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Basic Principles of Ship Propulsion

introduction

For the purpose of this paper, the term
“ship” is used to denote a vehicle em-
ployed to transport goods and persons
from one point to another over water.
Ship propulsion normally occurs with
the help of a propeller, which is the term
most widely used in English, although
the word “'screw” is sometimes seen,
inter alia in combinations such as a
“twin-screw” propulsion plant.

Today, the primary source of propeller
power is the diesel engine, and the
power requirement and rate of revolu-
tion very much depend on the ship’s
hull form and the propeller design. There-
fore, in order to arrive at a solution that
is as optimal as possible, some general
knowledge is essential as to the princi-
pal ship and diesel engine parameters
that influence the propulsion system.

This paper will, in particular, attempt
to explain some cf the most elementary
terms used regarding ship types, ship’s
dimensions and hull forms and clarify
some of the parameters pertaining to
hull resistance, propeller conditions and
the diesel engine's load diagram.

On the other hand, it is considered be-
yond the scope of this publication to
give an explanation of how propulsion
calculations as such are carried out, as
the calculation procedure is extremely
complex. The reader is referred to the
specialised literature on this subject, for
example as stated in “References”.

Scope of this paper

This paper is divided into three chapters
which, in principle may be considered
as three separate papers, but which also
with advantage may be read in close
connection to each other. Therefore,
some important information mentioned
in one chapter may well appear in an-
other chapter too.

Chapter |, describes the most elemen-
tary terms used to define ship sizes and
hull forms such as, for example, the
ship's displacement, deadweight, de-
sign draught, length between perpen-
diculars, block coefficient, etc. Cther
ship terms described include the effec-
tive towing resistance, consisting of fric-
tional, residual and air resistance, and
the influence of these resistances in
service.

Chapter Il deals with ship propulsion and
the flow conditions around the propel-
ler(s). In this connection the wake frac-
tion coefficient and thrust deduction
coefficient, etc. are mentioned.

The total power needed for the propeller
is found based on the above effective
towing resistance and various propeller
and hull dependet efficiencies which are
also described. A summary of the pro-
pulsion theory is shown in Fig. 4, page 7.

The operating conditions of a propelier
according to the propeller law are de-
scribed for free salling in calm weather,
and followed up by the relative heavy/
light running conditions which apply
when the ship is sailing and subject to
different types of extra resistance like
fouling, heavy sea against etc,

Chapter lll elucidates the importance of
chosing the correct specified MCR and
optimising point of the main engine, and
thereby the engine’s load diagram in
consideration to the propeller's design
point. The construction of the relevant
diagram lines is described in detail by
means of several examples. Fig. 15,
page 21 shows, by means of a load
diagram, the important influence of dif-
ferent types of ship resistance on the
engine's continuous service rating.
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Chapter |

Ship Definitions and
Hull Resistance

Ship types

Depending on the nature of their cargo,

and sometimes also the way the cargo
is loaded/unloaded, ships can be divided
into different categories, classes, and
types, some of which are mentioned in
Table 1.

The two largest categories of ships are
bulk carriers (for bulk goods such as
grain, coal, ores, etc.) and tankers, which
again can be divided into more precisely
defined classes and types. Thus, tankers
can be divided into oil tankers, gas tan-
kers and chemical tankers, but there are
also combinations, e.g. oil/chemical
tankers.

Table 1 provides only a rough outline. In
reality there are many other combina-
tions, such as "Multi-purpose bulk con-
tainer carriers”, to mention just one
example.

A ship’s load lines

Painted halfway along the ship’s side is
the “Plimsoll Mark”, see Fig. 1. The lines
and letters of the Plimsoll Mark, which
conform to the freeboard rules laid down
by the IMO (Intemational Maritime Organi-
sation) and local authorities, indicate the
depth to which the vessel may be safely
loaded (the depth varies according to
the season and the salinity of the water).

There are, e.g. load lines for sailing in
freshwater and seawater, respectively,
with further divisions for tropical condi-
tions and summer and winter sailing.
According to the international freeboard
rules, the summer freeboard draught for
seawater is equal to the “Scantling
draught”, which is the term applied to
the ship's draught when dimensioning
the hull.

Category Class Type
Tanker Qil tanker Crude (oil) Carrier (CC)
Very Large Crude Carrier (VLCC)
Ultra Large Crude Carrier (ULCC)
Product Tanker
Gas tanker Liquefied Natural Gas (LNG)
Liquefied Petroleumn Gas (LPG)
Chemical Tanker
OBO Qil/Bulk/Cre (OBO)
Bulk Carrier Bulk Carrier
Container Ship Container Ship Container Carrier
Roll On-Roll Off (Ro-Ro)
General Cargo Ship | General Cargo
Coaster
Reefer Reefer
Passenger Ship Ferry
Cruise Vessel

Table 1: Examples of ship types
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The winter freeboard draught is less
than that valid for summer because of
the risk of bad weather whereas, on
the other hand, the freeboard draught
for tropical seas is somewhat higher
than the summer freeboard draught.

Indication of a ship’s size

Displacement and deadweight

When a ship in loaded condition floats
at an arbitrary water line, its displace-
ment is equal to the relevant mass of
water displaced by the ship. Displace-
ment is thus equal to the total weight,
all told, of the relevant loaded ship, nor-
mally in seawater with a mass density
of 1,025 t/m3.

Displacement comprises the ship’s
light weight and its deadweight, where
the deadweight is equal to the ship's
loaded capacity, including bunkers and
other supplies necessary for the ship’s
propulsion. The deadweight at any time
thus represents the difference between
the actual displacement and the ship's
light weight, all given in tons:

deadweight = displacement — light weight

Incidentally, the word “ton’" does not
always express the same amount of
weight. Besides the metric ton (1,000
kg), there is the English ton = 1,016 kg,
which is also called the “long ton”. A
“short ton" is approximately 907 kg.

The light weight of a ship is not normally
used to indicate the size of a ship, where-
as the deadweight tonnage (DWT),
based on the ship's loading capacity
measured in tons at summer freeboard
draught, often is.

Sometimes, the deadweight tonnage
may also refer to the design draught
of the ship but, if so, this will be men-
tioned. Table 2 indicates the rule-of-
thumb relationships between the ship's
displacement, deadweight tonnage
{summer freeboard) and light weight.

: DWT/light | Displ./DWT
Shiptype | \eight ratio ratio
Tanker and 1
Bulk Carrier a 17
aniainer 25-30 133 -1.4
ship

Table 2: Examples of relation between dis-
placement, deadweight tonnage and light
weight

A ship’s displacement can also be ex-
pressed as the volume of displaced
water V, i.e, in m2,

Gross Register Tons

Without going into detail, it should be
mentioned that there are also such
measurements as Gross Register Tons
(GRT), and Net Register Tons (NRT)
where 1 register ton = 100 English cubic
feet = 2.83 m3.

These measurements express the size
of the internal volume of the ship in ac-
cordance with the given rules for such
measurements, and are extensively used
for calculating harbour and canal dues/
charges.

Description of hull forms

It is evident that the part of the ship
which is of significance for its propul-
sion is the part of the ship’s hull which
is under the water line. The dimensions
below describing the hull form refer to the
design draught, which is less than, or
equal to, the summer freeboard
draught. The choice of the design draught
depends on the degree of load, i.e. whe-
ther, in service, the ship wil be lightly
or heavily loaded. Generally, the most
frequently occurring draught between
the fully-loaded and the ballast draught
is used.

Ship's lengths Lga, Ly, @and Lpp

The overall length of the ship, Ly, IS
normally of no conseguence when cal-
culating the hull’s water resistance. The
factors used are the length of the water-
line, Ly, and the so-called length be-
tween perpendiculars, Lpe. The dimen-
sions referred to are shown in Fig. 2.

The length between perpendiculars is
the length between the foremost per-
pendicular, i.e. usually a vertical line
through the stem's intersection with the
water line, and the aftmost perpendicu-
lar which, normally, coincides with the

B

|
SQ%AMJ D[

Dni ‘

Fig. 2: Hull dirnensions




rudder axis. Generally, this length is
slightly less than the waterline length,
and is often expressed as:

Lpp=0.97 x Ly,

Draught D

The ship’s draught, D, is defined as the
vertical distance from the waterline to
that point of the hull which is deepest
in the water, see Fig. 2. The foremost
draught, Dg, and aftmost draught, D,
are normally the same when the ship is
in the loaded condition.

Breadth on waterline B,

Another important factor is the hull’s
largest breadth on the waterline, By,
See Fig. 2.

Block coefficient Cg

Various form coefficients are used to
express the shape of the hull. The most
important of these coefficients is the
block coefficient Cg, which is defined
as the ratio between the displacement
volume V and the volume of a box with
dimensions Ly, X By % D, see Fig. 3, i.e.

N
Ly X By XD

Cg=

In the case cited above, the block coef-
ficient refers to the length on waterline,
Ly - However, shipbuilders often use
block coefficient Cg based on the length
between perpendiculars, Lpp, in which
case the block coefficient will, as a rule,
be slightly larger because, as previously
mentioned, Lge is normally slightly less
than Ly, .

A small block coefficient means less re-
sistance and, consequently, the possi-
bility of attaining higher speeds.

Table 3 shows some examples of
block coefficient sizes, and the pertain-
ing service speeds, on different
types of ships. It shows that large block
coefficients correspond to low speeds
and vice versa.

Approximate

SHiprge cogggilént Sﬁii?sin
Lighter 0.20 5-10
Bulk carrier 0.80 -0.85 12 —17
Tanker 0.80 -0.85 12 -16
General cargo | 0.55 -0.75 13 -22
Container ship | 0.50 -0.70 14 -25
Ferry-boat 0.50 -0.70 16 -25

Table 3: Examples of block coefficients

Water plane area coefficient Gy,

The water plane area coefficient Gy, , €x-
presses the ratio between the vessel's
waterline area A, and the product of
the length Ly, and the breadth By, of
the ship on the waterling, see Fig. 3. i.e.:

AWL

Cwm=—"7—
L % By

Generally, the waterplane area coeffi-
cient is some 0.10 higher than the block
coefficient, i.e. Gy, = Cg + 0.10.

This difference will be slightly larger on

fast vessels with small biock coefficients

where the stern is also partly immersed
in the water and thus becomes part of

the “waterplang” area.

Midship section coefficient C,

A further description of the hull form is
provided by the midship section coeffi-
cient Cy, which expresses the ratio be-
tween the immersed midship section
area Ay, (midway between the foremost
and the aftmost perpendiculars) and the
product of the ship’s breadth B,,, and
draught D, See Fig. 3, L.e.

Av

By
M7 B, xD

For bulkers and tankers, this coefficient is
in the order of 0.98-0.98.
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Fig. 3: Hull coefficients of a ship
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Longitudinal prismatic coefficient Cp
The longitudinal prismatic coefficient Cp
expresses the ratio between displace-
ment volume V and the product of the
midship frame section area Ay, and the
length of the waterline Ly, , see also
Fig. 3, i.e.

. .
Ap X Ly
_ v _ G
_CMXBWLXDXLWL_—Q

Cp

As can be seen, Cp is not an indepen-

dent form coefficient but entirely depen-
dent on the block coefficient Cg and the

midship section coefficient Cy,.

Longitudinal Centre of Buoyancy LCB
The Longitudinal Centre of Buoyancy
(LCB) expresses the position of the cen-
tre of buoyancy and is defined as the dis-
tance between the centre of buoyancy
and the mid-point between the ship’s
foremost and aftmost perpendiculars.
The distance is normally stated as a per-
centage of the length between the per-
pendiculars, and is positive if the centré
of buoyancy is located to the fore of the
mid-point between the perpendiculars,
and negative if located to the aft of the
mid-point. For a ship designed for high
speeds, e.g. container ships, the LCB
will, normally, be negative, whereas for
slow-speed ships, such as tankers and
bulk carriers, it wil normally be positive. The
LCB is generally between -3% and +3%.

Fineness ratio C, 5

The length/displacement ratio or fineness
ratio, C, . is defined as the ratio between
the ship’s waterline length Ly, and the

length of a cube with a volume equal to

the displacement volume, i.e.

LWL

W

Cip=

Ship’s resistance

To move a ship, it is first necessary to
overcome resistance, i.e. the force work-
ing against its propulsion. The calculation
of this resistance (R) plays a significant
role in the selection of the correct propel-
ler and in the subsequent cheice of main
engine.

General

A ship’s resistance is particularly influ-
enced by its speed, displacement and
hull form. The total resistance, Ry, con-
sists of many source-resistances, R,
which can be divided into three main
groups, viz.:

1) Frictional resistance
2) Residual resistance
3) Alr resistance

The influence of frictional and residual
resistances depends on how much of
the hull is below the waterline, while the
influence of air resistance depends on
how much of the ship is above the water-
line. In view of this, air resistance will
have a certain effect on container ships
which carry a large number of containers
on the deck.

Water with a speed of V and a density
of p has a dynamic pressure of:

Yo xpxV? (Bernoulli's law).

Thus, if water is being completely stop-
ped by a body, the water will react on
the surface of the body with the dyna-
mic pressure, resulting in a dynamic
force on the body.

This relationship is used as a basis when
calculating or measuring the source-re-
sistances R of a ship's hull, by means
of dimensionless resistance ccefficients
C. Thus C are related to the reference
force K, defined as the force which the
dynamic pressure of water with the ship’s
speed V exerts on a surface which is
equal to the hull's wetted area Ag. The
rudder's surface is also included in the
wetted area. The general data for re-
sistance calculations is thus:

Reference force: K = Yo x p x V2 x Ag
and source resistances: R=C x K

On the basis of many experimental tank
tests, and with the help of pertaining di-
mensionless hull parameters, some of
which have already been discussed,
methods have been established for cal-
culating all the necessary resistance co-
efficients C and, thus, the pertaining
source-resistances R. In practice, the
calculation of a particular ship's resist-
ance can be verified by testing a model
of the relevant ship in a towing tank.

Frictional resistance R

The frictional resistance, R, of the hull
depends on the size of the hull's wetted
area Ag, and on the specific fricticnal re-
sistance coefficient Cr. The friction in-
creases with the growth of, i.a. algae,
sea grass and goose barnacles.

When the ship is propelled through the
water, the frictional resistance increases
at a rate that is virtually equal to the square
of the vessel's speed.

Fricticnal resistance represents a con-
siderable part of the ship’s resistance,
often some 70-90% of the ship's total
resistance for low-speed ships (bulk
carriers and tankers), and scmetimes
less than 40% for high-speed ships (con-
tainer and passenger ships) [4]. The fric-
tional resistance is found as follows:

RF:CFXK

Residual resistance Ry

Residual resistance, Ry, comprises wave
resistance and eddy resistance. Wave
resistance refers to the energy loss
caused by waves created by the vessel
during its propulsion through the water,
while eddy resistance refers to the loss
caused by flow separation which creates
eddies, particularly at the aft end of the
ship.

Wave resistance at low speeds is pro-
portional to the square of the speed,
but increases much faster at higher
speeds. n principle, this means that a
speed barrier is imposed, so that a fur-
ther increase of the ship’s propulsion
power will not result in a higher speed



as all the power will be converted into
wave energy. The residual resistance
normally represents 10-26% of the total
resistance for low-speed ships, and up
to 40-80% for high-speed ships [4].

Incidentally, shallow waters can also
have great influence on the residual re-
sistance, as the displaced water under
the ship will have greater difficulty in
moving aftwards.

The procedure for calculating the spe-
cific residual resistance coefficient Cg
is described in specialised literature [2],
and the residual resistance is found as
follows:

Rg=CrxK

Air resistance R,

In calm weather, air resistance is, in prin-
ciple, proportional to the square of the
ship’s speed, and proportional to the
cross-sectional area of the ship above
the waterline. Air resistance normally
represents about 2% of the total resist-
ance.

For container ships in head wind, the
air resistance can be as much as 10%.
The air resistance can, similar to the
foregoing resistances, be expressed as
R, = C, x K, but is sometimes based
on 90% of the dynamic pressure of air
with a speed of V, i.e.:

R,y=0.90x o x Pair X V2 X Ay

where p,; is the density of the air, and
A, is the cross-sectional area of the
vessel above the water [4].

Towing resistance Ry and

effective (towing) power Pg

The ship’s total towing resistance Ry is
thus found as:

Rr=Re+ R + Ry
The corresponding effective (towing)
power, Pg, necessary to move the ship

through the water, i.e. to tow the ship
at the speed V, is then:

Pe=VxR;

The power delivered to the propeller,

Py, in order to move the ship at speed
Vis, however, somewhat larger. This is
due, in particular, to the flow conditions
around the propeller and the propeller

efficiency itself, the influences of which
are discussed in the next chapter which

deals with Propeller Propulsion.

Increase of ship resistance in service,
[1], page 244. During the operation of the
ship, the paint film on the hull will break
down. Erosion will start, and marine
plants and barnacles, etc. will grow on
the surface of the hull. Bad weather, per-
haps in connection with an inappropri-
ate distribution of the cargo, can be a
reason for buckled bottom plates. The
ship hull has been fouled and will no
longer have a "tachnically smooth™ sur-
face, which means that the frictional re-
sistance will be greater. It must also be
considered that the propeller surface
can become rough and foulded. The
total resistance caused by fouling may
increase by 25-50% throughout the life-
time of a ship.

Resistance will also increase because of
sea, wind and current. The resistance
when navigating in head-on sea could
pernaps increase by as much as 50-
100% of the total ship resistance in
calm weather.

The average increase of resistance for
ships navigating the main routes is esti-
mated to be as follows:

North Atlantic route

navigation westward 25-35%
North Atlantic route

navigation eastward 20-25%
Europe-Australia 20-25%
Europe-Eastern Asia  20-25%
The Pacific Routes 20-30%

On the North Atlantic routes the first per-
centage corresponds to summer navi-
gation and the second percentage to
winter navigation.

Unfortunately no data have been pub-
lished on increased resistance as a func-
tion of the type and size of vessel. The
larger the ship, the less the increase of

resistance due to the sea. On the other
hand, the frictional resistance of the
large, full-bodied ships will very easily
be changed in the course of time be-
cause of fouling.

The above information refers to 1],
page 244,

In practice the increase of resistance
caused by heavy weather depends on
the current, the wind, as well as the
wave size, where the latter factor may
have a great influence. Thus, if the wave
size is relatively high the ship speed will
also be somewhat reduced even when
sailing in fair seas.

In principle, the increase caused by
heavy weather could be related to:

a) wind and current against, and to
D) heavy waves,

put in practice it will be difficult to dis-
tinguish these factors from each other.



Chapter If

Propeller Propulsion

The traditional agent employed to move
a ship is a propeller, sometimes two
and, in very rare cases, more than two.
The necessary propeller thrust T required
to move the ship at speed V is normally
greater than the pertaining towing re-
sistance Ry, and the flow related reasons
are, amongst other reasons, explained
in this chapter. See also Fig. 4, where
all relevant velocity, force, power and
efficiency parameters are shown.

Flow conditions around the propeller

Wake fraction coefficient w

When the ship is moving, the friction of
the hull will create a so-called friction
belt or boundary layer of water around
the hull. In this friction belt the velocity
of the water on the surface of the hull
is equal to that of the ship, but is re-
duced with its distance from the sur-
face of the hull. At a certain distance
from the hull and, per definition, equal
to the outer "surface’ of the friction
belt, the water velocity is equal to zero.

The thickness of the friction belt in-
creases with its distance from the fore
end of the hull. The friction belt is there-
fore thickest at the aft end of the hull
and this thickness is nearly proportional
to the length of the ship [3]. This means
that there will be a certain wake veloc-
ity caused by the friction along the sides
of the hull. Additionally, the ship’s dis-
placement of water will also cause wake
waves both fore and aft. All this involves
that the propeller behind the hull will be
working in a wake field.

Therefore, and mainly originating from
the friction wake, the water at the pro-
peller will have an effective wake veloc-
ity V,, which has the same direction as
the ship’s speed V, see Fig. 4. This means
that the velocity of arriving water V, at
the propeller, (equal to the speed of ad-
vance of the propeller) given as the aver-
age velocity over the propeller's disk area,
is V,,, lower than the ship’s speed V.

Velocitles

T By Py P

Ship's speed v
Arriving water velocity to propeller Va
(Speed of adveance of propeller)
Effect ve woke velocuity Vg = V= Va
Woke fractieon coeflicient w = %
Forces
Towting resistance Rr
Thrust farce T
Thrust deduction fraction F=T-Ry
Thrust deduction coefficient t = —‘-}QT
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v
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Power
Effective (Towing) power Pe= RBrx V
Thirust power del (vered
by the propeller to water Pr= Pe/ 1w
Power del tvered to propeller Po= Pt/ ms
Braoke power of moun engine Fa = Po/ Ms
Efficiencles
1 =4
Hull efficiency T =
1-w
Relative rotative ef ficlency Tr
Propeller efficiency - open woter Mo
Propeller efficiency = behind hull Mla = Tox Tr
Propulsive efficiency Mo = MuxTs
Shaft efficiency s
Tatel efficiency N
Pe _ B P+ Py
= =M ox T xNs =N x Mg x Nr % Ts

Fig. 4: The propulsion of a ship —theory



The effective wake velocity at the pro-
peller is therefore equal to V,, = V-V,
and may be expressed in dimension-
less form by means of the wake frac-
tion coefficient w. The normally used
wake fraction coefficient w given by
Taylor is defined as

Viw V-V,
W =W
tWVA 1-w)

=

(you ge v

The value of the wake fracticn coeffi-
cient depends largely on the shape of
the hull, but also on the propeller's loca-
tion and size, and has great influence on
the propeller’s efficiency.

The propeller diameter or, even better,
the ratio between the propeller diameter
d and the ship’s length Ly, has some in-
fluence on the wake fraction coefficient,
as d/L,_gives a rough indication of
the degree to which the propeller works
in the hull's wake field. Thus, the larger
the ratio d/Ly,, the lower w will be.

The wake fraction coefficient is in-
creased when the hull is fouled. An at-
tempt to avoid fouling is made by the
use of modern hull paints (which are
toxic), to prevent the hull from becom-
ing “long-haired”, i.e. these paints reduce
the possibility of the hull becoming
fouled by living organisms.

For ships with one propeller, the wake
fraction coefficient w is normally in the
region of 0.20 to 0.45, corresponding
to a flow velocity to the propeller V, of
0.55 to 0.80 of the ship's speed V, as
ships with a large block coefficient have
a large wake fraction coefficient. On
ships with two propellers and a conven-
tional aftbody form of the hull, the pro-
pellers will, normally, be positioned out-
side the friction belt, for which reason the
wake fraction coefficient w will, in this
case, be a great deal lower.

Incidentally, a large wake fraction co-
efficient increases the risk of propeller
cavitation, as the distribution of the water
velocity around the propeller is gener-
ally very inhomogeneous under such
conditicns.

A maore homogeneous wake field for the
propeller, also involving a higher spesd
of advance V, of the propeller, may
sometimes be needed and can be ob-
tained in several ways, e.g. by having
the propellers arranged in nozzles, be-
low shields, etc. Obviously, the best
method is to ensure, already at the de-
sign stage, that the aft end of the hull
is shaped in such a way that the opti-
mum wake field is obtained.

Thrust deduction coefficient t

The rotation of the propeller causes the
water in front of it to be “sucked” back
towards the propeller. This results in an
extra resistance on the hull normally
called “augment of resistance” or, if re-
lated to the total required thrust force
T on the propeller, “thrust deduction
fraction” F, see Fig. 4. This means that
the thrust force T on the propeller has
to overcome both the ship's resistance
R and this “loss of thrust™ F.

The thrust deduction fraction F may be
expressed in dimensionless form by
means of the thrust deduction coeffi-
cient t, which is defined as:

_F T-Ry

TTTOT

1

SR

(you get— = 1-1)

The thrust deduction coefficient t can be
calculated by using calculation models
set up on the basis of ressarch carried
out on different models.

In general, the size of the thrust deduc-
tion coefficient t increases when the wake
fraction coefficient w increases. The
shape of the hull may have a significant
influence, e.g. a bulbous stem can, un-
der certain circumstances (low ship
speeds), reduce 1.

The size of the thrust deduction coeffi-
cient t for a ship with one propeller is,
normally, in the range of 0.12 to 0.30,
as a ship with a large block coefficient
has a large thrust deduction coefficient.
For ships with two propellers, the thrust
deduction coefficient t will be much less
as the propellers’ “sucking” occurs fur-
ther away from the hull.

Efficiencies

Hull efficiency 1

The hull efficiency 1, is defined as the
ratio between the effective (towing)
power Pz = Ry x V, and the thrust power
which the propeller delivers to the water
Pr=TxV, ie.

P RxV_ g
T TXVA A/V 1-w

For a ship with one propeller, the hull
efficiency 1 is usually in the range of
1.1 to 1.4, with the high value for ships
with high block coefficients. For ships
with two propellers, the hull efficiency
Ny is approx. 0.95 to 1.05, again with
the high value for a high block coeffi-
cient.

Propeller efficiency 1o,

working in open water

Propeller efficiency ng is related to work-
ing in open water, i.e. the propeller works
in a hemogeneous wake field with no hull
in front of it.

The propeller efficiency depends, espe-
cially, on the speed of advance V,, thrust
force T, rate of revolution n, diameter d
and, moreover, i.a. on the design of the
propeller, i.e. the number of blades, disk
area ratio, and pitch/diameter ratio —
which will be discussed later on in this
chapter. The propeller efficiency Mg
can vary between approximately 0.35
and 0.75, with the high value being valid
for propellers with a high speed of ad-
vance V, [1].

Fig. 5 shows the obtainable propeller
efficiency mg shown as a function of the
speed of advance V,, which is given in
dimensionless form as:

vV
J=—~
nxd

where J is the advance number of the
propeller.

Relative rotative efficiency ng

The actual velocity of the water flowing
to the propeller behind the hull is nei-
ther constant nor at right angles to the
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Fig. 5: Obtainable propeller efficiency —open watler [1], page 213

propeller's disk area, but has a kind of
rotational flow. Therefore, compared to
when the propeller is working in open
water, the propeller's efficiency is affec-
ted by the ng factor — called the propel-
ler's relative rotative efficiency.

On ships with a single propeller the rota-
tive efficiency is, normally, around 1.0 to
1.07, in other words, the rotation of the
water has a beneficial effect. The rota-
tive efficiency on a ship with a conven-
tional hull shape and with two propellers
will, normally, be less, approximately
0.98.

“In combination with w and t, 1 is prob-
ably often being used to adjust the re-
sults of model tank tests to the theory.

Propeller efficiency g

working behind the ship

The ratio between the thrust power P,
which the propeller delivers to the water,
and the power Py, which is delivered to
the propeller, i.e. the propeller efficiency

ng for a propeller working behind the
ship is defined as:

P
na:“§§:1n0><ng

Propulsive efficiency 1y

The propulsive efficiency 1, which must
not be confused with the open water
propeller efficiency ng, is equal to the
ratio between the effective (towing)
power P, and the necessary power

delivered to the propeller Py, i.e.

Ny X Mg =My XN X Mg

As can be seen, the propulsive efficiency
Np is equal to the product of the hull
efficiency ny the open water propelier
efficiency n and the relative rotative ef-
ficiency ng although the latter has less
significance.

In this connection, one can be led to be-
lieve that a hull form giving a high wake
fraction coefficient w, and hence a high
hull efficiency n,_ will also provide the
best propulsive efficiency ng,

However, as the propeller efficiency ng
is also greatly dependent on the speed
of advance V,, cf. Fig. 5, that is de-
creasing with increased w, the propul-
sive efficiency ng will not, generally, im-
prove with increasing w, quite often the
opposite effect is obtained.

Generally, the best propulsive efficiency
is achieved when the propeller works
in a homogeneous wake field.

Shaft efficiency ng

The shaft efficiency ng depends, i.a. an
the alignment and lubrication of the
shaft bearings, and on the reduction
gear, if installed.

Shaft efficiency is equal to the ratio be-
tween the power P, delivered to the
propeller and the brake power Py deliv-
ered by the main engine, i.e.
F’D
MNs=%"
S PB

The shaft efficiency is normally around
0.985, but can vary between 0.96 and
0.995.

Total efficiency 1

The total efficiency n; which is equal to
the ratio between the effective (towing)
power P, and the necessary brake



power Pg delivered by the main engine,
can be expressed thus:

TIT:E:EXE)E:
PB PD PB

Mp X Mg =Ty X Ng X Mg X Mg

Propeller dimensions

Propeller diameter d

With a view to obtaining the highest pos-
sible propulsive efficiency 1 the largest
possible propeller diameter d will, nor-
mally, be preferred. There are, however,
special conditions to be considered. For
one thing, the aftbody form of the hull
can vary greatly depending on type of
ship and ship design, for another, the
necessary clearance between the tip of
the propeller and the hull will depend on
the type of propeller.

For bulkers and tankers, which are often
sailing in ballast condition, there are fre-
quent demands that the propeller shall
be fully immersed also in this condition
giving some limitation to the propeller
size. This propeller size limitation is not
particularly valid for container ships, as
they rarely sail in ballast condition. Al
the above factors mean that an exact
propeller diameter/design draught ratio
d/D cannot be given here but, as a rule-
of-thumb, the below mentioned diam-
eter/design draught approximations can
be presented and a large diarmeter d will,
normally, result in a low rate of revolu-
tion n.

Bulk carrier and tanker:

d/D < approximately 0.65
Container ship:

d/D < approximately 0.74

For production reasons, the propeller

diameter will generally not exceed 8.5
metres, although the largest propeller

manufactured has a diameter of some
12 metres.

Number of propeller blades

Propellers can be manufactured with 2,
3, 4, 5 or 6 blades. The fewer the num-
ber of blades, the higher the propeller
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efficiency will be. However, for reasons
of strength, propellers which are to be
subjected to heavy loads cannct be
manufactured with only two or three
blades.

Two-bladed propellers are used on small
ships, and 4, 5 and 8-bladed propellers
are used on large ships. Ships using
the MAN B&W two-stroke engines are
normally large-type vessels which use
4-bladed propellers. Ships with a rela-
tively large power reguirement and
heavily loaded propellers, e.g. container
ships, may need 5 or 6-bladed propel-
lers. For vibrational reascns, propellers
with certain numbers of blades may be
avoided in individual cases in order not
to give rise to the excitation of natural
frequencies in the ship’s hull or super-
structure [3].

Disk area coefficient

The disk area coefficient —referred o in
older literature as expanded blade area
ratio — defines the developed surface
area of the propeller in relation to its disk
area. A factor of 0.55 is considered as
being good. The disk area coefficient of
traditional 4-bladed propellers is of little
significance, as a higher value will only
lead to extra resistance on the propeller
itself and, thus, have little effect on the
final result.

For ships with particularly heavy-loaded
propellers, often 5 and 6-bladed pro-
pellers, the coefficient may have a higher
value. On warships it can be as high as
1.2.

Pitch diameter ratio p/d

The pitch diameter ratio p/d, expresses
the ratic between the propeller’s pitch
p and its diameter d, see Fig. 6. The
pitch, p, is the distance the propeller
“screws" itself forward through the water
per revolution, providing that there is
no slip —see also the next section and
Fig. 6. As the pitch can vary along the
blade’s radius, the ratio is normally
related to the pitch at 0.7 x r, where
r =d/2 Is the propeller's radius.

To achieve the best propulsive efficiency
for a given propeller diameter, an opti-
mum pitch/diameter ratio is to be found,

which again corresponds to a particu-
lar design rate of revolution. If, e.g. a
lower design rate of revolution is desired,
the pitch/diameter ratio has to be in-
creased, and vice versa, at the cost of
efficiency. On the other hand, if a lower
design rate of revolution is desired, and
the ship's draugnt permits, the choice
of a larger propeller diameter may per-
mit lower design rate of revolution and
aven, at the same time, increase the pro-
pulsive efficiency.

Propeller coefficients J, Ky and Kq
Propeller theory is based on models
but, to facilitate the general use of this
theory, certain dimensionless propeller
coefficients have been introduced in re-
lation to the diameter d, the rate of revo-
lution n, and the water's mass density p.
The three most important of these coeffi-
cients are mentioned below.

The advance number of the propeller,
J, is, as earlier mentioned, a dimen-
sionless expression of the propeller’'s
speed of advance V,.

The thrust force T, is expressed dimen-
sionless, with the help of the thrust co-
efficient K, as

_ T
T pxn2xgt

and the propeller torgue
__P
T 2mxn

is expressed dimensionless with the
help of the torque coefficient Kq, as

=S
pxn?xdd

The propeller efficiency ng can be calcu-

lated with the help of the above-men-

tioned coefficients, because, as previ-

ously mentioned, the propeller efficiency

T is defined as:
P; TxVy Ky

no:P_D_QXQTCXFI:KQ 2



With the help of special and very com-
plicated propeller diagrams, which con-
tain, i.a. J, Ky and Kq curves, it is pos-
sible to find/calculate the propelier's di-
mensions, efficiency, thrust, power, etc.

Operating conditions of a propeller

Slip ratio S

If the propeller had no slip, i.e. if the
water which the propeller “screws" it-
self through did not yield (i.e. if the water
did not accelerate aft), the propeller
would move forward at & speed of px n,
where n is the propeller’s rate of revolu-
tion, see Fig. 6.

However, as the water does yield (i.e.
accelerate aft), the propeller’s real speed
decreases and becomeas equal to the
ship's speed V, and its apparent slip can
thus be expressed asp xn -V,

The apparent slip ratio S,, which is

dimensionless, is defined as:

pxnﬁv_1_ V
oxn pxn

Sy =

The apparent slip ratio S,, which is cal-
culated by the crew, provides useful
knowledge as it gives an impression of
the loads applied to the propeller under
different operating conditions. The ap-
parent slip ratio increases, i.a. when the
vessel sails against the wind or waves,
in shallow waters, when the hull is fouled,
and when the ship acceleraies.

The real slip ratic will be greater than
the apparent slip ratic because the real
speed of advance V, of the propeller is,

as previously mentioned, less than the
ship’s speed V.
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Fig. 6: The slip ratio S of a propeller and the pitch/diameter ratio p/d

The real slip ratio Sg, which gives a truer

picture of the propeller’s function, is:
Va ; VX (1-w)

pxn pxn

Sq=1-

At guay trials where the ship's speed is
V = 0, both slip ratios are 1.0. Incidentally,
slip ratios are often given in percent-
ages.

Propeller law

As discussed in Chapter |, the resist-
ance R for lower ship speeds is propor-
tional to the square of the ship's speed
V, i.e. R=c xV2where cis a con-
stant. The necessary power reguire-
ment P is thus proportional to the
speed V 1o the power of three, thus:

P=RxV=cx\®

For a ship equipped with a fixed pitch
propeller, i.e. a propeller with unchange-
able pitch, the speed V will be propor-
tional to the rate of revolution n, thus:

P=cxn®

which precisely expresses the propeller
law which states that “the necessary
power delivered to the propeller is pro-
portional to the rate of revolution to the
power of three".

Propeller law, fouled hulls, etc.

The propeller law, of course, can only
be applied to identical ship running con-
ditions. When, for example, the ship's
hull after some time in service has been
fouled and thus become more rough,
the wake field will be different from that
of the smooth ship (clean hull) valid at
trial trip conditions.

A ship with a fouled hull will, conse-
quently, be subject to extra resistance
which will give rise to a “heavy propel-
ler condition”, i.e. at the same propel-
ler powaer, the rate of revo-lution will be
lower,

The propeller law now applies to an-
other and “heavier” propeller curve
than that applying to the clean hull, pro-
peller curve [1], page 243.
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The same relative considerations apply
when the ship is sailing in a heavy sea
against the current, a strong wind, and
heavy waves, where especially the wave
resistance may give rise tc a heavier pro-
peller running than when running in caim
weather. On the other hand, if the ship
is sailing in ballast condition, i.e. with a
lower displacement, the propeller law now
applies to a “lighter” propeller curve, i.e.
at the same propeller power, the pro-
peller rate of revolution will be higher.

As mentioned previously, the propeller
law applying to ships with a fixed pitch
propeller is extensively used at part load
running. Thus, it is also used in MAN
B&W Diesel's engine layout and load dia-
grams to specify the engine’s opera-
tional curves for clean and fouled hull,
etc. These diagrams are described in
detail in the next chapter.

Heavy waves

When sailing in heavy sea against, with
heavy wave resistance, the propeller can
be 3-4% heavier running than in calm
weather, i.e. at the same propeller
power, the rate of revolution may be
3-4% lower, On the other hand, in some
cases in practice with heavy wind
against, heavy running has proved to
be even greater.

In order to avoid slamming of the ship,
and thereby damage to the stem and
racing of the propeller, the ship speed
will normally be reduced by the naviga-
ting officer on watch.

Ship acceleration

When the ship accelerates, the propel-
ler will be subjected to an even larger
load than during free sailing. The power
required for the propeller, therefore, will
be relatively higher than for free sailing
and the engine's operating point will be
heavy running.

Shallow waters

When sailing in shallow waters the re-
sidual resistance of the ship may be in-
creased and, in the same way as when
the ship accelerates, the propeller will
be subjected to a larger load than dur-
ing free sailing, and the propeller will be
heavy running.
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Influence of the displacement

When the ship is sailing in the loaded
condition, the ship’s displacement vol-
ume may, for example, be 10% higher
or lower than for the displacement valid
for the average loaded condition. This,
of course, has an influence on the ship's
resistance, and the needed propelier
power, but only a minor influence on the
propeller curve.

On the other hand, when the ship is sail-
ing in the ballast condition, the displace-
ment volume compared to the loaded
condition can be much lower, and the
corresponding propeller curve may
apply to, for example, a 3% “lighter”
propeller curve, i.e. for the same power
to the propeller, the rate of revolution
will be 3% higher.

Manoeuvring speed

Below a certain ship speed, called the
manoeuvring speed, the manoeuvra-
bility of the rudder is insufficient because
of a too low velocity of the arriving water
at the rudder. It is rather difficult to give
an exact figure for an adeguate manoeu-
vring speed of the ship as the veloc-
ity of the water arriving at the rudder
depends on the propeller’s slip stream.

Often a manoeuvring speed of the mag-
nitude of 3.5-4.5 knots is mentionad.
According to the propeller law, a corre-
spondingly low propulsion power will be
needed but, of course, this will be higher
for running in heavy weather with in-
creased resistance on the ship.

Direction of propeller rotation

(Side thrust)

When a ship is sailing, the propeller
blades bite more in their lowermost po-
sition than in their uppermost position.
The resulting side-thrust effect is larger
the more shallow the water is as, for
example, during harbour manoguvres.

Therefore, a clockwise (looking from aft
to fore) rotating propeller will tend to
push the ship’s stern in the starboard
direction, i.e. pushing the ship's stem
to port, during normal ahead running.
This has to be counteracted by the
rudder.

When reversing the propeller to astern
running as, for example, when berthing
alongside the quay, the side-thrust ef-
fect is also reversed and becomes fur-
ther pronounced as the ship’s speed
decreases. Awareness of this behaviour
is very important in critical situations
and during harbour manosuvres.

According to [3], page 15-3, the real

reason for the appearance of the side

thrust during reversing of the propeller
is that the upper part of the propeller’s
slip stream, which is rotative, strikes the
aftbody of the ship.

Thus, also the pilot has to know pre-
cisely how the ship reacts in a given
situation. It is, therefore, an unwritten
law that on a ship fitted with a fixed
pitch propefler the propeller is always
designed for clockwise rotation when
sailing ahead. A direct coupled main
engine, of course, will have the same
rotation.

In order to obtain the same side-thrust
effect, when reversing to astem, on ships
fitted with a controliable pitch propel-
ler, CP-propellers are designed for anti-
clockwise rotation when sailing ahead.



Chapter Il
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Engine Layout and 2 -
Load Diagrams

Introduction a

As is well-known, the effective brake
power Py of a diesel engine is propor-
tional to the mean effective pressure b
(mep) p, and engine speed (rate of revol-
ution) n. When using ¢ as a constant,
Py may then be expressed as follows: @) i = X
0 1 2

Pe=Ccxp.,Xn
A. Straight Lines in lineor scoles.
or, in other words, for constant mep the
power is proportional to the speed:

By = &xin! (for constant mep)

As already menticned —when running
with a fixed pitch propeller — the power y=Log(Ps)
may, according 1o the propeller law, be 4
expressed as:

y=log(Ps)=loglcxnt)

=0

Pg=cxn®  (propeller law)

Thus, for the above examples, the brake
power Py may be expressed as an ex- =
ponertial function of the speed n to the
power of i, i.e.:

Py=exn =9

Fig. 7 shows the relationship between
the linear functions, y = ax + b, see (A),
using linear scales and the exponential i

functions Pg = ¢ x nl, see (B), using = x=Log(n)
logarithmic scales.

The exponential functions will be linear Ps = engine power

when using logarithmic scales, as: ¢ = constant
n = engine speed

log (Pg) =i x log (n) + log (¢)

_ log(Ps) = ixlogln) + Loglc)
which is equivalent to: By = gt === T S e
y = ax + b
y=ax+Db
Thus, propeller curves will be parallel to B. Exponential curves in logorithmic scales.

lines having the inclination i = 3, and

lines with constant mep will be parallel
to lines with the inclination i = 1. Fig. 7: Relationship between linear functions using linear scales and exponential functions
using logarithmic scales



Therefore, in the layout and load dia-
grams for diesel engines, as described
in the following, logarithmic scales are
used, making simple diagrams with
straight lines.

Propulsion and engine running points

Propeller design point

Normally, estimations of the necessary
propeller power and speed are based
on theoretical calculations, and often ex-
perimental tank tests, both assuming
optimum operating conditions, i.e. a
clean hull and good weather. The combi-
nation of speed and power obtained
may be called the ship's propelier de-
sign point (PD), see Fig. 8. On the other
hand, some shipyards and/or propeller
manufacturers sometimes use a pro-
peller design point that incorporates all
or part of the so-called sea margin de-
scribed below.

Fouled hull and sea margin

When the ship has sailed for some time,
the hull and propeller become fouled,
causing a change in the propeller's
wake field and an increased hull resist-
ance. f, at the same time, the weather
is bad, with head winds, the ship's re-
sistance will increase further. Conse-
guently, the ship speed will be reduced
unless the engine supplies more power,
i.e. the propeller will become further
loaded and will be heavy running (HR).
In this connection and with only little
wave resistance, it is especially the
fouling, and thereby the change of the
propeller's wake field, that causes the
propeller curve to move to the left, see
Fig. 8, where propeller curve 6 is valid
for loaded ship with clean hull and pro-
peller curve 2, to the left of curve 6, is
valid for loaded ship with fouled hull. On
the other hand, when sailing in bad
weather with heavy wave resistance
the effect may also be a heavier propel-
ler running and, therefore, the heavy run-
ning propeller curve 2 to be anticipated
and denoted as “fouled hull'” may in
principle consider the influence of both
fouling and wave resistance.

When the necessary engine power and
speed is to be determined, therefore, it
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Fig. 8: Ship propulsion running points and engine layout

is necessary to use a heavy running fac-
tor (2.5 to 5%) and to add an extra
power margin, the so-called “sea-mar-
gin”, which traditionally is about 15%.
The corresponding speed and power
combination, called the “continuous
service rating for propulsion™ (SP) for
fouled hull, see Fig. 8, incorporates a
certain “slip” and “heavy running” com-
pared to the clean hull propelier curve 6
through the propeller design point PD.

Light running factor f 5

The propeller curve for a fouled hull (and
heavy waves) may De used as the basis
for the engine operating curve in service,
curve 2, whereas the propeller curve for
clean hull (and calm weather) , curve 6,

may be valid for running conditions with
new ships. Therefore, the propeller curve
for clean hull is said to represent a “light
running” (LR) propeller and will be re-
lated to the fouled hull condition by
means of a light running factor f, 5, which,
for the same power to the propeller, is de-
fined as the percentage increase of the
rate of revolution n, compared to the
rate of revolution with a fouled hull, i.e.

n

-N
fLF{ - clean fouled % 100%
Novled

Engine margin

Besides the sea margin, a so-called “en-
gine margin” of some 10% s frequent-
ly added. The corresponding poeint is




called the “specified MCR for propul-
sion” (MP), see Fig. 8, and refers to the
fact that the power for point SP is 10%
lower than for point MP. Point MP is iden-
tical to the engine’s specified MCR point
(M) unless a main engine driven shaft
generator is installed. In such a cass, the
extra power demand of the shaft gene-
rator must also be considered.

Note:

Light/heavy running, fouling and sea mar-
gin are overlapping terms. Light/heavy
running of the propeller refers to hull and
propeller deterioration, and bad weather,
and sea margin, i.e. extra power to the
propeller, refers to the influence of the
wind and the sea.

Based on feedback from service, it seems
reasonable to design the propeller for
2.5-6% light running. However, the de-
gree of light running must be decided
upon, based on experience from the
actual trade and hull design.

Engine layout diagram

An engine's layout diagram is limited by
two constant mean effective pressure
(mep) lines L;-Ly and L,-L,, and by two
constant engine speed lines L,-L, and
Ls-L,, see Fig. 8. The L, point refers to
the engine's nominal maximum con-
tinuous rating. Within the layout area
there is full freeedom to select the en-
gines specified MCR point M and rele-
vant optimising point O, see below,
which is optimum for the ship and the
operating profile.

Specified MCR (M)

Based on the propulsion and engine
running points, as previously found, the
layout diagram of a relevant main en-
gine may be drawn-in. The specified
MCR point (M) must be inside the limi-
tation lines of the layout diagram,; if it is
not, the propeller speed will have to be
changed or another main engine type
must be chosen. Yet, in special cases,
point M may be located to the right of
line L,-L,, see “Optimising Paint™ below.

Optimising point (O)

The optimising point O is the rating at
which the turbocharger is matched, and
at which the engine timing and compres-
sion ratio are adjusted.

As is mentioned overleaf under “Load
Diagram”, the optimising point O is
placed on line 1 of the load diagram,
and the optimised power can be from
85 to 100% of point M's power, when
turbocharger(s) and engine timing are
taken into consideration.

The optimising peint O is to be placed
inside the layout diagram. In fact, the
specified MCR point M can be placed
outside the layout diagram, but only by
exceeding line Ly-L,, and, of course,
only provided that the optimising point
O is located inside the layout diagram.

Please note that the S26MC and L35MC
type engines cannot be optimised at
part-load. Thereforg, these two engine
types are always optimised in point A,
i.e. having point M's power.
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60 7 o
A /X
B e Q é
_ gy | 58 | @
4
"
Vits) P Q&
40 -2 i
&0 65 70 7S B0 8 90 95 100102110
Ergine speed, % of A
Line 1: Propeller curve through optimising point.
Lirne 2: Progeller curve, fouled hull - heavy running.
Line 3: Speed Limit.
Line 4: Torque/speed Limif.
L ine B: Mean effective pressure Limit.
Line 6: Propeller curve, cleon hull — Light running.
Lire 7: Power Limit for continous running.
Lime 8: OUverload Limit.
Point M to be lLocated on Line 7 (normally in point A).

Fig. 9: Engine foad diagram
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Fig. 10a: Example 1 with FPP —engine layout without SG (normal case)

Load diagram

Definitions

The load diagram (Fig. 9) defines the
power and speed limits for continuous
as well as overload operation of an in-
stalled engine which has an optimising
point O and a specified MCR point M
that conforms to the ship's specification.

Point A is a 100% speed and power
reference point of the load diagram, and
is defined as the point on the propeller
curve (line 1) through the optimising
point O, having the specified MCR
power. Normally, point M is equal to
point A, but in special cases, for
example if a shaft generator is installed,
point M may be placed to the right of
point A on line 7. The service points of
the installed engine incorporate the en-
gine power required for ship propul-
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sion and for the shaft generator, if in-
stalled.

Limits for continuous operation
The continuous service range is limited
by four lines, see Fig. 9:

Line 3:

Represents the maximum speed which
can be accepted for continuous opera-
tion, i.e. 105% of A, however maximum
106% of L.

The limit may be extended to 105%, and
during trial conditions to 107 %, of the
nominal L, speed of the engine, pro-
vided the torsional vibration conditions
permit.

Running at low load above 100% of the
nominal L, speed of the engine is, how-
ever, to be avoided for extended periods.

Fig. 10b: Example 1 with FPP —load diagram without SG (hormal case)

Line 4.

Represents the limit at which an ample
air supply is available for combustion
and imposes a limitation on the maxi-
mum combination of torque and speed.

Line 5:

Represents the maximum mean effec-
tive pressure level (mep) which can be
accepted for continuous operation.

Line 7:
Represents the maximum power for con-
tinuous operation.

Limits for overload operation
The overload service range is limited as
follows, see Fig. 9:

Line 8:
Represents the overload operation limi-
tations.
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Fig. 11a: Example 2 with FPP —engine layout (special case)

The area between lines 4, 5, 7 and the
dashed line 8 in Fig. 9 is available for
overload running for limited periods only
(1 hour per 12 hours).

Recommendation

Continuous operation without a time limi-
tation is allowed only within the area
limited by lines 4, 5, 7 and 3 of the load
diagram.

The area between lines 4 and 1 is avail-
able for operation in shallow water,
heavy weather and during acceleration,
i.e. for non-steady operation without any
actual time limitation.

After some time in operation, the ship's
hull and propeller will become fouled,
resulting in heavier running of the pro-
peller, i.e. the propelier curve will move
to the left from line 6 towards line 2, and

extra power will be required for propul-
sion in order to maintain the ship speed.

At calm weather conditions, the extent
of heavy running of the propeller will in-
dicate the need for cleaning the hull and,
possibly, polishing the propeller.

Use of the load diagram —examples

In the following, four different examples
based on fixed pilch propeller (FPP) and
one example based on controllable pitch
propeller (CPP) are given in order to illus-
trate the flexibility of the layout and load
diagrams.

In this respect the choice of the optimis-
ing point O has a significant influence.

Fig. 11b: Example 2 with FPP —load diagram (special case)

Examples with fixed pitch propeller

Example 1:
Normal running conditions, without
shaft generator

Normally, the optimising point O will be
selected on the engine service curve 2
{for fouled hull), as shown in Fig. 10a.

Point A is then found at the intersection
between propeller curve 1 (2) and the
constant power curve through M, line
7. In this case point A will be equal to
point M.

Once point A has been found in the lay-
out diagram, the load diagram can be
drawn, as shown in Fig. 10b, and hence
the actual load limitation lines of the
diesel engine may be found.
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Fig. 12a: Example 3 with FPP —engine layout with SG (norme/ case)

Example 2:
Special running conditions, without
shaft generator

When the ship accelerates, the propel-
ler will be subjected to an even larger
load than during free sailing. The same
applies when the ship is subjected to an
extra resistance as, for example, when
sailing against heavy wind and sea
with large wave resistance.

In both cases, the engine's operating
point will be to the left of the normal
operating curve, as the propeller will run
heavily.

In order to avoid exceeding the left-hand
imitation line 4 of the load diagram, it may,
in certain cases, be necessary to limit
the acceleration and/or the propulsion
power.

18

If the expected trade pattern of the ship
is to be in an area with frequently ap-
pearing heavy wind and sea and large
wave resistance, it can, therefore, be
an advantage to design/move the load
diagram towards the left. The latter can
be done by moving the engine's opti-
mising point O —and thus the propeller
curve 1 through the optimising point —
towards the left. However, this will be at
the expense of a slightly increased spe-
cific fuel oil consumption.

An example is shown in Figs. 11a and
11b. As will be seen in Fig. 11b, and
compared to the normal case shown in
Example 1 (Fig. 10b) the left-hand limita-
tion line 4 is moved to the left, giving a
wider margin between lines 2 and 4.

Fig. 12b: Exarnple 3 with FPP - load diagram with SG (normal case)

Example 3:
Normal case, with shaft generator

in this example a shaft generator (SG)
is installed, and therefore the service
power of the engine also has to incor-
porate the extra shaft power required
for the shaft generator’s electrical power
production.

In Fig. 12a, the engine service curve
shown for fouled hull incorporates this
extra power.

The optimising point O will normally be
chosen on this curve as shown, but can,
by an approximation, be located on
curve 1 through point M.

Point A is then found in the same way
as in example 1, and the load diagram
can be drawn as shown in Fig. 12b.




Specified MCR of engine
Continuous service rating of englne

Optimising point of engine

= 8 W X

Qeference point of lead diagram

Paower

> O unw X

Spacified MCR of sngine
Continuous sarvice roting of engine
Optimising paoint of engine

Refaerence point of Leoaod diagram

3.3% A 5% A

LJ ’-(3.7 # ’ o 1 |
-
| o
120G = =
Power 3 = 56 /™M
il M54 Ly
e
L L. o . o
5 & &
P s
i 65 4
/ e Q@ 7
// e P e @
’ 7 el P
. # e P L
L 1 v 2
4 Propulsion curve 7
for fouled hull
Engine ssrvice curve (/ /
Tor fouled hull //
! | L4 Propulsion curve
Engine speed for fouled hull
Point A ond M Englne service curve
for fouled h
Line 1: Prapeller curve through optimising point (D). or Toute utd
Point A: Intersection beiween Line 1 ond Line Li - Li.
Point M: Located on consiant power lina 7 through peint A. Engine speed

Fig. 13a: Example 4 with FPP —engine layout with SG (special case)

Example 4:
Special case, with shaft generator

Also in this special case, a shaft genera-
tor is installed but, unlike in Example 3,
now the specified MCR for propulsion
MP is placed at the top of the layout
diagram, see Fig. 13a. This involves that
the intended specified MCR of the en-
gine (point M) will be placed outside the
top of the layout diagram.

One solution could be to choose a die-
sel engine with an extra cylinder, but
another and cheaper solution is to re-
duce the electrical power production
of the shaft generator when running in
the upper propulsion power range.

If choosing the latter solution the required
specified MCR power of the engine can
be reduced from point M’ to point M as

shown in Fig. 13a. Therefore, when
running in the upper propulsion
power range, a diesel generator has
to take over all or part of the electrical
power production,

However, such a situation will seldom
oceur, as ships rather infrequently oper-
ate in the upper propulsion power range.
In the example, the optimising point O
has been chosen equal to point S, and
line 1 may be found.

Point A, having the highest possible
power, is then found at the intersection
of line Ly-L; with line 1, see Fig. 13a,

and the corresponding load diagram is

drawn in Fig. 13b. Point M is found on

line 7 at MP's speed.

Fig. 13b: Example 4 with FPP - load diagram with SG (special case)

Example with controllable pitch
propeller

Exarnple 5:
With or without shaft generator

When a CP-propeller is installed, the
relevant combinator curves of the pro-
peller may be a combination of constant
engine speeds and/or propeller curves,
and it is not possible to distinguish be-
tween running points for clean and
fouled hull.

Therefore, when the engine’s specified
MCR point (M) has been chosen, inclugd-
ing the power required for a shaft gene-
rator, if installed, point M may be used
as point A of the load diagram, which
may then be drawn.
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The optimising point O may be chosen
on the propeller curve through point
A = M having an optimised power from
85 to 100% of the specified MCR power
as before, in the section dealing with
Optimising Point O.

An example is given in Fig. 14, which
shows two examples of combinator
curves that are both contained within
the same load diagram.

For specific cases with a shaft genera-
tor and where the propeller's combina-
tor curve in the high power range is a
propeller curve (similar te the FPP pro-
pulsion curve 2 for fouled hull), please
also see the fixed pitch propeller
examples 3 and 4.

Influence on engine running of
different types of ship resistance

In order to give a brief summary regard-
ing the influence on the propeller and
main engine operation of different types
of ship resistance, an arbitrary example
has been chosen, see the load diagram
in Fig. 1&.

The influence of the different types of re-
sistance is illustrated by means of corre-
sponding service points for propulsion
having the same propulsion power,
using as basis the propeller design
point PD, plus 15% extra power.

Propeller Design Point PD

The propeller will, as previously des-
cribed, normally be designed accord-
ing to a specified ship speed V valid for

> O wu =

Refearence point

Specified MCR of engine
Continuous service rating of engine
Optimising polnt of engine

of lLood diagrem

Powar

Combinater

curve |

5% L

Combinator
curve 2

Engine speged

Fig. 14: Example 5 with CPP - load diagram

20

loaded ship with clean hull and calm
weather conditions. The corresponding
engine speed and power combination
is shown as point PD on propeller curve
8 in the load diagram, Fig. 15.

Increased ships speed, point SO

If the engine power is increased by, for
example, 15%, and the loaded ship is
still operating with & clean hull and in
calm weather (point S0}, the ship speed
V and engine speed n will increase in
accordance with the propeller law (more
or less valid for the normal speed range):

Vo=V x WT.15 = 1.048 x V
nSO:nx3v1.15 =1.048 x n

Paint SO will be placed on the same pro-
peller curve as point PD.

Sea running with clean hull and
current against, 15% sea margin,
point 52

Conversely, if still operating with loaded
ship and clean hull, but now with extra
resistance from heavy seas (with rela-
tively small waves) and wind and run-
ning against the current, an extra power
of, for example, 15% is needed in order
to maintain the ship speed V (15% sea
margin).

As the ship speed Vg, =V, and if the
propeller had no slip, it would be ex-
pected that the engine (propeller) speed
would also be constant. However, as
the water does yield, i.e. the propeller
has a slip, the engine speed will increase
and the running point 82 will be placed
on a propeller curve 6.2 very close to
S0, on propeller curve 6. Propeller curve
6.2 will possibly represent an approxi-
mate 0.5% heavier running propeller
than curve 6, [1], page 242.

Depending on the block coefficient of
the ship, the heavy running factor of
0.5% may be somewhat higher (high
block coefficient) or lower (low block
coefficient).

For a resistance corresponding to about
30% extra power (30% sea margin), the
corresponding relative heavy running

factor will be about 1%, [1], page 242.



If a ship with a fouled hull is used as a
basis instead of a clean hull, the same
relative heavy running considerations will
apply regarding the influence of extra
resistance caused by the same weather
conditions.

In general, therefore, it must be noted
that even a relatively large change in re-
sistance due to weather conditions only,
does not alter the ship's propeller curve
very much.

Accordingly, the change of ship speed
because of a change in resistance can
be quite large but has no significant in-
fluence on the interaction between the
ship, the main engine and the propeller
[1], page 242. This applies when the
waves are relatively small.

Sea running with fouled huil,

and 15% sea margin, point SP
When, after some time in service, the
ship's hull has been fouled, and thus
become more rough, the wake field will
be different from that of a smooth ship
{clean hull).

A ship with a fouled hull will, conse-
guently, be subject to an extra resist-
ance which, due to the changed wake
field, will give rise to a heavier running
propeller than experienced during bad
weather conditions alone. When also
incorporating some average inlfluence
of heavy seas and waves, the propeller
curve for loaded ship will move to the
left, see propeller curve 2 in the load di-
agram in Fig. 15. This propeller curve,
denoted as fouled hull and loaded ship,
is about 4% heavy runnning compared
to the clean hull and calm weather pro-
peller curve 6.

In order to maintain an ample air supply
for the diesel engine’'s combustion,
which imposes a limitation on the maxi-
mum combination of torque and speed,
see curve 4 of the load diagram, it is
normal practice to match the diesel en-
gine and turbocharger etc. according to
a propeller curve 1 of the load diagram,
equal to the fouled hull propeller curve 2.

Instead of point 82, therefore, point SP
will normally be used for the engine lay-
out by referring this service propulsion
rating to 80% of the engine’s specified
MCR, correspondong to a 10% engine
margin.

In other words, in the example the pro-
peller's design curve is about 4% light
running compared to the propeller curve
used for layout of the main engine.

Running in heavy seas with heavy
waves, point Sy

When sailing in heavy sea against, with
heavy waves, the propeller can be 3-4%
heavier running than in calm weather,
i.e. at the same propeller power, the
rate of revolution may be 3-4% lower.
For a propeller power equal to 9C% of
specified MCR, point S; in the load dia-
gram in Fig. 15 shows an example of
such a running condition.

PD : Propeller design point, clean hull ond calm weather
Continucus service rating for propulsion with
a power equal to 90% specified MCR, based an:
SO : Clean hull and colm weather
S1 : Clean hull and colm weather, bollast (trial)
52 . Clean hull and heavy sea agalnst, 19% sea margin
SP : Fouled hull and heavy sec against, 15% sea margin
S3 : Heavy sea and wave resistance
Engine shaft power, ¥ of A
110 100% ref. point (A)
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105
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&
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Line 6 Propel ler curve, clean hull and lLoaded ship
Line 6.1: Propeller curve, clean hull and ballast (trial)
Line 6.2: Propeller curve, cleon hull and loaded ship,
inel. 15 % sea margin
L lne 6.3: Heovy sec and wave resistance

Fig. 15: Influence of different types of ship resistance on the continuous service rating
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In some cases in practice with strong
wind against, the heavy running has
proved to be even greater and even 1o
be found to the left of the limitation line
4 of the load diagram.

In such situations, to avoid slamming of
the ship and thus damage to the stem
and racing of the propeller, the ship
speed will normally be reduced by the
navigating officers on watch.

Ship acceleration and operation

in shallow waters

When the ship accelerates and the pro-
peller is being subjected to a larger load
than during free sailing, the effect on the
propeller may be similar to that illustrated
by means of point S; in the load dia-
gram, Fig. 15. In some cases in prac-
tice, the influence of acceleration on
the heavy running has proved to be
even greater. The same conditions
are valid for running in shallow waters.

Sea running at trial conditions, point S1
Normally, the clean hull propeller curve 6
will be referred to as the trial trip propel-
ler curve. However, as the ship is sel-
dom loaded during sea trials and more
often is sailing in ballast, the actual pro-
peller curve 6.1 will be more light run-
ning than curve 6.

For a power to the propeller equal to
90% specified MCR, point 81 on the
load diagram, in Fig. 15, indicates an
example of such a running condition. In
order to be able to demonstrate opera-
tion at 100% power during sea trial con-
ditions, it may in some cases be neces-
sary to exceed the propeller speed re-
striction, line 3, which during trial condi-
tions may be allowed to be extended to
107 %.

Load control system

As mentioned above, there is a risk of
heavy propeller running during service
in heavy weather conditions, and dur-
ing acceleration of the ship (and also in
shallow waters), which in some cases
may cause overloading of the main en-
gine. Therefore, MAN B&W Diesel have
designed a load control system for
main enginas coupled to a fixed pitch
propeller.
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The load control system is designed to
prevent excessive engine load, thus re-
during the risk of damaging engine
components.

This will ensure that the engine is always
operated within the limits of the load
diagram.

The systerm monitors the engine speed,
forque, fuel pump index and scavenge
air pressure. If the load limit is exceeded,
the system automatically takes over con-
trol of the speed setpoint and reduces
the setpoint until the engine is again
running within the load limitations.

In addition to the performance advan-
tages related to the main engine, the
system facilitates the work for the en-
gineers. In bad weather and when the
ship accelerates, the load control equip-
ment keeps the engine within the speci-
fied limitations without the necessity of
taking manual measurements and evalu-
ating these.

Furthermore, the captain can at any time
utilise the maximum allowable/accept-
able power without having to take addi-
tional measurements.

Closing Remarks

In practice, the ship's resistance will
frequently be checked against the re-
sults obtained by testing a model of the
ship in a towing tank. The experimental
tank test measurements are also used
for optimising the propeller and hull
design.

When the ship's necessary power re-
quirement, including margins, and the
propeller's speed (rate of revolution)
have been determined, the correct main
engine can then be selected e.g. with
the help of MAN B&W Diesel's compu-
ter based engine selection programme.

In this connection the interaction be-
tween ship and main engine is extremely
important, and the placing of the en-
gine's load diagram, i.e. the choice of
engine layout in relation to the engine's
(ship's) operational curve, must be made

carefully in order to achieve the optimum
propulsion plant. In order to avoid over-
loading of the main engine for excessive
running conditions, MAN B&W Diesel
may assist with a specially developed
load control system.

If a main engine driven shaft generator
— producing electricity for the ship —is
installed, the interaction between ship
and main engine will be even more com-
plex. However, due to the flexibility of
the layout and load diagrams for the
MAN B&W engines, a suitable solution
will nearly always be readily at hand.
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