cavitating conditions can be achieved
when 0y ; < 0.05. The cavity starts then at the lead-
ing edge and extends beyond the trailing edge. The
pressure at the suction side of the propeller is then
equal to the vapor pressure. Even if fully cavitat-
ing conditions can be achieved for smaller ship
speeds (see Figure 2.47), the allowable J-values
will give unacceptable efficiencies. Kruppa (1990)
states, “Itis felt that the proper field of application
of fully cavitating propellers is beyond 40 knots.”
Supercavitating propellers are also discussed by
Venning and Haberman (1962) and Todd (1967).

In model testing propellers, it is important that
the cavitation number o is the same as in full scale.
If tests are done in a cavitation tunnel without a
free surface, we do not have to worry about the
Froude number. One tries to obtain as high an
axial inflow velocity U as possible, say 15 ms™!, to
maximize the Reynolds number to obtain turbu-
lent boundary-layer conditions. The correct cavi-
tation number is obtained by lowering the ambi-
ent pressure. This can be lowered to about 0.1 bar
(10 kNm~2) in MARINTEKs facilities. If model
tests are done with a ship model equipped with a
propeller and with free-surface effects, we can use
a depressurized towing tank, such as the one at
MARIN in Wageningen, to properly model cavi-
tation. There are, however, few facilities like that.
Another possibility is to use a cavitation tunnel
with a free surface.

Figure 2.49. Azimuth thrusters by Rolls-Royce that can operate up to 24 knots. The figure on the left
illustrates the Z-drive. The right picture shows the two thrusters working as tractor propellers.



If the propeller tip gets too close to the free sur-
face, there is danger of ventilation. That means
that air is drawn into the suction side of the pro-
peller blade. The higher the propeller loading,
that is, the lower the suction pressure on the pro-
peller blade, the larger the possibility of ventila-
tion. A rough guide is that ventilation should be
considered when #/R < 1.5. Here R is the pro-
peller radius and 4 is the vertical distance between
the free surface and the propeller shaft. Relative
vertical motions between the ship and the waves
in a seaway increase the possibility of ventilation
(Minsaas et al. 1986).

Free surface—piercing propellers are also used
for high-speed vessels operating at maximum
speeds higher than 40 knots. When the propeller
blade exits and enters the free surface, unsteady
lifting effects occur. Because the propeller extends
from the transom, there is no appendage drag.
Some systems may be used for steering and trim
adjustments. Rose and Kruppa (1991) presented
model test results from a methodical series of
four-bladed surface-piercing propellers. Optimum
propeller dimensions derived from these tests
were published earlier by Kruppa (1990). The
paper addresses aspects of testing techniques for
surface-piercing propellers. It demonstrates that
cavitation number affects propeller performance
adversely unless fully ventilated propeller flow
exists. Complete suction-side ventilation, how-
ever, is usually neither achieved nor desirable if
one aims at maximum possible efficiency from a
design point. Design charts for surface-piercing
propellers should therefore contain the cavita-
tion number as a parameter. The same is neces-
sary for data on vertical and transverse propeller
forces. Further requirements for design and test-
ing of partially submerged propellers are formu-
lated by Kruppa (1991, 1992). Rose et al. (1993)
have presented secondary force coefficients for
the Rolla Propeller series of four-bladed surface-
piercing propellers studied by Rose and Kruppa
(1991). The data can be used to estimate verti-
cal and side forces and to understand the influ-
ence of propeller dimensions and position. The

data also provide a basis for calculating shaft
stresses.

Example: Determination of propeller

characteristics

A planing vessel is considered. In sections 9.2 and
9.3, it is shown how to predict the resistance of

2.10 Propellers « 59

a planing vessel. We assume that a resistance of
110 kN has been estimated. A right-angle drive
with a tractor propeller is assumed. The inflow
velocity to the propeller can then be approximated
as the ship speed. Further, the effect of the pro-
peller on the flow around the ship hull will be
neglected. The propeller shaft is 1 m submerged.
The maximum operating vessel speed U is set
equal to 20.7 ms~!. This gives a propeller cavi-
tation number oy equal to 0.5. A Newton-Rader
propeller with P/D =1.25 and Ag/Ay =0.71 is
selected as a first try. We must assume a propeller
diameter in order to find the advance ratio J. Let
ussay D =1.42m.
K7 can be rewritten as

oo T _ T U?
= pniD% ~ pU2D? niD?
T (2.159)
_ 2
- pUzDZJ

In eq. (2.159), K7 is known as a function of J.
This follows from the propeller diagram. Further,
T/(pU?D?)is known from the values T = 110 kN,
p = 1025 kgm‘*, U=207ms'and D =142 m.
The solution for J can, for instance, be found
graphically by plotting Ky and T/(pU?D?)J?
as a function of J (Figure 2.50). The intersec-
tion point between the two curves corresponds
to J =U/(nD)=1.1. This gives n =13.2 pro-
peller revolutions per second. The K(-value at
J =11 is equal to 0.0376 according to the
propeller diagram. The corresponding propeller

0.25
T/(pD2U2)J2 ~ /
02 >/
KT\\/ /-’--\.‘u

0.15 e 4

JR SOy AN
0.1 \

e \‘
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Figure 2.50. Determination of the advance ratio J as
the intersection between K7 and T/(pUZ2D?)J2. U =
207ms™ !, D =142m, T = 110 kN, p = 1025 kgm~>.
The data for Ky are from the Newton-Rader propeller
series with P/D =1.25, Ag/ Ao = 0.71, and oy = 0.5.
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efficiency np is 0.699. The delivered power by the
propeller is

Pp =2nnQ =2nnpn* D Ky = 3235 kW.

We note that this differs from the needed effect
TU = 2273 kW. The previous procedure must
now be repeated for several propeller diameters
and with consideration of other propeller dia-
grams in order to also find balance between Pp
and TU.

The resistance of a high-speed vessel may not
be the largest at maximum operating speed. A
hump in the resistance may occur at a lower speed.
This happens, for instance, in planing vessels and
monohull hydrofoil vessels before takeoff to the
foilborne condition (see Figure 6.15), and SES
with a small length-beam ratio. One then has to
ensure sufficient propulsion power and thrust for
the hump speed.

Figure 2.47 shows that partial cavitation will
occur for J = 1.1 at U =20.7 ms™* (40.2 knots).
However, no face cavitation was present in the
experiments by Newton and Rader (1961) for the
selected propeller at J = 1.1 and oy = 0.5. This
suggests that cavitation will not be destructive for
the propeller blades.

2.10.3 Hull-propeller interaction

If a propeller operates in the wake behind the ship,
the inflow velocity to the propeller is affected.
Figure 2.51 shows an example of the longitudi-
nal wake fraction w(r,0) at the position of a
propeller located aft of the stern of a displace-
ment vessel. Here (r, 6, x) are polar coordinates
with x in the longitudinal direction of the ship.
Zero radial distance r corresponds with the pro-
peller shaft axis. The axial velocity, which the pro-
peller sees, is U(1 — w). If we consider a blade
section as in Figure 2.36, the #-dependence of
w means that the blade section sees a time-
dependent axial inflow velocity. This causes time-
dependent hydrodynamic loads on the propeller
that can, for instance, cause propeller shaft vibra-
tions. However, this is not our concern in the
present context of propulsion. This means we
should average w over 6. In practice, one also aver-
ages w over r and uses an averaged wake fraction
w that may vary between 0 and 0.4 for a displace-
ment vessel, depending on the hull form. However,
the averaged wake fraction may be negative for a

/R
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Figure 2.51. Curves of constant wake fraction w for a
125-m cargo ship model. The axial velocity that the pro-
peller sees is U(1 — w) (Breslin and Andersen 1994).

semi-displacement vessel. This is Froude number
dependent and caused by the waves generated by
the ship.

We can determine w in model tests. Because
there is also a Reynolds number effect, there are
problems in how to scale w to full scale. We have
already discussed this in the context of boundary-
layer flow along the ship hull. For instance, the
ratio between boundary-layer thickness and ship
length will not be the same in model tests and full
scale. The wake is just a continuation of the viscous
boundary-layer flow.

We can account for the wake by redefining
the advance ratio J in the open-water propeller
characteristics as J = U(1 — w)/(nD). However,
because w is an average wake effect over the whole
propeller area, we should not expect that this could
be correct both for K7 and K. So in addition, K
is corrected as follows

(Ko)sp = (Ko) ow /r- (2.160)

Here the subscripts SP and OW refer to a self-
propelled model and open-water propeller condi-
tions, respectively. Further, nr is called the relative



rotative efficiency. Typical values of n g are between
1.0 and 1.1. A self-propelled test uses a model
fitted with and propelled by a scale-model pro-
peller. Because the total resistance coefficient Cr
is larger in the model test than in full scale (see
Figure 2.26), additional thrust is provided by the
towing carriage.

The propeller will affect the flow around the
ship. This means the resistance on the hull is not
the same with and without the propeller. The suc-
tion due to the propeller will reduce the pressure
at the stern and therefore increase the resistance.
This can be expressed as

Rr=(1-0T, (2.161)

where Ry is the resistance without the propeller
and ¢ is called the thrust-deduction coefficient. Typ-
ical values of ¢ are lower than 0.2.

The relative rotative efficiency, the thrust
deduction coefficient, and the wake fraction can
be determined by combining self-propelled tests,
open-water propeller characteristics, and towing
tests without the propeller (Newman 1977). If the
wake fraction is obtained in this way, it is called
Taylor wake wr.

We can now define an overall propulsive effi-
ciency

_ RyU (-1 ( U ) Tsp D
n= 2anQsp - ) 2nnD QOW R
(2.162)

We can express this in terms of (Kr)ow and
(Kg)ow, which now must be considered a func-
tion of the modified advance ratio U(1 — w)/(nD).
Then, we will have similarity between the open-
water and self-propelled thrust coefficients, that
is, (Kr)ow = (Kr)sp. The propeller efficiency 7p
given by eq. (2.148) is then

U(-0) Kr

= . 2.1
"= 2w Koy )
This means eq. ( 2.162) becomes
(L-1)
= — . 2.1
1= )R (2.164)
Here
1—1¢
Nu = = (2.165)
1—w

is called the hull efficiency. Because ny is typi-
cally between 1 and 1.2, the propulsive efficiency
of a propeller behind a hull will be larger than the
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open-water efficiency. We can determine the ship’s
speed when we know the hull interaction coeffi-
cients, the resistance, and the machinery and pro-
peller characteristics. This follows by the fact that
the delivered torque from the machinery should
balance the hydrodynamic torque on the propeller
and by equalizing the ship’s resistance with the
propeller thrust. The analysis will implicitly deter-
mine the number of shaft revolutions n. Eventu-
ally we can, for instance, determine the overall
propulsive efficiency given by eq. (2.164).

2.11 Waterjet propulsion

Waterjet propulsion is the most common propul-
sion system for high-speed vessels of nonplan-
ing type. A comprehensive and practically ori-
ented article on waterjet propulsion is presented
by Allison (1993). Cavitation is easier to avoid for
a waterjet than for a propeller at high speed.

If the engine power and the resistance curve of
the vessel are known, we can easily make a prelimi-
nary selection of a waterjet propulsion system with
diagrams provided by the manufacturer. There are
different series with different outlet nozzle diam-
eters and blade pitch angles. Let us illustrate this
with an example. Figure 2.52 shows, for one par-
ticular waterjet system, different lines of constant
brake power in kW (BKW) as a function of ves-
sel speed. The brake power is the power delivered
by the propulsion machinery. The vertical axis is
the net thrust accounting for mechanical losses. In
Figure 2.52, we have also plotted the resistance
of the vessel together with the waterjet propul-
sion data. The intersection between the resistance
and BKW-curves determines the needed power
for a given vessel speed. The vessel should oper-
ate less than 10% of the time in zone 2, according
to the diagram. This is associated with pump cav-
itation. Figure 2.52 also shows a zone 3, where a
vessel must be only less than 1% of the operating
time. However, Figure 2.52 shows that the studied
vessel will never be in zone 3 with this particu-
lar waterjet propulsion system. Different loading
conditions, that is, resistance curves, of the vessel
must be investigated.

The power and shaft speed must be consistent
with the engine and the gear. Figure 2.53 shows
the connection between BKW and shaft speed for
the same waterjet propulsion system as the one
studied in Figure 2.52. The manufacturer makes
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Figure 2.52. Combination of the resistance curve of a vessel with waterjet propulsion data. This deter-
mines the brake power in kilowatts (BKW) as a function of vessel speed.
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Figure 2.53. Relationship between the brake power in kilowatts (BKW) and the shaft speed in revo-

lutions per minute (RPM) as a function of vessel speed for a waterjet propulsion system.
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Figure 2.54. Waterjet propulsion system. The numbers in the figure correspond to:

Station
no. Location

0 In undisturbed fiow far ahead of the vessel

1 Far enough in front of the intake ramp tangency point, before inlet
losses occur

2 Normal to the internal flow at the aft lip of the intake

3 Just ahead of the pump

4 Between pump and stator

5 Behind stator

6 At the nozzle outlet plane

7 Behind the nozzle outlet plane where the pressure in the jet is equal

to atmospheric pressure (vena contracta)

the final choice regarding the outlet nozzle diam-
eter and the blade pitch angle in order to optimize
performance and minimize fuel consumption.

Figure 2.54 presents an overview of all parts of
a waterjet system with flush inlet. Details between
stations 3 and 5 in Figure 2.54 are illustrated in
Figure 2.55. The pump with the impeller (pro-
peller) and the stator are on the right and left
sides of the figure, respectively. Figure 2.56 demon-
strates how the waterjet direction can be changed
in order to stop, reverse, and steer the vessel.

Figure 2.55. Details of the pump with the impeller on
the right-hand side and the stator on the left-hand side of
a Kamewa waterjet propulsion system by Rolls-Royce.

A procedure using Figures 2.52 and 2.53 does
not, from a physical point of view, provide insight
into how a waterjet works. The following presen-
tation emphasizes this.

We start by describing how the thrust and effi-
ciency of a waterjet propulsion system can be
determined by model tests. The theoretical basis
for doing this is the use of conservation of fluid
mass, momentum, and energy. We will show how
the thrust can be expressed by conservation of
fluid momentum and how the effect delivered by
the impeller can be expressed by conservation of
kinetic energy for a viscous flow.

Finally, we discuss how the details of the inlet
area and inflow velocity affect the possibility of
cavitation.

2.11.1 Experimental determination of thrust and
efficiency by model tests

The measurement of thrust and power for a
waterjet system is more complex than for a ship
equipped with a propeller. As outlined in the pre-
vious section, it is possible to separate the effect
of a conventional propeller and the ship’s hull.
This is difficult for a waterjet system, as shown
in Figure 2.54. By model testing, we cannot iden-
tify which part of the thrust is produced by the
pump and what is the force due to the flow in the
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Figure 2.56. Illustration of how the waterjet direction of a Kamewa waterjet propulsion system by
Rolls-Royce can be changed in order to stop, reverse, and steer the vessel.

internal ducting. Further, the flow into the waterjet
affects the flow at the outer hull and causes trim
and sinkage of the vessel. Specialist committees
of the ITTC are still working on how to measure
thrust and power from a waterjet system.

Let us consider a ship model equipped with a
waterjet system at forward speed U. The first ques-
tion is, What is the amount of water captured into
the waterjet system?

We can answer this by considering the continu-
ity of fluid mass and by measuring at station (7) in
Figure 2.54 the amount of water going out of the
waterjet system. The volume flux at station (7) can
be expressed as

Q7= /ul dA. (2.166)
S

Here S; is the cross-sectional surface of the jet
flow at station (7). Further, we define a Cartesian
coordinate system (x, y, z) fixed relative to the
ship (Figure 2.57). u; in eq. (2.166) is then the
x-component of the fluid velocity at station (7),
where the pressure is atmospheric. ; can be mea-
sured.

In the description of station (7) in Figure 2.54,
the term vena contracta is used. This means that
the jet flow has a smaller cross-sectional area at
section (7) than at the nozzle outlet. The effect is
small for a waterjet outlet. However, this is not the
case for a jet flow escaping from a small opening
in a container.

We then have to define a capture area of the
fluid going into the waterjet system. We imagine
a stream tube through the waterjet system as in
Figure 2.57, in which stations (1) and (7) are also
shown. We select a new station that is not
affected by the local flow at the inlet. In practice,
the distance between stations (1) and (s can be
chosen as one inlet width, as recommended by the
23rd ITTC.

We now have to define the shape of the capture
area at station (2. The 21st ITTC proposed the
use of a rectangular capture area with width b,
that is 30% wider than the inlet width. The height
of the capture area can then be determined by
using the continuity of fluid mass. This requires
that fluid velocities are measured at capture area

sy @
z\’ l n
«—]x % ® @
C s1a
B

Figure 2.57. The control volume used in the calculation
of the forward-acting force (thrust) on the ship due to
the waterjet propulsion system and the effect that the
impeller has on the flow. Conservation of fluid momen-
tum and kinetic fluid energy are used. The bounding sur-
face of the control volume is divided into a number of
surfaces (see eq. (2.168)). The bounding surfaces at sta-
tion (1a) and (7) are perpendicular to the x-axis.



S1.. Let us, for simplicity, assume that this area is

perpendicular to the x-axis and u; varies only with
z. This means that the height &, of the capture
area is determined by

—d

b / w(z)dz = Q5.

—d—hy,

(2.167)

Here d is the draft of the vessel at station (2. There
is no specific physical reason why the capture area
should be rectangular. The important point is that
the thrust and power given by the subsequent anal-
ysis are not sensitive to the detailed shape of the
capture area.

Because the boundary layer at the inlet has a
thickness of the order of the inlet duct diameter,
u; ineq. (2.167)is affected by viscosity. We can esti-
mate the boundary-layer thickness § by eq. (2.68).
This is valid for turbulent flow along a smooth
flat plate. The use of eq. (2.68) illustrates a scaling
problem. Let us call L the length from the ship’s
bow to the waterjet inlet and use subscripts M and
S to indicate model and full scale. We then get

_0.16L,
(L)

By now, using Froude scaling for the velocity, that

1
Ly\?
Uy=Us{—) .
w=vs( )

and assuming the same value of the kinematic vis-
cosity coefficient v in model and full scales, we get

s (Lu 11/14
8s  \ Ls )

According to Froude scaling, 8y/ds should be
Luy/Ls. This means we have scaling problems.
Practical procedures for how to deal with this are
presented by the ITTC. In addition, roughness will
influence the full-scale boundary layer. We will not
pursue this here, but rather continue with the esti-
mation of the thrust by model tests. We assume
that the vessel has only one waterjet. However,
the procedure can easily be generalized to several
waterjets on one vessel.

is,

Thrust by conservation of fluid momentum
The control volume illustrated in Figure 2.57 is
now considered. The bounding surface S is divided
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into several parts, that is,

S=S.+8+Su+ Sim+ Sst

+ Ssu + Swar + Sair- (2.168)
Here S;, and §; mean the surface at stations
and (7), respectively, having areas A, and Aj.
Sium. Sst, and Sgpy are, respectively, the surfaces of
the impeller, the stator, and the shaft. Sy means
the part of the remaining enclosing surface S that
is connected to the vessel. It consists of the sur-
faces of the inlet, ducts, and outlet. Sy a7 and Sq;r
are the remaining part of the enclosing surface S.
Swar is in the water, that is, like BC in Figure 2.57,
and S 4z is bounded by air, that is, aft of station (5)
in Figure 2.54.
Conservation of fluid momentum expresses:
Sum of forces acting on the control volume

Rate of change of fluid momentum
in the control volume
We will consider the longitudinal forces in the x-
direction. The rate of change of fluid momentum in
the x-direction can be expressed by the difference
in the momentum flux at stations (7) and (a), that

is,
AM:p//ulzdS—,o f/ude. (2.169)
$

Sta

The longitudinal forces actingon S4;zand $; are
the result of the atmospheric pressure p,. Because
a constant pressure acting on the complete bound-
ing surface S will not cause a net force on the con-
trol volume, we can just as well neglect the force
due to p, on S4 g and $; and operate with forces
due to the difference in total pressure and atmo-
spheric pressure on the other parts of S.

The sum of the longitudinal forces acting on the
control volume at S;», Ssr, Ssu, and Sy causes an
opposite force on the vessel. This is the law of actio
and reactio. Because positive x-direction is oppo-
site the forward motion of the ship and positive
thrust is in the direction of the forward motion of
the ship, the thrust 7 is the sum of longitudinal
forces acting on S;u, Ssr, Ssu, and Sy. Because
the flow inside the waterjet system is turbulent,
these forces are caused not only by pressures.

There are also longitudinal forces acting on Sy,
and Sw 47. However, Masilge (1991) states that this
contribution to the thrust is small.
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Neglecting the contribution from longitudinal
forceson S, and Sw.rleads to the following com-
monly used expression for the thrust:

T=pQr (U -U).

Here Qyis the same as the volume flux Q; defined
by eq. (2.166), that is, the flow rate ingested by
the waterjet. The subscript j denotes jet and the
subscript 6 is used because of the resemblance to
how the momentum thickness of a boundary layer
is defined (see eq. (2.54)). Further,

(2.170)

pQrUy =p ff ul ds (2.171)
Sla
pQU; =,0// ul ds. (2.172)
7
Eq. (2.170) can also be expressed as
T=pQ;(U;~U(l—wp), (2173)
where
Us
bp=1——. 2.
Wy U (2.174)

Here @/ is a mean wake fraction that accounts for
both approach flow losses in the boundary layer
and potential flow effects outside the boundary
layer. The longitudinal flow velocity U; outside
the boundary layer at S, differs from the forward
speed U. For instance, it will be influenced by the
waves generated by the vessel.

Impeller effect by conservation of kinetic
fluid energy
The effect that the impeller has on the flow is
needed in expressing the efficiency of the water-
jet system. This can be done by using conserva-
tion of kinetic fluid energy in the control volume
illustrated in Figure 2.57. A derivation is part of
exercise 2.12.4.

The effect Pp given by the impeller to the flow
can be expressed as

Pnszul [§u~u+p+pgz]d5
§

7
- /f U [§u~u+p+pgz] ds (2.175)
Sla

+ losses due to turbulent and viscous stresses

Here u = (u;, us, u3) is the fluid velocity vector. It
means that 0.5p fo wu-udSand —0.5 fs,,,f uu -

u dS in eq. (2.175) represent kinetic energy flux
out of and into the control volume, respectively.
Further, the z-coordinate in eq. (2.175) is defined
in Figure 2.57, with z = 0 corresponding to the
mean free surface. Because there are mechani-
cal losses, the power delivered by the propulsion
machinery (brake power) is not the same as the
power Pp delivered by the impeller.

If we are outside the boundary layer at Sy, the
Bernoulli equation given by eq. (2.94) can be used
to express the pressure p. Our problem is steady
and the constant in eq. (2.94) can be expressed
by considering a point on the free surface far
upstream of the ship. Here the fluid velocity is
equal to the ship’s speed in our reference frame.
This gives

o
p=—pgz+ (U —u} —ui— ) + p,

2
(2.176)

everywhere in the water where potential flow the-
ory applies. Here p, is the atmospheric pressure.
We also use the approximation that the pres-
sure does not vary across a thin boundary layer
when gravity is neglected. By assuming that the
hydrostatic pressure part —pgz is valid through
the boundary layer, the pressure on S, can be
expressed as:

P
p=—pgz+ E[U2 - Ul = U; = US| + pa.
(2.177)

Here (U, U, Us) is the fluid velocity just outside
the boundary layer.

Assuming U, and Us are small relative to U at
Sia gives

p= —%Uf — pgz+ pa+ guz. (2.178)

The pressure at $; is p,. Because

//um’S:/uldS,
S7

Sia

(2.179)

the atmospheric pressure will not contribute to
the sum of the integrals over $;, and §; in eq.
(2.175). Let us also approximate u as u;i at Sy,
and §; and assume u; is a constant jet velocity U,
at S;. Approximating u as i at $; means that we
neglect the rotatory flow caused by the impeller.
that is, as we see in terms of tip vortices in Fig-
ure 2.40. We could argue that the stator coun-
teracts the rotatory flow caused by the impeller.



Further, f; fuizdS is approximated as Qgh;.
where A; is the height of the center of the jet at
S; above the mean free surface. This gives

Pp = pQ;(0.5U; +gh;)

- gf/ul [u? - U2 + U?]dS.

Sta

(2.180)

+ losses due to turbulent and viscous stresses

Eq. (2.180) expresses that the effect delivered by
the impeller to the flow is used to

e Accelerate the water from station (@) to sta-
tion (7)

e Lift the water to a vertical distance /4, above the
mean free surface

* Overcome the losses due to Reynolds and vis-
cous stresses in the waterjet system

It is common to study separately the effect of
the pump or what is happening between stations
(® and () in Figure 2.54. The pump efficiency np,
when the pump is not installed in the waterjet sys-
tem and there is a homogenous inflow to the pump
(see position 3 in Figure 2.54), is introduced. We
can then write

_pgQsH
nenr

Py (2.181)
where ng is a relative rotative efficiency that
accounts for the irregular inflow to the pump.
Eqs. (2.180) and (2.181) give an expression for the
head H:

U?
H= 0.5?’ (1+ &)+ h;j

2

- 0.5% (1—@7 =), (2.182)

nozzle loss coefficient in terms of 0.5p UJ,ZV
This accounts for losses after station (5) in
Figure 2.54.

inlet and internal flow loss coefficient in
terms of 0.50U?2. This accounts for losses
between stations (1) and (@) in Figure 2.54.

Cin =

These loss coefficients can be experimentally
determined. Further, {"isz in eq. (2.182) is defined
as

g

. 1
7= ﬁ@// uy (U2 —uj)dS. (2.183)
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Efficiency
The thrust power efficiency is
- TU
nr = Py

U, -ud-wpju
R .

2.184
ol (21849

=nen
Further, an overall propulsive efficiency is defined
as

RBIIU
n=—0.

2.185
b (2.185)

Here Rgy is the bare hull resistance of the vessel.
Itis related to a condition when the waterjet inletis
closed and the vessel has the same trim and sinkage
that it would have had with a working waterjet
system. We can write

Ry

T:
1—¢

, (2.186)

where ¢ is a thrust deduction coefficient. Introduc-
ing eq. (2.1806) gives

n=(1-1t)nr. (2.187)
A jet efficiency is introduced as
U -Ul—-wp)U
gy = Ui = UC IV 5 488)
gH
Eq. (2.184) can then be written as
nr = nNpnrii. (2.189)

Using eq. (2.182) gives

2 [(%) —(1- ﬂ)f-)]
(%L)z (L4 Ze) + Z%hZL -(1 _ﬁ)% - gin).
(2.190)

n; =

Realistic values for the parameters in eq. (2.190)
are wy = 0.02, z?;jp = 0.04, ¢,, = 0.04. Further, ¢,
may vary from 0.1 to 0.25. Higher values may,
for instance, occur as the result of marine growth.
We have exemplified 7, as a function of U;/U in
Figure 2.58 by using these values together with
U =25ms"! and 4; = 0.5 m. Maximum jet effi-
ciency occurs at about U; = 1.3U for ¢, = 0.1 and
atabout U; = 1.5U for g;, = 0.25. Figure 2.59illus-
trates how maximum jet efficiency 7, max decreases
and the corresponding value of jet velocity—ship
velocity ratio (U;/U),,, increases with increas-
ing ¢ =i, +2gh;/U? +17J} when ¢,, = 0.04 and
I}J/ =0.
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Figure 2.58. Jet efficiency n; as a function of the ratio
between jet velocity U; and ship velocity U for a
waterjet system with @y = 0.02, ﬁ)} = 0.04, £x = 0.04,
U=25ms~! h; =0.5 m.

Additional parameters for the pump have to
be introduced in order to find the pump effi-
ciency. Figure 2.60 presents an example of a pump
diagram showing pump efficiency 7np and head
coefficient Cy = gH/(nD)? as a function of the
capacity coefficient Cp = Q;/(nD?). Here D
means the impeller diameter and n is the num-
ber of shaft revolutions per second. Typical values
of n are between S and 10 revolutions per second.
As long as the cavitation and Reynolds number
effects do not matter, Cy and np as a function
of Cy are sufficient to characterize a given pump.

081,
_______ nJmax
06| o T o
0.4 | QR | i -1 1 Il i i 1
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4

Figure 2.59. Maximum jet efficiency n;max and cor-
responding value of jet velocity-ship velocity ratio
(Uj/ U)max as a function of ¢ = &in + 2gh;/U? +?,
Lex = 0.04, wf = 0.

The analogue parameters for a propeller will be
the propeller efficiency np and either the thrust
coefficient K7 or the torque coefficient Ky as a
function of the advance ratio J.

Various pump types exist, such as centrifugal
pumps, mixed-flow pumps, axial-flow pumps, and
inducers. Mixed-flow pumps are typically used
for waterjet systems. The nondimensional specific
speed

nQ[f/ 2

ns = (2.191)

characterizes what pump type should be used
(Carlton 1994).

An important consideration for a pump is
cavitation. The nondimensional specific suction
velocity

S =nyQ;/ (gHsy)*" (2.192)

plays a role for a pump similar to the one the cav-
itation number plays for a propeller. Here Hgy
is called the net positive suction head. It can be
expressed as

Hgy = 22¥ (2.193)

pg

where pgy is the difference between the pressure
(including atmospheric pressure) at station (3) in
Figure 2.54 and the vapor pressure. Cavitation may
occur when S is larger than 0.6 to 0.9.

Letusillustrate how both a high pump efficiency
and jet efficiency can be obtained. We do not con-
sider the possibility of cavitation of the pump in
this context. The procedure is divided into differ-
ent steps. Only one waterjet system is assumed.

Step 1

We consider maximum operating speed of the ves-
sel and assume the bare hull resistance Ry of the
vessel is known. The needed thrust can then be
estimated by eq. (2.186). A typical thrust deduc-
tion coefficient is 0.02.

Step 2

We determine the ratio between the jet veloc-
ity U; and the vessel speed U by considering
the jet efficiency 7, as a function of U;/U (see
Figure 2.58 as an example). This is done by using
eq. (2.190). It requires that loss coefficients ¢,
and ¢, as well as wake factors wy and zf;} are
known from experiments. There exists a value
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Figure 2.60. Example of pump diagram showing pump efficiency np and head coefficient Cy =
g H/(nD)? as a function of the capacity coefficient Cqo = Qy/ (nD3) . n = shaft revolutions per second,

D = impeller diameter (Minsaas, unpublished).

(U;/U) = (U;/ U),,., where maximum 7, occurs
(see Figure 2.58). Because n; decays rapidly
for U;/ U less than (U;/U),,,, one may choose
U;j/U=11(U;/U),,, to ensure large values of
n; and small sensitivity between 5, and (U;/U).

Step 3

Because all variables except Qy are now known in
eq. (2.173), we can use this equation to determine
Q. Because Qy = 0.257 D}U;, where D; is close
to the nozzle exit diameter, D is also determined.
D; must of course represent a realistic value. A
typical value of D is of the order of 0.5 m. A large
value of D; implies a large added weight of the
vessel due to the water in the waterjet system. This
is not desirable. One can change Qr and D; by
changing U;. However, it should be kept in mind
that we want a large n, as described in Step 2.

Step 4

We must now consider a pump diagram as illus-
trated in Figure 2.60. We then vary Qg/nD?
by considering realistic combinations of n and
impeller diameter D. The value of Cy=
gH/ (nD)’ must be consistent with Cy = Q/nD?.
H can be calculated by eq. (2.182). Different pump
diagrams in which, for instance, the pitch of the
impeller is varied, may have to be considered.
Obviously we want Q;/nD* to correspond to a
large pump efficiency np. Figure 2.60 illustrates

that 7p can be as high as 0.9. However, values up
to 0.93 have been achieved.

Step 5

We can now evaluate the thrust power efficiency
nr by eq. (2.189). A typical value of the relative
rotative efficiency is 0.98. The overall propulsive
efficiency is obtained by eq. (2.187).

The procedure outlined above is meant to illus-
trate how a waterjet system can be selected. It is
not necessarily the way chosen by a waterjet man-
ufacturer. Further, pump diagrams are not always
presented as in Figure 2.60.

The previously described procedure to deter-
mine thrust and efficiency relies strongly on model
tests. An important issue is how to scale the model
test results. There are Reynolds-number effects
associated with the inflow to the waterjet inlet as
we have already mentioned. Further, part of the
thrust is the result of viscous effects, but our pro-
cedure of using conservation of fluid momentum
does not tell us to what extent forces due to vis-
cous and Reynolds stresses in the waterjet system
affect the thrust. Also, the losses in the waterjet
system are Reynolds-number dependent. Scaling
procedures are an important issue to solve by the
ITTC. van Terwisga (1991, 1992) has described in
detail the model test procedures used at MARIN.

An alternative or supplement to model tests is,
of course, the use of CFD. Taylor et al. (1998)
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have presented a waterjet pump design procedure.
This includes analysis with a technique that cou-
ples a lifting surface program for blade-row calcu-
lations with an axi-symmetric Reynolds-averaged
Navier-Stokes (RANS) viscous flow solver for
computation of the pump through-flow. An exam-
ple of application of CFD to the analysis of water-
jetinlets is given by Fgrde et al. (1991).

2.11.2 Cavitation in the inlet area

The inlet area requires special attention in design
to avoid engine load fluctuations, which may occur
because of:

1. Exposure of the waterjet inlet to the free air

2. Flow separation in front of and inside the
inlet

3. Cavitation inside the inlet

4. Ventilation and penetration of air from
the free surface (see Figure 1.9) or from
entrained air in the boundary layer

The phenomena mentioned above are often cou-
pled in a complicated way. As an example, separa-
tion may be one of the requirements for onset of
ventilation. Cavitation occurs in connection with
separation. Under given conditions, a cavity will
be penetrated and filled with air. Separation and
cavitation are, first of all, dependent on the pres-
sure distribution in and near the entrance. For a
given shape, this distribution depends mainly on
the speed and thrust (resistance) of the ship.

In a seaway, the power is often of the same order
of magnitude as in calm water, but the speed will
be reduced, which generally decreases the pres-
sure near the inlet. With an inlet shape optimized
for the maximum speed, this may lead to cavita-
tion and separation. Further, the relative vertical
motions between the vessel and the water in a sea-
way may lead to exposure of the waterjet inlet to
the free air. The consequence in terms of engine

Figure 2.61. Carstensen’s (1983) local 2D
steady flow analysis of inlet area. The
details of the flow within the circle is exam-
ined. U, = ambient flow velocity, U; =inlct
velocity defined as the mean velocity at the
most narrow cross section of the inlet.

load fluctuations is illustrated in Figure 1.13. In
the design, one should therefore pay attention to
off-design conditions.

Carstensen (1983) has studied theoretically the
possibility of cavitation in the inlet area by using a
two-dimensional steady-potential flow model. The
possibility of flow separation was not examined.
Only the details of the inlet area are included in
the numerical model. The focus was on the local
flow within the circle shown in Figure 2.61. The
impeller, stator, and outlet appear far away on the
scale of the local flow, and the effect on the local
flow is in terms of a water mass-flux pQy. This is
used to define an inlet velocity
_ QO
=4
where A, is the most narrow cross section of the
inlet. The ambient longitudinal flow velocity is
denoted U,. This flow velocity is unaffected by the
local hull and the waterjet system. It represents an
upstream inflow velocity to the local flow at the
inlet. U, can be set equal to U, that is, the lon-
gitudinal flow just outside the boundary layer at
station ((a).

Faltinsen et al. (1991a) also presented a numer-
ical method to calculate the pressure distribu-
tion in a flush-type waterjet inlet. This method
is also based on a local steady two-dimensional
potential flow model in a longitudinal cross sec-
tion. In principle, it is straightforward to general-
ize the method to three dimensions. However, vis-
cous effects ought to be considered. We know the
water mass-flux through the waterjet system from
the previously outlined power-prediction method.
This condition and zero normal velocity through
the hull are imposed. The far-field of the local
flow is composed of two parts, that is, the x-
component of the velocity at the waterjet inlet as
if the waterjet were not there and a sink flow with
a strength determined from the water mass-flux
through the waterjet. The first far-field component

U (2.194)



