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> |ntroduction

Diesel engines play an important role in today’s
society: we are quite dependent on them.

Over 100 years after Rudolf Diesel developed

a working diesel engine, there is still no real
alternative for ship propulsion and electric
generators in tropical and/or remote areas.

The diesel engine is indispensable for road
haulage, inland shipping, aquatics, electric power
emergency systems, agriculture, and passenger
transport by road or rail, oil and gas industry and
various other industries. We have chosen to make
use of many pictures accompanied by a written
explanation.

Much highly in-depth technical theory has been
omitted as these topics are covered by specialist
books available on the markert; these topics
include thermodynamics, vibrations, materials,
and electronics.

We, at Target Global Energy Training have opted
for a more pracrical approach. This includes ample
information with respect to the construction

of engines, use of materials, various engine
categories, maintenance, repairs, and the use of
engines.

Much attention has been paid to the choice of
proper graphic material. This, in our opinion, is
helpful for the reader to gain insight in the various
subjects. This publication is indispensable for
every person who has dealings with the diesel
engine industry, from the smallest engine to

“The Cathedrals of the Oceans’.

Kees Kuiken, Onnen, The Netherlands, July 2008.
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Caterpillar engines in the diesel power plant at Peng Hu |l, China.

Electricity is generated by diesel power plants
in most parts of the world. This includes
mobile floating power plants.

Shown here; discharging a floating power
plant with MAN-B&W engines from a semi-
submersible ‘Dockwise’ vessel.
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Y

Bottom left: Manufacture
of a floating-diesel power
plant. Make: Wértsila.

v

Bottom right: A floating
diesel-power plant or
power barge travelling to
its final destination.
Make: MAN-B&W.

At the front; the electric
distribution section with the
transformer, switches and
pylons for connection o the
high-voltage feeder on
shore. Left of the engine
room the air-inlet filters, with
right the exhaust-gas lines

and sound dampers.

12

18.1 Introduction

For over fifty years diesel power plants have been
used to generate electricity all over the world.
They are located mainly on islands, in remorte
areas and often in regions with poor or non-
existent infrastructures, for instance in the tropics

or in developing countries.

18.2 Classification of diesel
power plants

A Four-stroke high-speed diesel engines operating
on M.D.O. - generating up to £ § MW power
output per set.

B Four-stroke medium-speed diesel engines
operating on H.EO. — generating up to
+= 20 MW power output per set.

C Two-stroke low-speed crosshead engines
operating on H.F.O. — generating up to
+ 50 MW power output per set.

D Floating diesel power plants with four-stroke
trunk piston- or two-stroke crosshead diesel
engines operating on H.EQ. - Delivering

-

A large diesel power-
station contains fourteen
eighteen-cylinder
V-engines running on
H.F.O. for driving the
electric generators.

On the left; the gensets
and on the right the turbo-
blowers with the exhaust-

gas pipes on the engines.

from = 5 MW up to = 20 MW power output
per set.

E Mobile gensets installed in a container
with four-stroke high-speed diesel engines,
operating on M.D.O. — generating to = § MW

power output per set.

18.3 Applications for diesel
power plants

Electricity is generated in various parts of the

world by diesel engines for the following reasons:

1 The required electric power is not large enough
to justify building large-scale power stations
with gas- and steam turbines. The return on
capital expenditure is only acceptable when
operating at full load.

2 The electric power is required for a short
time-span. This occurs in projects for large
infrastructures, special events or following
major natural disasters. Inthese situations
large emergency generators are used. These
comprise diesel gensets placed in containers.
This is also applied on a smaller scale with a
single genset providing electricity.




A transformer station fed by diesel gensets.

Many countries with diesel-power plants, such those found
in developing countries, only have an electricity grid in

densely populated areas or areas with a high electricity

demand. Here the transformers are fed by the diesel gensets

increasing the voltage from 13,800 to 110,000 volt.

The investment per kilowatt hour is much
lower than that of traditional power
generators such as steam- and gas turbines.

At partial load with an installation comprising
several engines, a certain number of engines
are switched off, so that the remainder operate
at full load. Thus the total efficiency for the
generation of electric power remains high. The
efficiency for the generation of electric power
using steam- and gas turbines at partial loads
is extremely low.

Operating and maintaining gas- and steam
turbines requires highly skilled personnel.

This is to a lesser extent applicable for the
maintenance of diesel engines.

Maintaining diesel engines is relatively
inexpensive.

Stand-by diesel gensets: The stand-by genset

is automatically started with a power failure
of the mains. This system is often found in
public buildings such as hospitals, institutions
and large office blocks, but also as ‘black

start’ in power plants, in industry and other
vital processes. These diesel gensets can be
started within several seconds and immediately

operate at full load.

Some disadvantages of diesel power plants
— Relatively high exhaust-gas emissions.
3 The local high-voltage electricity network — Limited power output per engine:
is not capable to transport large amounts — four-stroke: maximum 40 MW
of electric power. - two-stroke crosshead engine: maximum
100MW,;

gas turbine: maximum 400 MW,

4 The electricity requirement per area is
relatively small, for instance only a few dozen -
megawatts. The efficiency of this power - steam turbine: maximum 1500 MW,
output is much higher (= 40%) than the — Relatively heavy.
efficiency when using a gas and/or steam -
turbine. A diesel power plant of 100 MW is

large.

Relatively high maintenance costs.

Thermal efficiencies % Dual fuel motor o

85 7 oy spead diesel engine A total efficiency graph for the various engines and
engine combinations up to 50 megawatt shaft power.

50

45 steam turbine yellow 33%
gas-turbine red 36%

40 = Medium speed Commbir';gd cycle steam - and gas-turbine combination red  46%

: : as turbine

i diesel engine 9 medium-speed engine green 48%
low-speed engine purple 53%

30 - Gas turbine dual-fuel engine blue  56%

26 7

20 T

1 5 10 50

13
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Location

—  Often in scarcely populated areas (with modest
power requirements).

— Especially in the tropics (poor infra-structure).

—  Often in third-world countries (low investment
levels).

—  On islands and other isolated areas.

— In remote areas with large industrial activities,

such as in mining, gas- and oil drilling

industries.

r'y

In diesel-power plants, four-stroke medium-speed
diesel engines are often used.

Shown, an eighteen-cylinder V-engine. Considering weight,
size and capital cost this is the best choice as two in-line
nine-cylinder engines have a similar maximum output, but are

heavier, take up more space and capital cost is higher.

18.4 Types of diesel power plants

18.4.1 Utilizing four-stroke high-speed
diesel engines operating on M.D.O.
Engine category Il

Here the power output per diesel genset is limited

to 1 to 5 MW due to comparatively expansive

diesel oil.

They are used to generate electricity locally for

various purposes:

- lighting;

— infra-structure;

- production processes in manufacturing plants
such as breweries and water treatment.

The number of revolutions per minute is usually
1500 and 1800, depending on the frequency

(50 or 60 Hz). For the slightly larger engines

the number of revolutions is lower. However, at
approximately 1200 revolutions or less, there is
the use of heavy fuel oil is possible. This is cheaper
than diesel oil. The engine types used often fall in
category II.

v
An artist’s impression of a modularly built diesel-power
plant only for electric power.

high-speed four-stroke diesel engine

electric generator

main switch board

engine-room ventiiation

space for distribution station and transformers

air coolers for discharging the heat from the fresh water,
lubricating-oil and combustion air-cooling systems.

o ;s W N =



Familiar makes are: Caterpillar, Cummins,
MTU/DDC, GM.

With the use of light diesel oils (M.D.O.), the fuel
cleaning process is simple and the exhaust-gas
emissions in comparison to those of heavy fuel oil
(H.EO.) are less.

The high-speed high-load diesel engines used for
gensets are usually arranged in V-shape. They are
compact and relatively light and are mounted
either in a fixed or flexible manner on a steel
frame and can immediately be positioned on the
factory floor.

In the gas- and oil industry, many high-speed
diesel gensets are set up on locations that lack
(natural) gas for operating gas-engine gensets. The
total power output varies from several megawatts
to Over ten megawatts.

>

A high-speed four-stroke diesel genset with its own
generator cooling.

In the foreground the electric generator with its own
air-cooling system. Offshare, for instance gas and oil
platforms, complete sets are often substituted during major
maintenance, so as little work as possible needs to be done
on location. This is cost effective.

18.4.2 Utilizing four-stroke medium-speed
diesel engines operating on H.F.O.
Engine category lll

Most of the world’s larger diesel power plants are
in this category. These plants have a total capacity
of up to 150 - 250 MW. To reach these capacities,
several dozen of sixteen or eighteen cylinder
V-engines with large cylinder bores are installed.
A fuel treatment and supply system is an integral
part of the installation. The large amounts of fuel
are delivered by pipeline, ship or fuel tankers and
stored temporarily in the storage tanks, enough
supply for several days of consumption.

CH18 > DIESEL POWER PLANTS

<

A high-speed four-stroke
genset running on diesel
oil for electricity
generation.

The frame can be easily

positioned on the shop floor.

A
The entrance to a large diesel power-plant in the

tropics. Here near Mombassa, Kenya.

Left the plant and right the electric distribution to the high-
voltage grid.

15
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A fuel system with A floating diesel-power
storage, cleaning and plant, the ‘Seaboard’, in
treatment of diesel oil the Dominican Republic.
and H.FO..

It is moored alongside a
highway and close to a
viaduct in tidal estuary.

Electric power, 72 MW.

>

Arrangement of diesel -

engines in the same : ‘\\\\: t;\‘\\li;
= o mkiwiaa 1S

floating plant.

Left the turbo-blowers and
exhaust-gas lines with right
the electric generator with

air cooling.

B ol el fsoak) 5 -,
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<
Spare pistons ready for the 12,000 operating hours
between overhauls.

In these relatively large plants only a fraction

of the total productivity is lost with one
malfunctioning diesel genset.

If, for instance, ten engines of 8 MW each are
assembled together, one stopped engine would
amount to a mere 10% of the capacity, but the
genset will still produce 72 MW. The engine load
in these types of plants is fairly high, generally
95 to 98% of the nominal capacity using a three-
phase generator.

Steam turbine

11.5 bar a, 315°C

3——-—’

From
other

Exhaust gas boiler
bollers

338°C

From
other
boilers
Steam for

8xWairtsila 18V46 fuel heating

120 MW

To other
boilers

boilers

T —— |
To other E i

The electricity network
near Santa Domingo, the
Dominican Republic.

The black horizontal
rectangles are plants.
The 'Power-barge
Seaboard’ on the right
generates 72 MW.

«

A diesel genset producing
steam using the exhaust
gases and an exhaust-
gas boiler.

The steam drives a turbine
genset. This relatively high
investment is only cost-
effective in large installations
with several engines
connected to one exhaust-
gas boiler. Shown here,
eight Wartsila 18V46
engines. Total power output
120 MW. The steam turbine
generates 8.3 MW at full
load.

17
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18.4.3 Utilizing two-stroke low-speed
crosshead engines operating on
H.F.O., Engine category IV

Compared to the engine category 111, the use of
these engines is negligible. The power output for
each plant varies from 20 to 240 MW. Obviously,
this is dependent on the type and number of
engine(s). A low number of engine revolutions
requires a low number of revolutions for the
generator.

According to the formula:

f: pxn
in which:
f: H/;

p = number of pole pairs;

n = number of revolutions per second, the number
of pole pairs at an engine speed of two revolutions
per second (120 per minute) is 25 and the number
of poles therefore:

25 x2.=.50

120
Therefore: 50 = 2o X P

Fifty poles at this large a capacity take up a great

deal of space, and consequently the generator has

a very large diameter, the so-called disc generator

or disc dynamo. The diameters of these generators
can reach as much as 5 to 12 metres.

The size and weight of these sets are huge, but
compared to the more prevalent four-stroke trunk-
piston engines driven by gensets, the number of
moving parts is significantly lower. This generally
implies that the number of malfunctions is

«

A large two-stroke
crosshead engine of
MAN-B&W for generating
electricity.

In the background and right,
a large disc generator with a
diameter of 8 metres.

1 disc generator

also limited. However, the energy company’s
preferences play an important part.

From an economic view, diesel power plants with
four-stroke medium-speed V-engines using, H.E.O.,
are the most cost-effective investment.

18.4.4 Floating diesel power plants with
both four-stroke trunk piston
or two-stroke crosshead engines
operating on H.F.O., Engine
categories lll and IV

The power output for each plant reaches
approximately 200 MW. The plant consists of

a large floating pontoon equipped with all the
required facilities, these include diesel gensets, a
control room, a workshop, fuel- and lubricating-
oil storage tanks and a step-up transformer for the
medium voltage gensets.

Floating diesel power plants are completely self-
sufficient; they can be supplied with fuel and parts
when at sea and can be rowed to most locations.
The underlying concept is that of a mobile power
plant, which can be deployed anywhere in the
world.

Obviously, the floating plant must be connected to
the medium- or high-voltage local network.

Advantages of floating plants

—  The floating installation is anchored at the
location where the energy is required.

= Expeditious delivery times of approximately
twelve months.

- Modular construction, of both gensets and
buildings.

= Very flexible deployment to locations.

- Construction in boat yards by modular
construction.




— Fuel storage in double-bottomed tanks.
Therefore no separate tanks are required.

— Shore power connection to the plant.

— Auxiliary systems are tested at the dockyard as
opposed to on location.

— Possibility of using (natural) gas at a later
phase.

— The engines are manufactured with two fuel
systems (Dual Fuel).

—  When natural gas is available, the floating
power plant can be converted to operate on
natural gas.

—  Fewer risks in case of natural disasters,
earthquakes and land slides.

- Sea water cooling is possible, so a simple
installation with low temperatures is sufficient.

- Mobility, versatility and deployment of these

plants means a low-risk investment.

Several significant advantages of using

natural gas as fuel

- Very low exhaust-gas emissions.

-~ Clean combustion process.

- No fuel storage required.

— No danger of fuel spillage, so reduced risk of
environmental damage, such as soil- or water

contamination.

These two fuel systems are also frequently used

for land-based diesel power plants.

Chapt a, Fuels, tuel hine systems and

CH18 > DIESEL POWER PLANTS

18.4.5 Mobile gensets arranged in a
container using four-stroke
high-speed diesel engines,
fuel M.D.O. Engine categories |
and Il

Capacity per container is up to = § MW per

genset. These are often used for:

— temporary electricity supply for large events,
building activities, military activities, fairs;

— emergency power installations for hospitals,
public buildings, the computer-sector, the
banking sector, pig farms and a variety of
processes in the industry where power cuts

cause losses.

Today, legal regulations stipulate the actions that
should be taken to limit the damage caused by a
power failure. Financiers, such as the World Bank,
also make demands, for instance, with respect to
the pollutant emissions. There are many rental
companies active in this sector, which lease mobile
gensets ranging from several kilowatts to several
megawatts electrical power output per set.

Some companies utilise these mobile gensets on a
continual basis, for instance: gas- and oil drilling
companies, construction firms, the army, circuses,
the Red Cross and firms involved in constructing
pipe lines, mines, tunnels and water power
stations.

<

The '‘Powerbarge
Seaboard’ as seen from
sea. Eight Wartsild-38
engines with eighteen

cylinders in
V-arrangement
generate electricity.

\
)
s
5
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Calcium
carbonate

Wet desulphurisation
DeSOy

Exhaust-fired
steam boiler

Exhaust-gas
silencer

SCR catalyser
(SCR = Selective
Catalytic Reduction)
DeNOx
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18.5 Special applications of
diesel power plants

18.5.1 Reduction of toxic flue gas
emissions

Reduction of nitrogen oxides, sulphur oxides and

soot particles.

Also see Chapter 22, Engine emissions.

18.5.2 Use of the residual heat

Heat generated by exhaust gases, coolant,

lubricating oil and air cooling.

This is also referred to as combined heat and

power or CHP.

Wiirtsild 12v46

Exhaust gas boiler

=N
¥
Engine hall
. Electrical
Diesel engine Generator annex
3 N S5 1

A

A diesel-power plant with a two-stroke crosshead
engine.

On the far right the electrical switching section. Next to ita
large disc generator, crosshead engine and air inlet. Above;
the sound dampers, the DeNOx installation for the removal of
nitrogen oxides and to the far left the DeSOx installation for
the removal of sulphur oxides.

v
A district heating project with diesel engines in Vaasa,
Finland.

Both twelve-cylinder V-engines with bores of 46 and 64
centimetres drive generators which supply electricity for the
public grid. The exhaust-gas heat is predominantly used for
exhaust-gas boilers. The generated steam is used for driving
a steam turbine genset also connected to the network. Since
the plant is located in the port near the city, the regulations
with regard to the exhaust gas emissions are very strict. Here
both DeNOx and DeSOx installations are required (far right).

turbine |

Exhaust gas ’ \
economizer 4
Steam et
1_9'
|

J
i

= | =D
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Exhaust gas boiler

Wiirtsild 12V64




Steam turbine

Shaft power
| Diesel engine

Shaft power

A

The energy in the exhaust gases is approximately 25 to
45% of the fuel energy and can be partially used for
electricity generation by means of an exhaust-gas
boiler combined with a steam-turbine genset.

With the use of heat exchangers, water can be
heated for use in city heating or manufacturing
processes.

Using exhaust gas boilers, steam for operating
a steam turbine genset is produced which
subsequently generates additional electric power.
The steam used in the steam rurbine can then
be re-used in processes that require a lot of heat
energy. Much of the heat is, of course, used in
the diesel power plant itself. For heating the
fuel storage, heating the cleaned heavy oil and
maintaining temperatures in stationary engines.
Clearly, the extra energy ‘gain’ must be weighed
against the extra investments.

Sigecam-Gayirova
2x18V32DF, 12.2 MWe

Argelik-Cayirova
1x18V32GD, 6.5 MWe

Cengiz-Samsun
7x18V486, 123 MWe

Aksa-Samsun
7x18V46, 123 MWe

Ginkur-Kayseri
3x18V38A, 30 MWe

Dusa-lzmit
1x18Vv280, 5 MWe

Klor Alkali-lzmit
3x18V220SG, 9.6 Mwe

Kirikkale
S 13x18V38B, 153 MWe

Giille-Corlu
1x18V32DF, 6.1 Mwe

Sigecam-Topkap:
2x18V32DF, 12.2 Mwe  F_

Argelik-Eskigehir
1x18V32GD, 6.5 Mwe

Arges-Kemal Pasa
3x18V38A2, 33 MWe

MOSB-Manisa
3x18V46, 54.3 MWe

Arenko-Denizli

2x1BV32LN, 13 MWe Alae-Kibria

2x18Vv46, 34 MWe

Rasa-Mardin
3x18V38B, 33.8 MWe

Denizli Gimento
1x16V46, 15.1 MWe
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Other Fluids and
Preventive Maintenance

Component Repairs
and Overhauls

Downtime and
Associated Costs

Purchase Price and
Associated Costs

General

Diesel power plants often have a high operational
reliability and capability. In the relatively smaller
capacities of up to approximately 250 MW, higher
efficiency in comparison to steam- and/or gas
turbines is usual. The fuel- and lubricating-oil costs
form the highest expense posts, as is the case in

the shipping industry. Diesel oil, which on average
is twice as expensive, is only used for smaller
capacities.

Legislation with regard to, amongst others, the
pollutant emissions is also becoming increasingly
strict in countries where diesel power plants are
prolific. Naturally, engine suppliers capitalise on
these developments.

Also see Chapter 22, Engine emissions.

Baki-Tiflis-Ceyhan
Sivas PT4
4x18V34SG, 24.8 MW

Bakii-Tiflis-Ceyhan
Erzincan PT3
5x18V34SG, 31 MW

Bakii-Tiflis-Ceyhan
Erzurum PT2
4x12V34SG, 16.5 MW

Enerpower-Van 2
4x18V32LN, 26 MWe

Enerpower-Van 1
4x18V32LN, 26 MWe

&— = Fuel Oil
®— = Gas and Fuel Oil
‘ = Gas

Bakii-Tifis-Ceyhan
ars PT1
5x18V34SG, 31 MW

K.E.Y-Silopi 1
7x18V32LN, 45.5 MWe
K.E.Y-Silopi 2
5x18V32LN, 32.5 MWe

Bil Enerji-idil 2
4x18V32LN, 26 MWe

Koni-Siirt
4x18V32LN, 26 MWe

<

Fuel costs are the largest
cost driver in the
exploitation of diesel
engines used in shipping
and diesel-power plants.

At high power outputs and
many operating hours,
H.F.O. is often used as
opposed to more expensive
diesel oil.

Price indication March 2007
Rotterdam

heavy oil 380 cSt.:

160 USD per tonnage
weight

heavy oil 180 cSt.:

170 USD per tonnage
weight

diesel ail: 225 USD per

tonnage weight

<
Example: In a country like
Turkey with huge distances
and relatively few industries,
many diesel power plants
are locally built. Here plants
of one engine manufacturer;
Wartsila.

GD stands for gas diesel.
This is a diesel engine using
a minimum of 5% diesel and
a maximum of 95% gas.

SG stands for spark gas.

This is an Ottc engine running
on fuel gas. All other engines

are diesel engines.
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A

The first diesel-power
plant at Choloma, with
five MAN-B&W Pielstick
medium-speed four-
stroke engines running
on H.FO..

24

18.6 An example of a large diesel
power plant for the
generation of electricity

20 February 2007 - Choloma

This power station is situated in the north west

of Honduras, near the village of Choloma,
approximately 20 km outside the city of San Pedro
de la Sula. The power company, Enersa, which

has Egyptian investors, owns several diesel-power
plants in Honduras and is also the owner of the
airport of San Pedro de la Sula.

v
The new diesel-power plant lay-out.

1 fourteen MAN-B&W 48/60 four-stroke medium-speed
H.F.Q. engines

2 cooling for the H.T. and L.T. cooling-water system to the

ambient air

H.FO., M.D.O. and lubricating-oil storage

loading station for tankers

H.FQ. centrifuge building

workshop

transformer station

T' adeda hacks EMCE

N oo AW

Leyenda
b AN
Usled esta aqui .
Rutas de escape. Jpmi
AmEA zoo
Telétonos .
Botiquines .
-
1 B il
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In the engine hall.

1 electric 18.4 MW generator

2 MAN-B&W four-stroke medium-speed H.FO. diesel
engines

3 exhaust- gas lines

18.6.1 The Choloma Ill project

The Choloma 11T project comprises fourteen diesel
gensets with the following data:

Diesel engines: Four-stroke medium-speed diesel
engines operating on H.F.O., by MAN-B& W,
Augsburg,.

Type 18 V 48/60 of which three are typel8 V
48/60 A and eleven type 18 V 48/60 B.

Electrical power outpurt per genset 18.4 MW. Total
power output 250 MW.

This diesel power plant is in the top twenty largest
plants in the world.

Generator: ABB

This genset generates a voltage of 13,800, which
is increased to 100,000 volt using a ‘step up’
transformer.
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<
The new diesel-power
plant.

engine building
transformer station
high-voltage lines
H.EO. storage
contaminated-oil
storage
workshops

L&) B R

Using H.F.O. has very visible
consequences; high
emissions of visible
combustion products,
amongst others, soot
particles.

BT

B e oG R

<
V-engine cross-sections.

red: exhaust gases
red: drive gear

blue: inlet air

yellow: lubricating oil

light blue: H.T. cooling water
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ABB three-phase gensets
with in the foreground the
‘generator row’. Here
large parts are moved by
10 tons overhead cranes

and trucks.

v

A low-pressure fuel-
supply system. Each
engine has its own
system, the so-called

‘fuel boosters’.
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Installation
The fourteen diesel gensets are arranged along
side each other in one large hall with two 10 ton

overhead cranes.

18.7 Auxiliary engines

The auxiliary engines are also situated in the hall.
18.7.1 Fuel booster systems

The so-called ‘booster units’ heat the fuel to

approximately 135°C to achieve a viscosity of 10

to 12 cSt.

18.7.2 H.T. and L.T. coolant systems

The H.T. and L.T. coolant systems comprise two
pumps for each engine. The H.T. system is used to
cool the fresh water- and lubricating-oil system of

the L.T. system and cooling the combustion air.

v

The pump row almost 200 metres long.

left: H.T. and L.T. cooling-water pumps (yellow)
right: main lubricating-oil pump (grey) with heat exchangers

(blue)




18.7.3 Main lubricating-oil pump

One main lubricating-oil pump with an integrated
lubricating-oil cooler and a lubricating-oil filter.

18.7.4 Valve lubricating system

A valve lubricating system for lubricating the inlet
valves.

18.7.5 Fuel-nozzle coolant system

A nozzle coolant system for cooling the fuel
injection nozzles. Pre-heating the nozzle coolant
before starting the engine is possible.

18.7.6 Starting-air system

One system for starting the engines. The starting
air valves are mounted in the cylinder heads.

18.7.7 Lubricating-oil separator system
One lubricating-oil separator system for each

engine, which automatically cleans the circulating
lubricating oil in the engine.

18.7.8 Fire extinguishing system

A fire extinguishing system with foam as an
extinguishing agent.

18.7.9 Ventilation system

A ventilation system for the engine hall to
safeguard the combustion-air supply and
simultaneously cool and ventilate the area.

18.7.10 Electrical generators

Each sleeve bearing in the electrical generator
has a separate pre-lubricating pump, which is
automatically switched on prior to start and stop.

18.8 Outside the engine hall

18.8.1 Waste-heat exhaust-gas steam
boilers

Exhaust-gases boilers are connected to the
exhaust-gas manifolds of all fourteen gensets.
These produce steam for heating the fuel booster
units, the heater for the ten fuel and fourteen
lubricating oil separators, the pre heaters for

the eight fuel-transfer pumps and storage-tank
heating.

CH18 > DIESEL POWER PLANTS

¥
Left in the picture the H.T.
and L.T. system-cooling
blocks.

Right in the picture: over
50% of the supplied fuel
heat is wasted with the
engine cooling system and

the exhaust gases.
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I
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l
i
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28

18.8.2 Silencers

All exhaust-gas systems have silencers (sound

dampers).
18.8.3 Separator room

A dozen separators for cleaning the heavy fuel oil
are installed in a separate building. Diesel oil, used
for repairs to the fuel systems or when there are
problems with the viscosity of the heavy fuel oil, is

cleaned using fine-filters.
18.8.4 Fuel receiving station

The fuel is supplied from the storage tanks in the
port of Puerto Cortes and delivered using tankers.
There is sufficient storage capacity for a two-week
plant operation at a maximum fuel consumption

of 1100 tons per day.

>

The separator room with
ten separators for
cleaning heavy fuel oil.
These Alfa Laval
centrifuges work fully
automatically.

| 4
A fuel station.

The influence of the United
States is clear: all the
tankers are of American

make!

18.9 Fuel quality

Usually, a heavy fuel oil with a viscosity of 380 ¢S5t
at 50 °C and a sulphur content of 2.5% is used.
The C.C.A.L. number fluctuates berween 845 and
860. This means that the financial department
rather than the plant operator determines the

fuel quality. Obviously, the quality must conform
to the specifications stipulated by the engine

suppliers!

18.10 A few particulars
18.10.1 Operational management

Generally, the gensets operate at full load between
06.00 and 22.00 hours. All the gensets are
automatically controlled proportional to the load.
When the load of all the gensets is too low, with

a limit of for instance 90%, the first genset in the

I‘.'
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computer-controlled programme is automatically
turned off, and vice versa.

Between 22.00 and 06.00 hours, the electricity
requirement and therefore the load is low. In this
period only two to three gensets are operational.
The others remain on stand-by as does the entire
auxiliary plant. A genset can be started within a
matter of minutes and is automatically loaded to a
maximum of 98%. As few gensets are operational
at night, the steam production of the exhaust gas
boiler is proportionally reduced. At low steam
production a separate stand-by oil-fired auxiliary
boiler is started.

18.10.2 ‘Turn key’-projects by
MAN-Diesel AG

The entire construction of a diesel power plant
including machinery, outbuildings and tank
storage is outsourced to a special department at
MAN-Diesel AG.

Construction occurs in three phases:

Phase I:  five sets (2003/2004)

Phase II: five sets (2004)

Phase III: four sets (2005)

In 2007, extra systems were delivered to the
owner ‘Enersa’. At this point approximately five
hundred claims, standard for such an extensive
installation, must be finalised.

18.10.3 Heat exploitation of exhaust gases

In addition to the small exhaust-gas boiler,
fourteen high-pressure steam boilers have been
installed to drive the steam-turbine genset which
has a power output of 15 MW. Separate from the
fourteen high-pressure exhaust-gas boilers with
fittings and piping, a separate engine hall has been
built. This hall contains the steam turbine with
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reduction gearing, the electrical generator, a high- A
pressure steam collection drum, and feed-water
pumps.

A large air condenser condenses the steam 2007).
expelled from the steam turbine into water, which

returns to the exhaust gas boiler. Unfortunately,

there is no company in the vicinity that could use

the low-pressure steam in production process as

this would lead to a considerable increase in the

total fuel efficiency. With the present operation,

the power efficiency amounts to approximately

54% and after the installation this rises to about

56%.

18.10.4 Fuel supply

Diesel power plants situated close to a suitable
port usually receive the fuel directly from an
oil tanker via a short pipe line installed in the
harbour. Diesel power plants located further
inland receive fuel either via a pipe-line or
fuel-tanker. Diesel power plants in third world
countries often opt for transportation by fuel-

-
Tank storage.

black: H.FO.

white: M.D.O.
yellow: lubricating-oil

Exhaust-gas boilers for
heat generation (March
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tanker, due to the fact that building transport
pipelines over long distances is costly and prone to
sabotage and theft.

This plant requires 1100 tons of fuel per day when

operating continuously at full load!

[
The H.T. and L.T. system for each engine consists of
two pumps; one is operational and the other is a

stand-by pump.

<

A large lubricating-oil pump. Each engine has one large
lubricating-oil pump with a plate heat exchanger. An
automatically operating fine-filter is incorporated in the

lubricating-oil system.

v
Each engine has its own Alfa Laval automatic

operating lubricating-oil separator.

Engine maintenance. Shown here, the fuel injectors are

changed.
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Engines weighing 110 tons are flexibly arranged on
steel pressure springs with centrally, a damper filled
with a highly viscous liquid.

The engines oscillate approximately 2 milimetres. The flexible
coupling between the diesel engine and generator must
absorb this movement as the generator is positioned on a

concrete foundation.

The high-pressure fuel pump, one for each cylinder.

1 fuel-supply line

2 fuel-return line

3 high-pressure line to the fuel injector
4 pump casing

5 supply-control mechanism

«

Starting-air compressors.

The engines are started with an air pressure of maximum

30 bar, supplied to the cylinder via a starting-air valve
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B
A foam fire extinguishing
system.

Automatic ‘sprinklers’ are
positioned near the engines.
These operate when the
ambient temperatures are
excessive. First, a water mist
followed shortly afterwards

v by foam.

Each engine has a

crankcase mist detector,

which indicates when

and where a bearing

temperature becomes

too high.

z -,.

The diesel engine
including generator.
Note the size!

The transformer station
13,800/110,000 Volt.




<
The electric main rail to
which all engines are

connected.

<
The cylinder-head
platform.

Right; the cylinder inlet-air

manifold.

CH18

DIESEL POWER PLANTS

|

The main switch board
where all fourteen
generators can be
switched onto the
network.
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>
Transfer pumps for the

fuel storage system.

34

The air ventilators. The
combustion process and
the ventilation of the
building require large
amounts of air.

| 4

The camshaft ‘doors’ (1)
with the crankcase
covers (2) below with
several relief valves (3).
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The valve drive of the inlet and exhaust valves: The fuel injector between the two inlet and exhaust
a special construction. valves. The high-pressure double-walled fuel supply
line has been removed.

The valve drive’s yoke
T

/ f‘%‘giﬁ (upside down).

= g
=

-

<
Two transfer pumps for
draining tankers.
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3

Manufacturing data of
the ABB three-phase
generator.

The frequency is 60 Hz
instead of 50 Hz, as in
Europe. A sizable generator

weighing 67,000 kilograms!

>

Three complete diesel
gensets with a power
output of SMW.

Generators are driven by
Caterpillar diesel engines
category Il. After
manufacturing, testing and
release for certification, the
sets are disassembled and
transported to Qatar where
they will be re-assembled
for a refinery.

The test facility here on the
premises of Topec/Pon
Power in Papendrecht,

The Netherlands.

A: One of the three
Caterpillar V engines, the
largest of this manufacturer
running on M.D.O.,
a3616-C 280-16witha
speed of 1,000 revs/min.
B: The two start rotars near
the flywheel.

C: Both starting-air
compressors, where one is
electric and the other driven
by a two-cylinder Hatz diesel
engine. In the background
are both starting-air
reservoirs.

D: The air-coolers used for

testing. With these air

coolers, the heat of the cool- Al A i “!“\E i\

water system is discharged. i &
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A

A large floating power plant in the river mouth with

Wartsila medium-speed diesel engines running on v

heavy-fuel oil. A power plant near the waterfront of the harbour,
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Since the introduction of the reciprocating-
= piston-driven steam engine in the 19th

&= century, propellers have been used for ship
=== propulsion.

The diesel engine has been in use as

the standard propulsion engine since
approximately the 1950’s. The combination
= of a diesel engine and a propeller amounts
. to an propulsive efficiency of approximately
B 33 %. So two-thirds of the energy
generated by the fuel is wasted!

".1?“!

Marine craft often are powered

by high load, high speed
four-stroke diesel engines,
category Il.
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E

The combination of a
diesel engine driving a
propeller has been the
most commonly used
propulsion system for
over 75 years. It is used
by more than 90.000
large sea vessels,
hundreds of thousands
of inland vessels, and
millions of yachts, cabin
cruisers and other ships.

40

19.1 Introduction 2

Since the introduction of auxiliary power on
sailing vessels by using a steam engine, ships
have been fitted with a propeller shaft between
propulsion engine and screw.

This 1s still the case today: nearly all seagoing
vessels with a power output above 2000 kW,
approximately 90,000 vessels, use a propeller
driven by a diesel engine for propulsion.
Numerous ships for inland-water navigation,
including pleasure craft use propellers. Other
propulsion systems such as jet- propulsion are also

used.

Every vessel requires a different propeller to
achieve a maximum efficiency from the chemical
(fuel) energy supplied to the diesel engine. This
depends, among other things, on its dimensions,
hull shape, and the desired speed, kind of
transport, sea area and so forth.

To obtain a basic idea of marine propulsion, the
subject is subdivided into three main areas.
1 Discussion of the most elementary issues,
ship dimensions, hull shape, displacement,
ship weight, design draught, length between
perpendiculars, block coefficient.
Other topics are towing resistance, comprising
frictional, residual and air resistance, and the

effects of these resistances in real terms.

Elaborate discussion of marine propulsion
and the flow conditions near the propeller.
The wake coefficient and the thrust coefficient
will also be dealt with. The total engine
output required for the propeller is computed
from the aforementioned effective towing
resistance and the efficiencies dependent on
the various propellers and hull shapes. The
operating conditions for a screw deduced
from propeller principles for fixed-pitch
propellers are discussed. These conditions vary
from navigating in calm waters to conditions
varying from light to heavy operating
resistances, such as fouling and heavy swell.
This section contains a discussion regarding
the significance of selecting the correct
measurement for the Maximum Continuous
Rating (MCR), the maximum available
continuous power and the optimising point
for the propulsion engine. In this discussion,
attention will be paid to the load curve of the
engine in relation to the design of the screw.
The compilation of the accompanying load
charts is discussed in detail using a number of
examples.

It is important to be aware of how various
ship resistances affect the continuous service
rating of the engine.




Qil tanker Crude (oil) Carrier cC
Very Large Crude Carrier VLCC
Ultra Large Crude Carrier ULCC
Product Tanker
Tanker
Gas tanker Liquefied Natural Gas carrier LNG
Chemical tanker Liquefied Petroleum Gas carrier LPG
0OBO Oil/Bulk/Ore carrier OBO
Bulk carrier Bulk carrier
) . - Container carrier
Container ship Container ship Roll On-Roll Off i Fio
i General cargo
General cargo ship ConRter
Reefer Reefer Refrigerated cargo vessel
: : Ferry
i R tip Cruise vessel

19.2 Ship types and hull
resistances

Depending on the cargo and loading conditions,
ships can be subdivided into different categories,
classes and types.

19.3 Load-lines of a ship

Every seagoing vessel has load line marks
amidships on each side of the hull; this is known
as the ‘Plimsoll Mark’. This mark is made by the
use of steel plates painted in a colour distinctive
from the colour of the ship’s hull, welded on

port and starboard side of the hull. The lines

and letters of the Plimsoll Mark correspond with
the freeboard regulations as laid down by the
LLM.QO., the International Maritime Organisation
and indicate the maximum draft to which a ship
can safely be loaded. This draft is dependent on
sea, season and salinity. The salinity of the water
affects the level, fresh water being less dense than
seawater and therefore exerts an upward force on
the ship.

19.4 Ship dimensions and their
values

19.4.1 Displacement and loading capacity

When a ship is loaded to a given waterline,
displacement is the weight of the water that the
ship displaces while floating.

So displacement equals the full weight of the laden
ship, in seawater which has a specific mass of
1025 kg per m3.
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<
The three main/largest categories of ship types.

The three main ship categories are the container ships, bulk
carriers (grain, ore) and tankers, which can be further
subdivided into classes that are more specific and types,
such as oil, gas and chemical tankers.

There are often ‘multi-purpose’ ships as well (which are
suitable for various purposes).

Freeboard deck

TF
F
D I
Danish load mark
Freshwater

A
The load lines of a ship.

D: Freeboard draught

i Tropical
e ————— S

Summer

w Winter
WNA Winter - the North Atlantic

— | — Seawater

There are load lines for sailing in fresh and seawater, in
tropical conditions and for sailing in summer and winter time.
According to the international freeboard regulations, the
summer freeboard draught is equal to “the scantling
draught”, which is the draught when dimensioning the hull.
The winter freeboard draught is lower than summer’s, as
there is a greater risk of encountering adverse weather.
However, the freeboard draught in tropical seas is somewhat

higher than the summer freeboard draught.

a1
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Displacement and loading capacity.

42

F LWL 1
LO&

Length between perpendiculars : L,

Length on waterline =] [

Length overall L

Breadth on waterline By

Draught D=1/2(D.+D,)
Midship section area A,

Displacement includes the weight of the ship itself
and the weight of its cargo. Loading capacity is
often expressed in tons deadweight. Deadweight
includes not only the cargo but also fuel and other
necessities such as lubricants, water, spares, and
stores required for the running of a vessel.
Therefore, deadweight is always the difference
between displacement at that particular moment
and the ship’s own weight, expressed in metric

tons.

it/light ispl./dwt
Ship type d\..n ligh Disp _dw
weight ratio ratio
Tanker and 6 147
Bulk carrier ’
Container ship 2.5-3.0 1.33-1.4

A
The relationship between a ship’s dead weight,
lightweight and displacement.

First column: deadweight to lightweight ratio
Second column: displacement to dead weight ratio

The lightweight of a ship is not usually used to indicate the
size of a ship. Deadweight, based on the loading capacity of
the ship, including fuel, lubricating oil and other supplies
required for ship operation, provides a good indication of the
size (read: loading capacity) of the ship.

19.4.2 Deadweight = displacement = total
ship’s weight

Displacement may also be expressed as the ship’s

displacement volume. SI unit 1s m?,

19.4.3 Gross register tons/ Net Register
Tons

Ship’s volume can also be expressed in Gross
Register Tonnage (G.R.T.) and Net Register
Tonnage (N.R.T.). A gross register ton equals 100
cubic feet or 2.83 cubic metres.

These values indicate the total internal volume of
the ship according to certain complex rules that
apply to said values and are often used to calculate
commercial fees such as port and canal dues.

19.5 Hull forms

Specific for ship propulsion is the part of the ship
that is located under the waterline.

The ship measurements found below are used for
the design draught. The design draught selection is
dependent, among other things, on the cargo, the
weather conditions, and the sea area. The degree
to which the ship is loaded is also important: is
the ship lightly, heavily or fully loaded? In general,
the most common draught between full-load
displacement and ballast displacement is used.



Waterline plane

N e
Volume of displacement X7
Waterline area A,
Block coefficient, LWL based By = —Lm = gm =
Midship section coefficient iC, = B:‘:«x .
Longitudinal prismatic coefficient : C, = Aﬁ: o
Waterplane area coefficient Gy = LWLTLB =

A
Hull coefficients.

Ship’s lengths

Generally, the overall length (l.0.a.), the total length of the
ship, does not affect the calculation of the hull's water
resistance.

The length on the waterline (l.o.w.) and the length on the
load lines (l.0.1.) are factors used for the calculation.

The length between perpendiculars is the length between
the first load line, usually a vertical line through the stern's
intersection with the waterline, and the aft load line, which
normally coincides with the axis of the rudder.

Generally, this length is slightly shorter than the waterline
length and is expressed as:

Between the perpendicuiars 2 Og? * |‘DWIY

Draught D

The draught of the ship D, is defined as the vertical distance
from the waterline to the point on the hull which is most
submerged.

Draught, forward and aftmost are usually identical when the
ship is loaded.

Breadth on the waterline B, : This is the largest breadth on
the waterline.

Block coefficient B.: Various shape coefficients are used to

denote the shape of the hull.
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Block coefficient

Approximate ship

=hipvee Cg speed V in knots
Lighter 0.90 510
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 -26
Ferry boat 0.50-0.70 15-26
A

Block coefficient Cy,.

The most important of these coefficients is the block
coefficient G, which is the ratio of displacement volume and
the volume of a block with dimensions: length on the
waterline, the breadth on the waterline and the draught
according to the formula:

Displacement volume
=
Lov * Bow x D

In this instance the block coefficient refers to the length on
the waterline.
However, ship manufacturers often use a block coefficient,
which is based on the length between perpendiculars, thus
producing a slightly larger block coefficient, as the length on
the perpendiculars is slightly smaller than the length on the
waterline.

Displacement volume

; Low % Bow x D

A small block coefficient means less resistance and
consequently potentially higher speeds.
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19.5.1 Water-plane coefficient C,,

The water-plane coefficient is the ratio of the
water-plane Ay, and the product of the length on
the waterline and the largest width of the ship.

G

Ly % By

In general, the water-plane coefficient is
approximately 0.10 higher than the block
coefficient or:

Cy=B;+0.10

The difference is slightly larger for fast ships with
low block coefficients, where the stern is partially
submerged, and therefore part of the water-plane.

19.5.2 Midship-section coefficient C,,.

The midship-section coefficient C,,, is the ratio
of the submerged midship section A, (midships
between the fore and aft perpendiculars) and the
product of the ship’s width B w.l. and the draught
D.

A
A i -
M B wil)

For bulk carriers and tankers this coefficient is
approximately 0.98 to 0.99 and for container
ships 0.97 to 0.98.

19.5.3 Longitudinal prismatic
coefficient C,

Longitudinal prismatic coefficient C, is the ratio of
the volume of displacement V., and the product of
the mid-hip section area A, and the length to the
waterline Ly, .

V.
C — \xi —
. Ayx Ly CyxBgy xDxly

Vy _ S
Cu

The C, is not an independent form coefficient, but
entirely dependent on the block coefficient Cj and
the midship-section coefficient C,,.

19.5.4 Longitudinal centre of buoyancy

The longitudinal centre of buoyancy (L.C.B.) is
the longitudinal distance from a point of reference
to the centre of the fore and aft perpendiculars.
The distance is usually established as part of the
length between the perpendiculars and is positive
if the reference point is situated in the first half

of the length between the perpendiculars and
negative when situated in the last half.

For fast ships such as container ships, the L.C.B.
is negative, while slow-speed ships such as tankers
and bulk carriers usually have a positive L.C.B.
The L.C.B. is usually between — 3% and + 3%.

19.5.5 Fineness-ratio C,,

The length/displacement ratio or Fineness ratio
(C,y) is the ratio of the waterline of the ship Ly,
and the length of a cube with a volume that is
equal to the volume displaced:

C _ LUUL
Lw =
3V

19.6 Ship’s resistance

A ship must move efficiently through the water
and it is therefore imperative to diminish the
ship’s resistance to the water. The force of ship’s
resistance is the opposite of the propulsion force.
The calculation of this resistance R plays a crucial
part in the selection process of a propeller and
consequently the propulsion engine.

19.6.1 General

The ship’s resistance is partially influenced by the
ship’s speed, displacement and the hull shape.
The total resistance R, consists of various
resistances R, divided into three groups:

1 frictional resistance;

2 residual resistance;

3 air resistance.



The effects of the frictional and residual

resistances depend on the shape of the hull and the
draught; the air resistance effects are dependent on
the surface area of the ship above the waterline.

In container ships, or heavily laden ships
transporting large objects on deck, the air
resistance is high.

Water with a velocity V and a density p has a
dynamic pressure of: %4 x p x V2 (Bernoulli’s
principle). If water comes to a complete standstill
as the result of an object (in this instance a hull)
moving through it, the drag load of the water on
the hull is equal to the dynamic pressure exerted
on the hull, which results in a dynamic force,
namely pressure x per surface area, on the hull.

This fact forms the basis for calculating and or
measuring the source resistances R of a ship's hull,
using dimensionless resistance coefficient C_ as
related to the force K, which is dependent on the
dynamic water pressure at a certain speed V on

a surface area which in turn is equal to the hull's
wet surface Ag. The rudder surface is also included
in the wet surface area.

The general formulas for calculating ship's
resistances are:

Reference force = K = ¥ x p x V2 x A; and source
resistance: R = C x K

<

A heavily loaded heavy-
cargo ship has a large air
resistance.

This may become
increasingly large when

operating in head winds.

Based on many model resistance tests in towing
tanks and using the corresponding dimensionless
hull data, methods have been developed to
calculate the required resistance coefficients C, and
consequently the corresponding source resistances
R.

In practice, the calculation of the ship's resistance
for a particular ship design for a corresponding
model is performed in a towing tank and provides
accurate data.

19.6.2 Frictional resistance R

The frictional resistance R of the ship’s hull is
dependent on the wet surface area A of the hull
and the specific frictional coefficient R.

The resistance increases as a result of fouling, the
growth of algae, weeds and barnacles on the ship’s
hull. Many anti-fouling painting systems on the
market limit or prevent fouling of the hull. These
often contain tributyl tin compounds (T.B.T.),
which are extremely toxic.

IMO has prohibited these paint systems for new
building as of the first of January 2003, and a
general prohibition was implemented on the first
of January 2008.

T.B.T. alternatives are available, such as copper-
based anti-fouling paints. However, these appear
to be less effective.

When a ship moves through the water, the
frictional resistance increases to approximately the
square root of the ship’s velocity.
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The picture shows an
empty tanker in ballast,
the bow and the rudder
partially protruding from
the water. The propeller
operates just below the

water surface.

The frictional resistance of the ship in the water is

approximately 70 to 90% of the total resistance
to which the ship is subjected. This applies to
large low-speed ships, such as bulk carriers and oil
tankers (deep draught).

For large high-speed cruise ships of relatively
small draught, this can be less than 40%.

19.6.3 Residual resistance Ry

The residual resistance R, comprises the wave
and eddy resistance. Wave resistance refers to

the energy loss caused by waves produced by the
ship travelling through the water, whereas eddy
resistance leads to power loss, when the current
separates from the surface of a hull and eddies are
formed. These eddies are prevalent at the stern.
Wave resistance at low speeds is proportional

to the square root of the velocity. However, it
increases rapidly at higher speeds.

Frictional resistance R.. High-speed, large container
ships have propulsive power outputs up to
approximately 70,000 kW.

With velocities up to 25 knots, more power Is required.
Container ships are always loaded; containers are added and
removed, but these ships rarely sail unloaded. The propeller

load and therefore the engine load are generally identical.

v

The ‘Berge Stahl' with a load capacity of more than
300,000 tonnes and a draught of 19 meters is the
largest bulk carrier in the world. Large tankers and bulk
carriers have low operational speeds. In loaded
condition, the hull is 90% below the waterline.

To achieve high speeds at these displacements and breadths

amounting to 30 to 70 metres would require huge power

outputs.
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The frictional resistance ca is formulated by:
R=Cox K.

This essentially means that a speed restriction is
created, the so-called the maximum hull velocity.
A further increase of the diesel engine output
above this velocity will not result in increased
ship’s speed!

All the extra power is converted into wave energy!
The frictional resistance amounts to
approximately 8 to 25% of the total resistance for
low-speed ships.

For high-speed ships, this can rise from 40 to 60%
of the total resistance.

Shallow water also has a significant effect on

the frictional resistance, as it is more difficult for
the water displaced by the ship to flow astern.
(Resistance of the displaced water volume over the

ground).

The specific frictional resistance is defined as
follows:
By=C. %K.

19.6.4 Air resistance R,

In principle, the air resistance in calm water is
proportional to the square of the ship’s velocity
and proportional to the cross-sectional surface
area of the ship above the waterline.

Normally, air resistance is approximately 2% of
the total resistance.

A\

Air resistance R, In relation to their displacement,
passenger ships, cruise ships and ferries have tall
superstructures and are therefore sensitive to (head)
winds.

pEnd ¢ rr——
O Swim = |

L

For highly laden container ships in a head
wind, air resistance can rise to 10% of the total
resistance. This also applies for large passenger
liners, and in particular, heavily laden freighters.

Similar to the aforementioned resistances, air
resistance is expressed as: R, - C, x K, but can
occasionally be based on 90% of the dynamic air
pressure with a velocity V. In this case, the formula
is as follows:

R, =0,90 x ¥ x pyrp x V2 x A, where Ptk
constitutes the specific air mass and A, ; the
cross-sectional surface area of the ship above the
waterline.

19.6.5 Towing resistance R, and the
effective (towing) power R_

The total towing resistance R, is calculated as
follows: R; = R+ R,.

A corresponding effective (towing) power, P, is
required to move the ship or allow it to be towed
through the water. At a velocity V, the formula is:

Pr=V xR

However, the power supplied to the propeller, P,
required to move the ship at velocity V, is slightly
higher. This is due to the flow conditions around
the revolving propeller and propeller efficiency
itself, which will be discussed later in this chapter.

19.6.6 General total ship resistance

If the frictional resistance is divided into wave
and eddy resistances, as described earlier, the
distribution of the total rowing resistance R.. can
be expressed in percentages (see figure). This is
applicable to both low-and high-speed ships.
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The total resistance of ships in general.

The right column shows low-spesd ships, such as bulk
carriers and tankers, the left column is valid for cruise ships
and ferries. Container ships may sometimes be placed in this
column or between the two columns.

The main difference between both columns is, as previously
mentioned, the wave resistance.

In conclusion, all resistances are proportional to the square of
the ship's velocity, but for higher speeds, the wave resistance
increases more rapidly and therefore takes up a larger

portion of the total resistance.

>

This tendency is also clearly visible for a 600 TEU
containership, originally designed for a service speed
of 15 knots.

Without any alterations to the hull design, the speed for a
sister ship of similar size was requested to be increased to
approximately 17.6 knots. However, this would result in a
relatively high wave resistance and would require twice as

much propulsive power!

A further increase of the propulsive power would only
produce a slight increase in the ship’s velocity as the main
part of the additional propulsive power is converted into
wave energy.

The ship has reached the maximum hull velocity for the hull
design and only produces a so-called ‘wave wall'. The shape
of the ship's hull will have to be modified to obtain the
required speed increase.

At present (2008), there is a tendency to slightly reduce
the service velocity of ships in order to reduce fuel costs.
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ance for ships

North Atlantic route, navigation westward 25-35%
North Atlantic route, navigation eastward 20-25%
Europe - Australia 20-25%
Europe - East Asia 20-25%
The Pacific routes 20 - 30%

A
Obviously, resistance is increased by (heavy) sea and
wind conditions and currents.

In comparison to ship’s resistance in calm weather
conditions, heavy seas and head winds can increase the
total ship's resistance by 50 to 100%.

On North Atlantic routes, the first percentage of a 50%
increase corresponds to the summer period and the second
percentage of a 100% increase to the winter period.

Data reveal that for a typical 140,000-ton (dead weight) bulk
carrier on certain routes, especially on a northern route in the
Pacific Ocean between Japan and Canada, the increased
resistance when loaded shows extreme increases of 220%

with a mean increase of 100%.

19.6.7 Ship resistance increase during
operation

When the ship is in service, the paint coatings on
the hull will gradually be attacked and degrade.
Steel corrosion will slowly increase; weeds and
barnacles will attach themselves to the hull.
Adverse weather conditions, perhaps together with
a badly laden ship, can cause deformation of the
bottom plates of the ship. This becomes evident by
the beams which look like ribs protruding from
the ship’s hull. The hull becomes fouled and its
surface is no longer smooth, which consequently
results in a frictional-resistance increase. The
propeller surface can become rough and fouled.

In calm water, the resistance caused by fouling can
result in a total ship’s resistance increase of 25 to
50%.

Generally, the larger the ship, the less the increase
in resistance in the water.

However, the resistance of large, laden ships of
deep draught, such as bulk carriers and tankers,
may alter rapidly with hull fouling below the
waterline.
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In Summary

In principle and theory, the resistance increase in
heavy weather is proportional to:

— the amount of adverse wind and current;

- the size of the waves.

It is difficult to distinguish between these two
factors.

19.7 Screw propulsion

The traditional method of marine propulsion is
by means of a propeller. This has been the most
widely used method of propulsion for most ships
for over a hundred years. Sometimes two and

sporadically three propellers are fitted.

The required thrust T for the propeller enables

the ship to move at a velocity V and this is usually
higher than the generated towing resistance R . As
described earlier, this divergence is caused by the
water-flow differences for propulsion and towing
conditions.

19.8 Propeller types

Propellers can be divided into two main groups:

1 fixed-pitch propellers (FPP);

2 controllable-pitch propellers (CPP). These are
also known as AP (adjustable pitch) and VP
(variable pitch) propellers.

A\

A medium-speed
Caterpillar-Mak diesel
engine with reduction
gearing, a propeller shaft
and a controllable-pitch
propeller; a common

propulsion installation.

49



DIESEL ENGINES > PART Il

Velocities Power
Ship’s speed :V Effective (towing) power (Pe=R xV
Arriving water velocity to propeller @V, Thrust power delivered by the
(Speed of advance of propeller) propeller to water :Pr=P:/ny
Effective wake velocity PV ==V Power delivered to propeller :Pp=P;/Ng
i i HR =P
Wake fraction coefficient : ——BVV Bako powsr ol main s0gine Pa=Po/Ns
Efficiencies
Forces ; 1-t
Il effi iy S e——
Towing resistance :R; Hall eierny W=3-W
Thrust force il Relative rotative efficiency Ny
Thrust deduction fraction she =, Propeller efficiency — open water i nj
=T- P ffici - ind hull  :1ng=
Thrust deduction coefficient el sl rope!le:r i sehind hu =N >
T Propulsive efficiency ‘N =Ny % Ng
Shaft efficiency Mg
Total efficiency 4 12
Pe P2 B Pp
”T:P_E=ET"FTDXP_B:onanﬂs:onr‘o*nn"qs

A

-
Winter in the Baltics

The resistance of ice floes is
not calculated in this chapter
of ship propulsion.
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19.8.1 Fixed-pitch propellers

FP-propellers are cast in one block and usually
made of a very strong copper alloy. The position
of the blades and therefore the propeller pitch is
fixed and cannot be modified. When operating in,
for instance, poor weather conditions, propeller
performance properties such as thrust will only
alter in combination with the supplied engine
power and the propeller speed.

Most ships not requiring sophisticated
manoeuvring capabilities, such as container ships,
bulk carriers and tankers are equipped with
FP-propellers.

These generally travel great distances on the high
seas and do not berth frequently. These ships can
safely enter ports to load and discharge aided by
their bow thrusters (container ships) and by tugs.

19.8.2 Controllable-pitch propellers

Controllable-pitch propellers have in comparison
a larger hub as space is required to house the
hydraulic mechanism that controls the pitch
(angle) of the adjustable blades. The price of a
controllable-pitch propeller can be three to four
times that of a fixed-pitch propeller.

Furthermore, the propeller efficiency is somewhat
lower due to the relatively larger hub.

The propeller is also more vulnerable in service
than that of a fixed-pitch propeller.

Controllable-pitch propellers are often applied to
ships that require frequent manoeuvring action.
Ferries, container- feeder ships, dredgers, Ro-Ro
ships and a great many other, slightly smaller ships

use CP-propellers.
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Fixed pitch propeller (FP-Propeller) Controllable pitch propeller (CP-Propeller)

Monobloc with
fixed propeller blades
(copper alloy)

Hub with a mechanism for
control of the pitch of the
blades (hydraulically activated)

A

Propeller types.
Another important advantage is that a directly left: fixed-pitch propeller
reversible engine is no longer required. Thus right: controllable-pitch
the diesel-engine design remains simple and it propeller
operates at a high, fixed RPM, rapidly producing
the desired power for the propeller during
manoeuvring. So manoeuvring can take place in a

safe and swift manner.

For further details regarding propellers, propeller

shafts and seals, see Chapter 31, Propellers.

19.9 Flow conditions around the
propeller

19.9.1 Wake coefficient w

When the ship moves through water, the friction
of the hull will produce a ‘friction layer’ of water
on the surface of the hull. In this “friction layer’ the
water velocity at the surface of the hull is equal

to that of the ship, but is reduced as the water
distances itself from the hull surface.

e

A large six-blade fixed-
pitch propeller for a
large containership
(Wartsila Propulsion).
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The wake fraction after a large containership;

the ‘Norasia Enterprise’ at an operational speed of

26 knots.

The enormous displacement of the ship’s hull caused by the
tremendous speed creates a 'pit’ of about 1 meter behind
the ship. As shown here, the water cannot immediately fill up
the pit from the sides. The eddies in the water generated by

the rotating propeller are also clearly visible.

Knots for ship's velocities:

1 knot = 1 nautical mile per hour = 1852 metres per hour

The water velocity equals zero at a certain
distance from the hull equalling the outer surface
of the friction layer.

This is the reason that water near the propeller
has a wake velocity in the same direction as the
ship’s velocity V. This means that the speed of the
arriving water, V,, at the propeller, given as the
average velocity over the propeller’s wake area V,,,
is lower than the ship’s velocity V.

Therefore, the effective wake velocity at the
propeller is equal to Vi, =V =V, and is expressed
as a dimensionless number by means of the

wake coefficient w. The generally applied wake
coefficient by Taylor is defined as follows:

The value of the wake coefficient is largely
dependent on the shape of the hull, but also on the
location of the propeller and its size, and it affects
propeller efficiency.

The propeller diameter or rather the ratio of the

propeller diameter d and the ship’s length Ly,

somewhat affects the wake fraction coefficient

as — and gives a rough indication of the way in
WL

which the propeller performs in the wake field of

the hull. The higher the ratio d to 1

the wake fraction coefficient w.

> the lower
Obviously, the wake fraction coefficient w
increases when the hull is fouled.

For single-screw ships the wake fraction factor w
is usually in the 0.20 to 0.45 region, with a
corresponding flow velocity to the propeller of
0.80 to 0.35 of the ship’s velocity V. The larger
the block coefficient, the larger the wake fraction
coefficient.

On twin-screw vessels with a conventionally
shaped stern, the propellers are normally
positioned outside the “friction layer’, which
results in a significantly lower wake fraction
coefficient w.

A high wake fraction coefficient increases the risk
of propeller cavitation, as the water speed around
the propeller is often irregular and heterogeneous.
A more homogencous wake field for the propeller,
involving a higher speed of advance of the propeller
V

A
various ways, for instance by placing the propellers

is at times required and can be obtained in

in nozzles.
Nevertheless, the preferred method is to design the
stern is such a way that an optimum wake fraction

is achieved.
19.9.2 Thrust-deduction coefficient

Screw rotation draws the water forward astern
towards the propeller. This results in an extra
resistance on the hull, called ‘augment of
resistance’ or, in relation to the total required
thrust force T on the propeller, ‘thrust deduction
fraction’ F. This means that the thrust force T on
the propeller has to overcome the ship’s resistance
R as well as this ‘loss of thrust’ F.

The thrust deduction fraction F is expressed as a

dimensionless number.

The thrust deduction fraction t is defined as:

This thrust deduction coefficient t is calculated
with calculation models established by research
carried out on various hull shapes.



Generally, the thrust deduction coefficient
increases as the wake fraction coefficient w
increases.

The shape of the hull plays a key role; a bulbous
stem can decrease the thrust deduction coefficient
at, for instance, low speeds.

The thrust deduction coefficient t for a single-
screw ship is usually in the region of 0.12 to 0.30
as a ship with a large block coefficient has a high
thrust deduction coefficient.

For twin-screw vessels with a conventional stern,
the thrust deduction coefficient t is much lower as
the propellers draw water further away from the

hull.
19.9.3 Efficiencies

The hull efficiency 1y, is defined as the ratio
between effective (towing) power P.= R x V, and
the thrust power which the propeller delivers to
the water P.= T x V,, from which follows that:
P, RyxV RJ/T 1-t

k. - 5
WP TTxV, V,/V 1-w

For a single-screw vessel, the hull efficiency 1,

is normally in the region of 1.1 to 1.4 with high
values for ships with high block coefficients.

For twin-screw ships with a conventional stern,
the hull efficiency 1, is approximately 0.95 to
1.05, again with the highest values for ships with
high block coefficients.

19.9.4 Open-water propeller efficiency n,

The propeller efficiency g is related to working in

open water, which is to say, the propeller operates

in a homogeneous wake field with no hull in front
of it. _

The propeller efficiency is dependent on the speed

of advance V,, the thrust force T, the rate of

revolution of the propeller per time unit (minute),
the propeller diameter, the design of the propeller.

Considerations are:

— the number of blades;

— the surface area of the propeller blades in
relationship to the total circular surface area of
the propeller circle;

— the pitch/diameter ratio, which will be

discussed later in this chapter.
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The propeller efficiency 1, may vary from 0.35 to
0.75, with high values for fast-running propellers.

As a rule of thumb, it can be stated that roughly
a third of all the energy supplied to the engine in
the form of fuel is used to provide the ship with a
particular speed.

Small tankers
20,000 DWT Reeférs
prc‘,p_eller Large tankers Container ships
efficiency >150,000 DWT
nl} |_.__,l—|
0.7 +
0.6

n (revs./s)
0.5

0.4

0.3

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Advance number J = Va
nxd

The obtainable propeller efficiency n, in relation to the
speed of advance V,.

A
nxd

horizontal: J =

J is the advance number of the propeller and is

dimensionless.

vertical: propeller efficiency n,

Furthermore, the rate of revolution per second; this is clearly
a table for fixed-pitch propellers of large ships, directly driven
by two-stroke crosshead engines.

So the efficiency of a propeller varies from 45 to 70%. This
means that at a total engine efficiency of 50% the total
propulsive efficiency is much lower.

Let's assume that the total engine efficiency is 50% and the
propeller efficiency 65%.

Then the total propulsive efficiency from the fuel (100%)
is 0.5 x 0.65 = 0.3250 or 32.5%.
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19.9.5 Relative rotative efficiency ng of the
propeller

The actual velocity of water flowing to the
propeller behind the hull is not constant and does
not reach the circular propeller surface area at
the correct angle, but has a rotational flow. This
explains the discrepancy between a propeller
operating in open water and a propeller operating
behind a ship’s hull.

This difference is called the relative rotative
efficiency 1.

The relative rotative efficiency 1, on single-screw
vessels lies between 1.0 and 1.07. In other words,
the rotating motion of the water has a positive
effect.

The relative rotative efficiency for two propellers
lies slightly below 1, approximately 0.98.
Combined with w, the wake fraction factor, and
t, the thrust deduction coefficient, the relative
rotative efficiency 1, is often used to compare the

towing-tank tests with theory.

19.9.6 Propeller efficiency ng operating
astern

The ratio between the thrust power P, which is
delivered to the water by the propeller, and the
power P, which is delivered to the propeller by
the propulsion engine is indicated by the propeller
efficiency 1, and defined as follows:

P

nsz_Txn(anR
D

<
A picture of a large containership with a speed of
27 knots.

The bow wave 1 is relatively small. The propeller water 2 with
the wake fraction can clearly be seen in the picture. This
container ship of 5500 TEU produces fewer waves at sea
than a cutter at full speed!

19.9.7 Propulsive efficiency n,

The propulsive efficiency 1, not to be confused
with the propeller efficiency 1, in open water, is
equal to the ratio between the effective (towing-)
power P, and the required power delivered to the
propeller or:

Pr

P

-li: x
PD

TID=

'-ci*u
™

-

Np =My % M =My X T X TNy

As can be seen the propulsive efficiency n, is
equal to the product of the hull efficiency 1, the
open-water propeller efficiency 1, and the relative
rotative efficiency ng of the propeller, in which the
latter is less important.

In view of this, it can be inferred that a ship’s

hull with a high wake-fraction coefficient w, and
consequently a high hull efficiency n,, provides
the best conditions for the highest propulsive
efficiency 1.

However, the open-water propeller efficiency n, is
also dependent on the speed of advance V, which
increases as the wake-fraction coefficient w rises,
and therefore often the opposite effect is achieved.

Generally, the best propulsive efficiency is achieved

when the propeller operates in a homogeneous
wake field.

19.9.8 Shaft efficiency ng

The shaft efficiency 1 is, amongst others,
dependent on the alignment and the lubrication of
the shaft bearings and on the reduction gearing, if

any.



The shaft efficiency 1 is equal to the ratio of the
power P, transferred to the propeller and the shaft
power P, delivered by the main engine.

=

D

=2
5 P?.

The shaft efficiency normally amounts to about

0.985, but may vary from 0.96 to 0.995.

19.9.9 Total propulsive efficiency n;

The total propulsive efficiency 1, is equal the
ratio between effective (towing) power P, and the
brake power supplied to the propulsion engine 1,

and is expressed as follows:

oo B P P
"N
PB PD

)
pB

Ty =MNp % Ng=Ng X T % N > Mg

19.10 Propeller dimensions
Propeller diameter d.

The largest propeller diameter is normally selected
in order to achieve the largest possible propulsive
efficiency np,. However, a number of conditions
must be considered.

For instance: the shape of the hull at the stern of
the ship may vary greatly and is predominantly
dependent on the type of ship, the ship design

and the required clearance between the tips of the
propeller blades and the ship’s hull. This is closely
related to the propeller type.

For bulk carriers and tankers, which often sail in
ballast conditions, a request for a fully immersed
propeller is an option.

Container ships do not require a maximum size as
they seldom sail in ballast conditions.

The above-mentioned factors attest to the fact
that it is relatively difficult to calculate an exact
diameter for the propeller. However, the rule of
thumb with regard to propeller size is as follows:

The ratio between the propeller diameter

and the draught of the ship can be taken into
consideration and a large propeller diameter will
result in a low speed of rotation.

For bulk carriers and tankers, the following
applies:

d/D < approximately 0.635.
For container ships:
d/D < approximately 0.74.

For strength and manufacturing purposes, the
propeller diameter will seldom exceed 10 metres
and the power output is in the region of

90,000 kW.

These values were achieved in the ‘Emma Maersk’
in 2006!

The largest propeller diameter (2007) is 11 metres
and the propeller has four blades!

Propac ST selection table
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v

Propac; a Wartsila

propulsive system.

Shown here for in-line

engines with 8, 8 and

9 cylinders and bores of
200 and 260 milimetres.
Including the nozzle

propeller systems with all

data.

Engine type

MORempiepower | 1080 1440 1620 2025 2600 2425
HP 1469 1958 2203 2754 3636 3978

2’;‘;;;” anginepower || o 1080 1440 1620 1850 2480 2790
HP 1469 1958 2203 2652 3373 3794

MCR engine speed pm 1000 1000 1000 1000 1000 1000

Thruster

Propeller diameter

2600 2800

2800

3000

Propelier speed

in 19A nozzle tonne

257 245

66 79 82

215

90

215

93

in HR nozzie

in 19A nozzle tonne | 35 36

B84 76 79

102

90

in HR nozzle

MCD-type for steerable thruste

3000-3 3000-4 | 3000-4 | 3000-4 | 3000-5 | 3000-5 | 3000-6 | 3000-6 | not available >
HD type 3000-3 | 3000-3 | 3000-6 | 3000-6 | 3000-7 | 3000-7 | 3000-7 | 3000-7 | 3000-8 [ 3000-8 | not available ->
@B Propac ST main dimensions
o=
; !

” = 3 mm | C mm E mm | F mm | Hmm |M mm
1600 1200 | 2100 1743 | 085

175 1600 910 | 610
1800 1230 | 2200 1843 | 1109
1900 1300 | 2500 2048 | 1179

200 1900 1200 | 740
2100 1350 | 2600 2148 | 1303
2100 1400 | 2630 2160 | 12998

225 2100 1210 | 740
2300 1450 | 2830 2360 | 1423
2400 1525 | 3100 2512 | 1485

250 2100 1435 | 840
2600 1575 | 3200 2612 | 1614
2600 1685 | 3500 2890 | 1609

275 2850 1465 | 877
2800 1765 | 3620 3010 | 1731
2800 1770 | 3700 3090 | 1735

300 2850 1465 | 877
3000 1870 | 3700 3090 | 1858

c
- -
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Shown here it is clearly visible that the water should
advance towards the propeller as smoothly as
possible, so without eddies. The propeller rotates
completely ‘free’ under the cut-away section of the

ship.
[ 2 %
This graph represents the ideal propeller diameter, here L &
: 1000 -

between 0.3 metres (small ships, yachts) to 3 metres 8 E S
(larger ships, larger fishing craft). 6 R 3 ,,,T\

4 - A9
horizontal: propeller speed of 100 to 5000 \

-]
vertical: power in kW to 2000 kW s o Q
slanted line: This represents the ideal propeller diameter of, . larger diammjeter| smaller diameter
g = higher effidienay \k'“ owaer efficiency
here, 0.3 metres (small ships, yachts ) up to 3 metres (larger g 100 L >
ships, fishing craft). The larger the propeller diameter, the 8. 8 \ ie
higher the propeller efficiency. The smaller the propeller g 6 \-ko'
=)

diameter, the lower the propeller efficiency. Iﬁ 4

2

10
8
6
2 3 4 83 67849 3 4 5
100 1000
Propeller [rpm]
CIPS fixed pitch propeller sizes

> Propelier diameter mm 75 r/min

A graph by MAN-B&W showing the optimum ratio of 2000

the propeller diameter (vertical) to the engine power

125

(horizontal) and the speed (top right). 6000

150

Example: At a propeller diameter of 6000 mm (6 metres) and 5000 ] s

a speed of 100, a shaft power of 7000 kW is required. B
4000

250
-+ 300
- 350
400

An optimum propeller efficiency of approximately 70% is

obtained. I/
3000 /A4

2000 4

1000 3000 5000 7000 9000 11000 13000 15000
Engine power kW
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> Velocity of corkscrew: V=p xn

A rotating ‘propeller’ in a
solid mass (here cork).
The 'propeller’ speed is
equal to the distance
travelled V=P1 x 1.

There is no slip.

Corkscrew

The apparent slip, which is calculated by the
crew, provides valuable information as it gives the
propeller load in varying operating conditions.
The apparent slip increases when:

— the ship sails against the wind and/or waves;
— the ship sails in shallow waters;

— the ship’s hull is fouled;

— the ship accelerates.

Under increased resistance, this means that the
propeller velocity has to increase to maintain the
required ship speed.

19.11.2 Real slip S,

The real slip S, is greater than the apparent slip
S, due to the fact that the actual speed of advance
V, of the propeller is smaller than the ship velocity
V.

The real S; which, provides a more accurate
picture of the propeller’s function, is:

Vv Vx(l-
5R=]_ A :1—M
pxn pxn

If a ship is moored (at quay trials) and the
propulsion engine operates at full load, the ship’s
velocity V equals 0 and the real slip 1.0. The slip is
sometimes given in percentages.

19.11.3 Propeller law in general

The resistance R for low ship speeds is
proportional to the square of the ship’s velocity:
R = ¢ x V2, where c is constant. The required
power P is therefore proportional to the ship’s
velocity V to the power of three.
P=RxV=igxN3

Cork

Wine bottle

For a ship with a fixed-pitch propeller, the ship’s
speed V is proportional to the size and the rate of
revolution, so:

P=cxn?

which precisely expresses the propeller law which
states: ‘the required engine power output delivered
to the propeller is proportional to the rate of
revolution to the third power”.

Measurements demonstrate that the relation
between the power output and the engine speed
for certain weather conditions is fairly congruent,
whereas the relation between the power output
and the ship’s velocity is often higher than the Vto
the power of three.

A reasonable relationship to be used for
estimarions in normal ship velocities could be as
follows:

For large high-speed container ships: velocity +
22 - 26 knots
P=igxN

For medium sized, medium-speed ships such as
feeder container ships, RoRo ships etc.: velocity *
16 - 20 knots.

P=cxV

For low-speed ships such as tankers and bulk
carriers and small feeder container ships: velocity
£ 12 - 14 knots.

P=cxV3



19.10.1 Number of propeller blades

PI'OPE“E['S can bE manufacrured \Vifh t\V(J, three,
four, five and six blades. The fewer the number
of blades the higher the propeller efficiency. For
reasons of strength, two or three blades do not
suffice for heavily loaded propellers.

Large ships, which are propelled by two-stroke
crosshead engines generally, use four-bladed
propellers. Large container ships with speeds

reaching 25 knots and large propulsion engines

sometimes require five- or six- bladed propellers.
Due to vibrations, propellers with a certain
number of blades are not used in certain instances.
Propellers with a different number of blades

are opted for to avoid the generation of natural
frequencies in the ship’s superstructure.

19.10.2 Disk-area coefficient

The disk-area coefficient, in older literature
referred to as the expanded-blade area ratio, is the
ratio between the surface of the propeller blade
and its disk area. A factor of 0.53 is considered

adequate.

For traditional four-bladed propellers, the disk-
area coefficient is insignificant, as a value in
excess of 0.55 will result in extra resistance on
the propeller in the water and therefore produce a

minimal increase in propeller efficiency.

v
Here the disk-area coefficient is high, about 0.7.
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Heavy propeller loads are found on large ships,
they often have five- or six-bladed propellers and
then the disk-area coefficients are higher. On naval
vessels they can be as high as 1.2 (frigates).

19.10.3 Pitch/diameter ratio of the
propeller

The pitch/diameter ratio 4 expresses the ratio

d
between the pitch of the propeller p and the
propeller diameter d.
The pitch p is the distance that the propeller
travels through the water per revolution, if there is
no ‘slip” (see next section).
As the pitch may vary along the length of the
blade (the blade’s radius), the ratio is normally
related to the pitch at 0.7 of the diameter (0.7 r),
where r = % d the radius of the propeller.
In order to obtain optimum propeller efficiency
at a given propeller diameter, an optimum pitch/
diameter ratio should be found, which in turn
should correspond to a certain design rate of
revolution.
If, for instance, a propeller is designed for a low
revolution rate, the pitch/diameter ratio should be
increased and vice versa for efficiency.
If a low design rate of revolution is required and
providing that the draught of the ship allows this,
it is possible to opr for a larger propeller diameter,
which will effect an increase of the propulsive
efficiency.

- P
A simple pitch
measurement for a
fixed-pitch propeller

for a lifeboat.

By means of a measuring
pin the pitch on each radius
of the propeller can be
determined. In fact, one

W measures the drop of the
measuring pin at a given
angle.

The pitch of a fixed-pitch
propeller is often measured
at 0.7 of the radius.
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19.11.4 Propeller law for a propeller
running under heavy conditions

Obviously, the propeller law can only be applied
- to identical operating conditions.

If, for instance, after a certain amount of time the
hull is fouled and consequently has an increased
water resistance, the wake field differs from the
wake field of a ‘clean” hull during for example, the
trial runs.

A ship with a fouled hull is subject to extra
resistance in the water, which effects an increased
propeller load at an identical engine output. The
rate of revolution will therefore be lower.

The propeller law is now applied to a different

‘heavier’ propeller curve than that of a ‘clean’ hull.

Similar considerations apply to ships labouring in
heavy seas, in strong counter currents, in stormy
weather and high waves. There will also be a
heavier propeller operation in tail wind and high
waves than in calm weather operation.

19.11.5 Ballast conditions

When a ships sails in ballast, which is to say, in
lower displacement, the propeller law applies to
a ‘lighter’ curve; at a similar power output the
propeller speed will increase slightly.

The propeller law is predominantly applied to
fixed-pitch propeller ships running at partial load.
Diesel manufacturers’ project guides and engine
layout and load diagrams specify the engine’s
curves for both light- and heavy-running
conditions.

These diagrams use logarithmic scales and straight
lines.

v

A load diagram for a four-stroke medium-speed
Wartsila 38 B diesel engine operating on H.F.O.
Propeller type: fixed-pitch propelier.

vertical: cylinder power in kW

horizontal: rate of revolution per minute (RPM)

minimum RPM: 200

maximum RPM: 600

MCR: at 600 revolutions and 725 kW per cylinder

normal service power: at 85% of MCR at 600 revolutions and
625 KW per cylinder

vertical hatched area: operating area for the propeller load on
the engine

propeller hatched area: area in which the governor is
activated

top: mechanical fuel stop

Operating area W38B 725 kW/cyl.: FPP application

| |
790 Mechanical fuel stop R
600
Range for governing
purposes only

500
T
=
= 400 Nominal
é‘ prop.
e -
e
8 300 Propeller

lay-out area
200
Range for
: continuous
100 Min. speed operation
0 1
100 200 300 400 500 600

Speed [rpm]
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19.10.4 Propeller coefficients J, K; and K,

Propeller theory is based on models, but in order
to enable a general use of the theory a number
of dimensionless propeller coefficients have been
introduced, in relation to:

- the propeller diameter d;

— the rate of revolution n;

— the specific mass of the water p.

The three most important coefficients are
discussed below.

The advance number of the propeller | is, as
mentioned earlier, a dimensionless expression of

the propeller velocity of advance V.

The thrust coefficient is expressed dimensionless
as follows:

K. - g &
T " Pxn?xd¥

And the propeller torque as:

B . g Q

TPxnixd

Q_

2xmxn

The open-water propeller efficiency 1, can be
calculated from the aforementioned coefficients,
because as previously mentioned, the propeller
efficiency ng, is as follows:

P TxV, Ky J
TIO_—_ E — .
P, Qx2xnxn K, 2xm

D

By means of special and complicated propeller
diagrams, which, amongst others, include J, K.
and K, curves, it is possible to calculate/find the
propeller sizes, the efficiency, the thrust pressure,
the shaft power.

19.10.5 Manufacturing accuracy of
propellers

ISO 484/1 - 1981 (CE)

Manufacturing Mean pitch for
Class
accuracy propeller
S Very high accuracy +/-0.5%
| High accuracy +/-0.75%
I Medium accuracy +/-1.00%
1} Wide tolerances +/-3.00%
A

Prior to manufacturing a propeller, the accuracy class
standard must be established.

Example ISO 484/1 - 1981 (CE) which has four different
accuracy classes.

Each class describes, amongst others, the maximum
tolerance of the average pitch of the manufactured propeller,
including the maximum tolerance of the corresponding
propeller speed (the rate of revolution).

The propeller price is dependent on the chosen accuracy
class, with the lowest price for class IIl.

However, it is inadvisable to opt for class lll as the tolerances
(+ — 3%) are too high.

The tolerance of the pitch should not be in excess of +/-
1.0%.

The accuracy of manufacturing the propeller corresponds to
the accuracy of the propeller speed (rate of revolution)
tolerance and is +/~ 1.0%.

Here the total accuracy of the propeller has a tolerance of
+/- 2.0%.

This also corresponds with the operating conditions in heavy
weather.

19.10.6 Influence of propeller diameter
and the pitch/diameter ratio on
the propulsive efficiency n,

As mentioned earlier, the highest possible
propulsive efficiency at a certain required velocity
of the ship is achieved by using the largest possible
propeller diameter d, in conjunction with the
corresponding optimum pitch/diameter ratio.



>

A 80,000 dwt crude-oil tanker, with a service speed

of 14.5 knots and a maximum propeller diameter of
7.2 metres.

According to the blue line, a propeller with a maximum
diameter of 7.2 metres has an optimum pitch/diameter ratio
of 0.7 and the lowest possible shaft power of 8820 KW at a
propeller speed of 100 r/min.

If the pitch for this diameter is altered, the propulsive
efficiency is decreased, or the necessary shaft power will

increase, see the red curve,

The blue line shows that when a larger propeller diameter is
feasible, the required shaft power is decreased to 8690 KW
at 94 r/min; in other words, the larger the propeller, the lower
the optimum rate of revolution of the propeller.

The red curve shows that with regard to propulsion, it is
always advantageous to use the largest possible propeller
diameter even though the propeller speed could be too low
at the optimum pitch/diameter ratio. This with relation to the

required engine speed.

19.11 Operating conditions of a
propeller

19.11.1 Slip ratio S

>
The slip S.

If the propeller had no slip in the water, or if the propeller did
not thrust the water backwards, the propeller would move
forward with a velocity of V= p x n in which n is the rate of

revolution of the propeller and p the pitch of the propeller.

One can imagine a similar situation when the propeller would
move in corkscrew motion (a solid mass); then the slip is
zero and the propeller moves in relation to the cork with a
velocity of V=p x n.

However, as water is a liquid (moves backwards), the
apparent propeller speed forward decreases with the slip and
is equal to the ship’s velocity V and the apparent slip can be
expressed as: S, =px n-V.

The apparent slip S,, which is dimensionless, is defined as
follows:

Pxn-V \
S = s

SR .
- Pxn

Pxn
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Shaft power 80,000 dwt crude oil tanker
KW Design draught = 12.2 m

9500 | Ship speed = 14.5 kn

i

¥ /d
9400 d = Propeller diameter d Dp50

i 'd = Pitch/di t ti g
9300 - o/d p/i itch/diameter ratio 6.6m
9200 1.00

-
9100 0.95

i 0.55
9000 | 0.90

5 Power and speed curve
8900 for the given propeller

1 diameter d = 7.2 m with
8800 4 different p/d
8700 ) Power and speed curve

d for various propeller
8600 p/d diameters d with
8500 b optimum p/d
N T X T g T ¥ T L4 T ¥ T
70 80 90 100 110 120 130 r/min
Propeller speed

So, by choosing a slightly lower pitch/diameter ratio,

comparable to the optimum ratio, the propeller and

conseqguently the engine speed will increase and only require

slight additional power increases.

Pitch p

VorV, Sxpxn
T
pxn
" TP - el N
The apparent slip ratio : S, = B%T = T
The real slip ratio g PRO=V, 4V,
pxn pxn
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A load diagram for a four-
stroke medium-speed
Wartsila 38 B diesel
engine operating on fuel
H.F.O. Propeller type:
controllable-pitch
propeller.

Heavy
running

2 Extremely bad weather 6%
3%

2 Extremely good weather 0%

E Average weather

Clean hull and draught D
Dpsean = 6.50m
DF =525m
Da =775m

Source: Lloyd's Register
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Operating area W38B 725 kW/cyl.: CPP Combinator Curve application

700 Mechanical fuel stop MCR
600
Range for governing
purposes only
500 \\/
S 400 Load limit 4 S S
2, curve
2
= Emergency
8 e situation only ~
200 Range for
continuous
operation
100
0
200 300 400 500 600
Speed [rpm]

19.11.6 Propeller performance in general
at increased ship resistance

BHP Shaft power
21,000 ; }
4
10% X,
/ 007y,
18,000 e lo

15,000 ,/
12,000 /‘

9,000

/

6,000

92 96 100 r/min

Propeller speed
A
Heavy seas and adverse wind and sea.

Resistance resulting from heavy seas can cause the propeller
to operate 7 tot 8% heavier than in calm seas, or at the same
power delivered to the propeller the rate of revolution of the
propeller may be reduced by reduce 7 to 8%.

This chart applies to a medium-sized containership.

horizontal: the rate of revolution of the propeller per minute

vertical: the shaft power BHP (brake horse power)
Brake Horse Power: 736 Watt

draught mean: D, ., = 6.50m

draught forward: D-=5.25 m

draught aft: D, =7.756m

green line A = extremely good weather

blue line B = normal weather

red line C = extremely bad weather

Bottom left of the figure the ship's velocity in knots (knots =
1 nautical mile per hour = 1.852 metres).

Top right of the figure the apparent slip in percentages.
The data are gathered over a period of a year and only
influenced by the weather conditions!

The measurements are reduced to three average weather
types and show an average ‘heavy' running of 6%, in reality
even slightly more.

In order to prevent heavy pitching of the ship and
consequent damage to the stern, the ship's velocity is
reduced to a more acceptable level.
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Power
15.0 knots
115% power

S

15.6 knots
115% power

(Logarithmic scales)

Ship speed
—_—>

15% 15%
Sea Sea
margin margin
Propeller curve for clean
hull and calm weather
15.0 knots
100% power
A A

(Logarithmic scales)

Power 12.3 knot R
& S
15.0 knots 100% power
~ 115% power i
Shp 7 o Sli A
‘IE\
'l
/ 15.0 knots
100% power
’ ’
/. 15.6knots Propeller 7
,/ 115% power curve for /

fouled hull
and heavy
seas /

/  Propeller curve

/ for clean hull and

10.0 knots ! calm weather

’
¥/ Propeller curve for clean 50% pawer

hull and calm weather

12.3 knots
15.0 knots 50% power

100% power c

HR ‘] HR = Heavy running
LR _| LR = Light running

Propeller speed

Propeller speed o,
RS (Logarithmic scales)

A

The difference between the curves for a lightly and
heavily loaded propeller is clearly visible in the previous
charts.

Here the ship’s velocity constitutes 15 knots and the
delivered engine power 100%. This applies to a clean hull
just after dry docking and in calm water. With 15% extra
engine power the velocity increases from 15.0 to 15.6 knots.
As described earlier and corresponding to the calm weather
conditions, an extra margin, the so-called 'sea margin’, is
established for poor weather conditions such as wind, waves
and currents. This is the extra power that can be used in
these bad weather conditions, if necessary.

So most propulsion marine engines usually operate at 85%
of their power output. The 15% margin serves therefore to
bridge the increased resistance.

In this example the ship's velocity at 100% of the engine
power is 15.0 knots, at point A. At a speed of 12.3 knots
with a clean hull and in calm weather, only 50% of the engine

power is required, in point C at the bottom of the figure.

figure left: horizontal: the ship’s velocity in knots; vertical: the
power supplied to the propeller in percentages.

If the resistance increases to a level which requires an
additional 15% power, the operating peint shifts from A to B.
figure middle: horizontal: the propeller speed in knots;
vertical: the power delivered to the propeller in percentages.

One would initially think that point A would move to B as with
fixed-pitch propellers, the propeller moves through the water
at the same speed. If the propeller were to rotate through a
solid mass, this would be accurate. However, water is not
solid and will accelerate aft and the propeller has a slip which
increases at a higher thrust, produced by a higher resistance
of the ship. This is why point A moves to point B which in
fact is close to the propeller line of the left figure.

Operational point B is now positioned on the propeller line
which runs heavier than the propeller line of the left figure in

calm water.

In some cases, for instance, when the hull is fouled and the
ship sails in heavy seas and head winds the resistance can
increase significantly and extra, up to 100% or more, power
is required. See the example in the right figure.

In this example, the velocity of the ship at 100% engine
power is 15.0 knots, at point A. At a velocity of 12.3 knots
with a clean hull and in calm water, only 50% of the engine
power is required at paint C, bottom of the figure.

In heavy conditions similar to those mentioned previously, the
ship can achieve a maximum speed of 12.3 knots at a 100%
engine power output.

The operaticnal point now shifts from point A to D.
Operational point D now is shifted to the left, relatively far
from point A, which implies heavy running.

Situations such as these should be meticulously calculated
when designing the propeller.

A propeller with bent blade tips is more suitable for these
heavy loads than a standard propeller as the propeller is
more capable to absorb the higher tarque in heavy

conditions.
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In waves and head winds,
the resistance of the
sailing ship increases
significantly. The engine’s
power output is
considerably increased to
maintain the same speed.

[

Another example of a reefer during the trials.
horizontal: the engine/propeller RPM at a maximum shaft
power of 13,000 kW and an RPM of 103,

vertical: the engine power in percentages.

weather conditions: wind velocity 2m/sec, wave height

4 metres.

Line 1 is the standard engine/propeller line for normal speed
at a normal load of maximally 100% shaft power and an
RPM of 100 (point SMCR).

The red line applies to ‘heavy running’, a slight head wind
and waves. The speed lies between 20.5 and 21.1 knots,
Here the required power is 85 to 90% and the RPM 98 to
99%.

The black line on the right applies for tail wind; the speed
increases to 21.1 and 22.3 knots, depending on the power
output and the RPM.

At 21.1 knots, the RPM is 98% and the power output 82%.
Near the red line and at a speed of 21.1 knots this is
approximately 98.5% and 86% and therefore more power
(read fuel) will be required.
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Shaft power SMCR: 13,000 kW x 105 r/min
% SMCR Wind velocity : 2.5 m/s Head wind .
105 — Wave height : 4m
Tail wipd
SMCR *220 .
100 e (7mm -

95

90

85

80

T T (7 T | T T T T
96 97 98 99 100 101 102 103 104 105 % SMCR
(Logarithmic scales) Propeller/engine speed



19.12 Increasing ship speeds

Engine shaft power, % A

110 - A 100% reference point
M Specified engine MCR
O Optimisin int
50 ptimising poi
®
90
e i
80 Al
¥
mep
70 4+ 110% ( / >
|
—+— 100%
80 goﬂ:%%
80% ] -
50 2
o
oy
40 -
60 65 70 75 80 85 90 95 100 105

(Logarithmic scales)

A

Increasing the ship’s speed.

vertical: shaft power in percentages

horizontal: engine RPM

green area: normal engine load

yellow area: maximum RPM for short periods

red area: engine over load

m.e.p. 110-60%: mean effective pressure in percentages of
a maximum 100%

point A = M: 100% power, 100% engine speed, 100% mean
effective pressure

A =100% point of reference

M = specific engine power MCR (Maximum Continuous
Rating)

O = optimising point

Curved lines — acceleration of the ship - the top line
traverses the over load area temperarily.

When the ship accelerates, the propeller can even be loaded
more heavily than during free sailing.

The engine power which at that time is higher than during
free sailing is high and it may take some time for the propeller
rate to achieve a new and higher revolution rate.

Engine speed, % A

19.12.1 Shallow waters

Sailing in shallow waters may cause an increase
in ship resistance, thus subjecting the propeller to
a larger load than would be the case during free
sailing in open water.

19.12.2 Influence of displacement

A ship in a loaded condition may carry more or
less than under average loaded condition. This,
of course, affects the ship’s resistance and the
required propeller power, but has only a minor
effect on the propeller curve.

When the ship sails in a ballast, the displacement
volume can be considerably less when compared
to the loaded condition, and the propeller curve
could, for instance, be 2% ‘lighter’; at an identical
engine power. The speed would then increase by
2%.

19.13 Parameters causing heavy-
running conditions

The following examples provide an indication
of the risks involved in sailing in poor weather
conditions subjecting the propeller to heavy
running.
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19.13.1 Relatively small ships
(less than 70,000 dwt)

Relatively small ships (less than 70,000 dwt) such
as reefers and medium-sized container ships are
more vulnerable than larger ships, such as large
tankers and container ships, because the latter
types are relatively large in comparison to the

wave size.

19.13.2 Small ships (length between
perpendiculars equal to or less
than 135 m and approximately
20,000 dwt)

Small ships have a low directional stability and
consequently require frequent rudder corrections,
which increase the ship’s resistance.

19.13.3 High-speed ships

High-speed ships are more sensitive to waves than
low-speed ships, because waves have a higher
reaction force to high-speed ships than to low-
speed ships.

19.13.4 Ships with a flat stern

Ships with a flat (truncated) stern are more likely
to be slowed down by waves than ships with a
cruiser stern. Similarly, a sharp stem will cut the
waves more efficiently and therefore reduce the
heavy running of the propeller.

19.13.5 Fouling of the hull and the
propeller

Fouling of the hull and the propeller, including
corrosion of the hull, will also increase the
resistance and therefore the propeller torque.
The propeller and in particular the tips, as the
speed and therefore the frictional force here are
ar their highest, should be polished each time
the ship is dry docked (even when floating in a
dry dock), since this has a positive effect. Using
anti-fouling paints prevents the growth of living
organisms such as seaweeds and barnacles.

19.13.6 Ship acceleration
Accelerating the ship’s velocity will increase the

propeller torque and therefore temporarily give a
heavy-running propeller.

19.13.7 Sailing in shallow waters

Sailing in shallow waters increases hull resistance
and reduces the directional stability of the ship.

19.13.8 Ships with a skewed propeller

Ships with a skewed propeller are able to absorb a
higher torque under heavy running conditions.

19.14 Manoeuvring speed

Below a certain ship speed, the so-called
manoeuvrability becomes increasing difficult, as
the water velocity arriving at the rudder is too
low. It is rather difficult to indicate the exact value
for the minimum manoeuvrability as the warer
velocity arriving at the rudder depends on the slip
stream of the propeller.

Often manoeuvring speeds of 3.5 to 4.5 knots are
observed.

According to the propeller law, low engine power
is required, but this, of course, is dependent on the
weather conditions which can cause an increased
resistance, so more propulsion power is required.

19.15 Direction of propeller
rotation - lateral forces

The blades of a propeller of a ship afloat have
better grip in their bottom position than their top
position.

The resulting lateral force is larger the

shallower the water, as, for instance, during port

manoeuvring or in shallow waters.

Therefore, a clockwise-turning propeller will push
the ship in starboard direction and push the bow
of the ship towards port side. This is counteracted
by the rudder.

So, when reversing with a fixed-pitch propeller, the
lateral force direction is reversed. The stern of the
ship will move to port and the bow to starboard.

The actual reason for a clockwise-turning
propeller to thrust the stern towards starboard
is the fact that the upper part of the water flow
around the propeller rotates and strikes the aft
side of the ship’s hull.




19.16 Engine layouts and load
diagrams

As mentioned earlier, the effective brake

power P, is proportional to the mean effective
pressure (m.e.p.) p, and the engine speed (rate of
revolution) n.

In the engine formula of a certain type of engine,
p, and n are the variables, whereas the rest

(g xD? xS x % x Z) are constant and referred to
as C. Py, = C x p, x n and for a constant

mean effective pressure P, = C x n! (for a constant
m.e.p.).

As previously mentioned, the shaft power with a
fixed-pitch propeller, may in accordance with the
propeller law be expressed as:

P, = C x n’ (the propeller law).

Therefore, for the examples shown above, the
brake power can be expressed as a function of the
speed n to the power output of P, = C x ',

!

3
2_
4 .
1~ X
b
0 ' i > X
0 1 2

A. Straight lines in linear scales

y}: log (P,) ‘ y =log (Py) = log (¢ x )
i=0
i=1
i=2
- x=|09(")'

P, = engine brake power
¢ = constant
n = engine speed
log(P,) =i x log(n) + log(c
me,j{ g(Pg) = i x log(n) + log(c)

y = ax + b

B. Power function curves
in logarithmic scales

Propulsion and engine characteristics
19.16.1 Fouled hull

After a certain sailing time, the hull and propeller
resistance will increase due to fouling and
corrosion. Consequently, the ship’s velocity will
decrease when the propulsion power remains at
the same level. If, however, the engine delivers
more power to the propeller, the operating
conditions of the propeller change to what is
called ‘heavy running’.

Furthermore, newer highly efficient ships have a
relatively high velocity and very smooth hull- and
propeller-surface areas (at sea trials). This means
that the inevitable build-up of surface roughness
on hull and propeller during regular service causes
the propeller to rotate more heavily, in comparison
to ships already constructed with a rougher hull
surface.

19.16.2 Heavy-weather conditions and sea
margin used for engine layout

If, at the same time, the weather is bad with head
winds, the ship’s resistance increases significantly,
which leads to even heavier running.

In determining the required engine power, it is
common practice to add an extra power margin,
the so-called sea margin, which is a standard 15%
of the propeller design power P,

However, for large container ships margins of 10
to 30 % are sometimes used.

cyro 240.0°

M0 220 230_240 250 260 270
bbb ul\.nnluuh:p i

atgcs) 244 .4°
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The relation between the linear functions with linear
scales and power functions with logarithmic scales.
These are generally used by large engine
manufacturers.
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A storm as seen from
the bridge of a large
container ship.

Power

Engine margin
(10% of MP)

Sea margin
{15% of PD)

4 Engine speed

®@®

MP:

SP;
[ 2

Bk

LR:

HR:

Heavy propeller curve — fouled hull and heavy weather
Light propeller curve - clean hull and calm weather

Specified propulsion point
Service propulsion point
Propeller design point
Alternative propeller design peint
Light running factor

Heavy running

=
Heavy seas and ‘sea margin’ in the graph. The
propeller design point PD.

Usually, the estimations of the required propeller power and
the speed are based on theoretical calculations for a loaded
ship and often (based on) towing tests executed in a
hydraulics laboratory.

The combination of the speed and the required power output
is referred to as the design point PD of the ship propeller. In
the figure for a light running propeller, straight line no. 6.
Some shipyards and/ or propeller manufacturers use a
design point PD that also partially or entirely incorporates the
sea margin (power surplus).

When establishing the required engine speed of a propulsion
enging, it is advisable, in comparison to line 6, clean hull,
propeller and calm weather, to select the heavier propeller
line 2.

Line 2 has 3 to 7% fewer revolutions.

On average a 5% difference is acceptable.

Note that the chosen ‘sea margin’ does not signify that a

heaver propeller line was selected.

The SP point = the maximum service propulsion point for
a sailing ship.

The combination of the speed and the engine power for a
heavier running propeller and a sea margin is referred to as
the maximum service propulsion peint S.P. This applies to a
fouled hull and heavy weather conditions.

The ‘heavy’ propeller line 2 will generally be applied as the
basis for the engine characteristics during free sailing and the
propeller line for a clean hull and calm weather, line 6, for a

‘light’ running propeller, LR.



19.17 Electronic governors with
load limitation

To protect the diesel engine against thermal and
mechanical overload, the accepted electronic
governors include two limiter functions.

19.17.1 Torque limiter

The torque limiter ensures that the allowable
limitation lines of the load diagram are adhered to
at all times.

The torque limiter compares the calculated

fuel pump index (fuel amount) and the actual
measured engine speed with a standard reference B
limiter curve, which gives the maximum allowable
fuel-pump index at a given engine speed. If the
calculated fuel-pump index is above this line, the
actual fuel-pump index is reduced accordingly.
The standard reference limiter curve should be
adjusted to correspond to the limitation lines of
the load diagram.

19.17.2 Scavenging- air pressure limiter

The scavenging- air pressure limiter prevents the
engine from being over-fuelled in relation to the
amount of air supplied with charged-air groups,
while accelerating. This is mainly the case during
rapid load fluctuations such as in manoeuvring.
The scavenging-air pressure limiter algorithm
compares the calculated fuel-pump index and the
measured scavenging-air pressure with a standard
reference limiter curve that gives the maximum
fuel-pump index at a certain scavenging-air
pressure.,

If the calculated fuel-pump index is above this
limiter line, the fuel-pump index is reduced
accordingly.

The reference limiter curve should be adjusted

so there is a sufficient air supply for a good
combustion process.

19.17.3 Recommendations
Continuous operation within a certain time limit

is only allowed in the area limited by the lines 4, 5,
7 and 3 of the load diagram.

For fixed-pitch propellers that operate in calm
weather conditions with a loaded ship and a clean
hull, the propeller/engine may run along or close
to the propeller-design line 6.

After a certain running time, the ship’s hull and
the propeller grow increasingly rough by fouling
and contamination, thus causing the propeller

to run more heavily. The propeller line will shift
to the left from line 6 to line 2. Therefore, more
propulsion power will be required to maintain the
ship’s velocity.

If the propeller runs heavily in calm weather, this
could indicate that the hull requires cleaning and
possibly the propeller wants polishing.

The area between lines 4 and 1 is available for
operation in shallow waters, for acceleration and
if required, for non-steady operation without any

time limit.

19.18 Use of charts

Examples

The following are four different examples of three
fixed-pitch propellers and one controllable-pitch
propeller. They illustrate the flexibility of these
diagrams.

In this aspect, the choice of the optimum point O
has an important influence.
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M: Specified MCR of Engine
5: Continuous service rating
of engine

O: Optimising point of engine
A: Reference point of load
diagram

Point A of load diagram
Line 1: Propeller curve
through optimising point (O)
Line 7: Constant power line
through specified MCR (M)
Paint A: Intersection between
lines 1 and 7

M: Specified MCR of Engine
S: Continuous service rating
of engine

©O: Optimising point of engine
A: Reference point of load
diagram

Point A of load diagram
Line 1: Propeller curve
through optimising point (O)
Line 7: Constant power line
through specified MCR (M)
Point A: Intersection between
lines 1 and 7
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19.18.1 Example 1 - Normal operating
conditions without a shaft
generator

Ly

Power
A

Propulsion and
engine service curve
for heavy running

La

> Engine speed
A

Example 1: normal operation without shaft generator.

Normally, the optimising point O and the engine line 1 are
placed on line 2 (for heavy running).

19.18.2 Example 2 - Special load
conditions without a shaft

generator
Power
A
Ly g : AL )
07/ M=MP
~8=8P
oe @ =
o
o “  Propulsion and
engine service curve
for heavy running
» Engine speed
A

Example 2: Special load situations without shaft
generator.

The propeller can be heavier loaded when the ship
accelerates than during full load. The same applies when the
ship is subjected to extra resistances, for instance when
sailing in heavy winds with high wave resistances.

In both instances, the engine service point moves to the left
of the normal service line as the propeller runs heavier.

To avoid exceeding limitation line 4 of the load diagram to the
left, it is sometime necessary to reduce the speed and/or the
power output.

Propulsion and engine service
curve for heavy running

» Engine speed

Point A can be found between propeller line 1 (2) and the line
of the continuous rate line 7, through M. In this instance,
point A is equal to point M.

When point A has been located, the layout diagram such as
in the figure above can be drawn and the current load
limitations of the diesel engine can be found.

Power
A

.

e

Propulsion and engine service
curve for heavy running

> Engine speed

It is recommended to move the lay out diagram further right,
when it is expected that the ship will sail on a route where
poor weather conditions are a common occurrence.

The latter is performed by shifting the optimising point O and
consequently propeller line 1 to the left.

However, this will result in a fuel cost increase in due to a
slight increase in fuel consumption.

An example is shown in both graphs. The top figure
shows compared to the normal situation in the first example,
the limitation line 4 has been shifted to the left, thus creating
more space between the lines 2 and 4, here a light load

factor has been applied.



19.18.3 Example 3 - Normal operating
conditions with a shaft generator

Ly

Power

Propulsion curve
for heavy running
Engine service curve

for heavy running

> Engine speed
A

Example 3: A standard case, here, however, with a
shaft generator. In the figure, the engine line has been
drawn for heavy running, including the extra power
required for the shaft generator.

19.18.4 Example 4 - A special case, with a
shaft generator

Power
A

Ls

/ ‘\“‘\-Propulsio'n curve for heavy running

Engine service curve
for heavy running

> Engine speed
A
Example 4: A special case with a shaft generator.

Also in this special case a shaft generator is installed, but
unlike example 3, the MCR.-point MP is placed at the top of
the diagram

This means that the MCR of the engine, point M will be
placed outside the top of the diagram.

This problem could be resolved by choosing a diesel engine
with an extra cylinder (for instance a nine-cylinder- instead of
an eight-cylinder in-line engine). Another and cheaper
solution is to reduce the electrical pawer to the shaft
generator when the ship is sailing at full power output, This
achieved by using a diesel genset,

Propulsion curve
Engine service curve for heavy running
for heavy running

> Engine speed
In this instance, a shaft generator has been installed and
therefore the power output delivered to the propeller is

reduced for the power supplied to the shaft generator.

The optimising point O and the engine line1 are then found in

a similar fashion as in example 1.

Power
4

Propulsion curve
for heavy running
Engine service curve

for heavy running

» Engine speed

When the latter solution is choosing, the required MCR
power of the engine can be reduced from point M’ to M as is
shown in the figure.

Situations such as these seldom occur as ships rarely have a
normal operating speed with high engine capacities such as
these.

In the example, optimising point O is chosen equal to point
S, and so line 1 is found.

Point A, having the highest possible power can be found at
the intersection of line L1-L3 and the complete load diagram
has been drawn in the right figure. Point M is found on line 7
at MP's speed.
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M: Specified MCR of Engine
S: Continuous service rating
of engine

O: Optimising point of engine
A: Reference point of load
diagram

Point A of load diagram
Line 1: Propeller curve
through optimising point (O)
Line 7: Constant power line
through specified MCR (M)
Point A: Intersection between
lines 1 and 7

M: Specified MCR of Engine
5: Continuous service rating
of engine

O: Optimising point of engine
A: Reference point of load
diagram

Point A and M of

load diagram

Line 1: Propeller curve
through optimising point (O)
Point A: Intersection between
lines 1 and line L1 - L3

Point M: Located on constant
power line 7 through point A
and at MP’s speed

n



DIESEL ENGINES > PART Il

19.18.5 Example 5 - A controllable-pitch
propeller, with or without a shaft
generator

- 33%A  5%A

Recommended range
for shaft generator
operation with
constant speed

Max

Combinator curve speed speed
for loaded ship )
and incl. sea margin Engine speed

>

A

Example 5: A controllable-pitch propeller, with or
without a shaft generator. Most ships have a
controllable-pitch propeller.

Load chart, without a shaft generator

If a ship is fitted with controllable-pitch propellers (CPP) the
combinator line (of the propeller with optimum efficiency) Is
usually chosen for a loaded ship with a sea margin.

At a given propeller speed and pitch the CP propeller runs
heavily in poor weather conditions.

Therefore, it is advisable to select the line for a lightly loaded
propeller, such as the dotted line, ensuring a larger margin
between the normal line and the lines for heavy-weather
conditions such as 4 and 5.

Load chart, with a shaft generator

The hatched area indicates the recommended speed range
between 100% and 96.7% of the maximum continuous
rating (MCR) for an engine with a shaft generator operating at
a constant speed.

The service point S can be situated at any point in the
hatched area.

The combinator line of a loaded ship including a sea margin
still has an ample margin indicated by lines 4 and 5.
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19.19 Summarising the effects of
the various types of
resistance on engine
operation

A brief summary of the effects of the various types
of ship’s resistance on a fixed-pitch propeller and
the propulsion engine is shown by the chart below.

PD: Propeller design point, clean hull and calm weather

Continuous service rating for propulsion with
a power equal to 90% specified MCR, based on:

S0:  Clean hull and calm weather, loaded ship
81: Clean hull and calm weather, ballast (trial)
82: Clean hull and 15% sea margin, loaded ship
SP:  Fouled hull and heavy weather, loaded ship

S§3: \Very heavy sea and wave resistance

Engine shaft power % of A

100% ref. point (A)

110 4 ‘
Specified MCR (M)

105

100

95

90

85 —

80 —

75

70
80 85 20 95 100 105 110
Engine speed, % of A

Line 1:  Propeller curve through point A=M, layout curve for engine
Line 2: Heavy propeller curve, fouled hull and heavy weather, loaded ship

Line 6: Light propeller curve, clean hull and calm weather,
loaded ship, layout curve for propeller

Line 6.1: Propeller curve, clean hull and calm weather, ballast (trial)
Line 6.2: Propeller curve, clean hull and 15% sea margin, loaded ship

Line 6.3: Propeller curve, very heavy sea and wave resistance

A

The influence of the various resistances the ship is
subject to, is illustrated by means of corresponding
service points for propulsion with an identical
propulsion power, based on the propeller design point
PD, plus 15% additional power.
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Propeller design point PD

As previously mentioned the propeller is generally designed
for a certain ship velocity V valid for a loaded ship with a
clean, smooth hull in calm weather.

The corresponding engine speed and power are indicated by
point PD on the propeller line 6 of the load diagram.

Increased ship speed, point SO

If the engine power increases with, for instance, 15% and the
ship has a smooth hull and operates in calm weather, point
S0, the ship velocity V and the engine speed n will increase
in accordance with the propeller law (more or less valid for
normal speeds).

Point SO is placed on the same propeller line as point PD.

Vo =V 115 =1.041 xV
nso=nxa'm:1.048xn

Normal speed ranges with clean hulls and 15% sea
margin, point S,

Conversely, still operating with a loaded ship and clean hull,
but now with additional resistance due to heavy seas, extra
power of, for instance, 15% is required to maintain the ship
velocity V (15% sea margin).

If the velocity of a ship Vg, = V and the propeller has no slip,
the engine speed will remain constant.

However, as the water abaft the propeller gives way because
the propeller does slip, the engine speed will increase and
the service point S2 will be placed on the propeller curve 6,2
close to SO on the propeller curve 6.

The propeller curve 6,2 could possibly indicate a slightly
heavier loaded propeller than curve 6 (approximately 0.5%).
Depending on the type of ship and its dimensions, the heavy
running of the propeller and therefore the factor, will be 0.5%
higher or lower.

For resistances that correspond to about 30% power
increase (30% sea margin) the corresponding relative heavy
operating factor will be in the region of 1%.
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S=PD :Propeller design point incl. sea margins, and continuous service rating

of engine

Line 1 : Propeller curve for layout of engine
Line 1 .Combinator curve for propeller design, clean hull and 15% sea margin,

loaded ship

Line 6.1 : Light combinator curve, fouled hull and calm weather, loaded ship
Line 2 :Heavy combinator curve, fouled hull and heavy weather, loaded ship
Line 2.1 : Very heavy combinator curve, very heavy sea and wave resistance

Engine shaft power % of A

110

105
100
95
90
85
80
75
70

65

60

55

50

74

100% ref. point (A)
Specified MCR (M)

65 70 76 80 85 90 95 100 105 110
Engine speed, % of A

Sailing with a fouled hull and in poor weather conditions,
point SP

When, after a certain operational time, the ship's hull is fouled
and its surface consequently rougher, the wake field will alter
in relation to that of a smooth ship (clean hull).

A ship with a fouled hull experiences more resistance, which
results in a modified wake field and therefore a heavier
rotating propeller than would be expected by deteriorating
weather conditions alone.

The propeller curve will shift to the left, see propeller curve 2
in the load diagram. This propeller curve indicates that the
hull is fouled and the ship operates in poor weather
conditions. The propeller / engine load has increased
approximately 5% in relation to propeller curve 6.

In order to safeguard the air supply for the diesel engine’s
combustion process, which determines the limit of the torque
and the engine speed, it is common practice to ensure that
the engine and the turbo-blower match each other according
to the load on propeller curve 1 of the load diagram, equal to
the 'heavier’ propeller curve 2,

As opposed to point S2, paint SP is normally used to
determine the engine layout by referring this rating to
‘average operating'- power at 30% of the specific
MCR-peint, which matches a 10% margin with the maximum
engine power.

In other words, in the example the propeller design curve is
approximately 5% ‘lighter’ than the propeller curve that is
applied to the layout of the main engine.

Operating in heavy seas with extremely high waves,
point S3

When operating in these conditions the propeller can run
between 7 and 8% (or more) ‘heavier’ than in calm
conditions. Consequently, at the same engine / propeller
power, the rate of revolution is decreased by 7 to 8%.

For a propeller power equal to 90% of MCR, point S3 in the
load diagram shows an example of this operating condition.

In some instances operating in heavy headwinds the heavy
running is often such that the service point is placed left of
line 4.

In such instances, when the ship begins to pitch and the
propeller periodically surfaces, it is recommended to
decelerate in order to avoid damage to the ship and the

propulsion installation.

Accelerating and operating in shallow waters

When the ship accelerates and the propeller is works heavier
than during normal operating speed, the effect on the
propeller is at times equal to the operation conditions at peint
S3.

The accelerating effects are sometimes even greater,

The same applies to operating in shallow waters.

Trials at open sea point S1

Normally, the curve 6 for a clean hull will be equal to the trial
trip propeller curve. However, as the ship is seldom in loaded
condition during the trials and usually operates in ballast, the
propeller curve at 6.1 has a somewhat lighter load than curve
6.

Point S1 in the diagram provides an example of the power
supplied to the propeller at 90% of the MCR.

It may be necessary to exceed the maximum engine speed
of the propeller to 107%, so curve 9 in the diagram, during
the trials to evaluate how the ship operates at 100% power.



19.20 Some comments

In practice, ship resistance is compared with the
outcome of the towing tests in a laboratory, for
instance Marin, Wageningen, The Netherlands.
The results from the towing tests are also used for
optimising the propeller and hull design.

When the required engine power, including the
margins and the propeller speed is known, the
correct engine can be selected with an engine
selection programme developed by the engine
manufacturer.

It is even possible to state the requirements via the
internet, so the manufacturer can assess the client’s
demands in advance.

In view of this, the relation between the ship and
the propulsion engine is extremely important, as
well as the position of the load diagram, which
is to say the choice of the engine lay-out diagram
in relation to the operational curve in order to
achieve an optimum propulsion engine.

In order to avoid overloading of the main engine
during excessive operating conditions it is
advisable to use an electronic governor with load
control.

For a main engine, that also drives a shaft
generator for generating electricity for the
ship, the interaction between the ship and the
propulsion engine is complex. Nevertheless, in
practice problems very seldom occur.
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Both Wartsila 46 C engines.

Propulsion of the ‘Oranjeborg’

Two six-cylinder Wartsila 6-L 46 C
medium-speed engines drive one
adjustable-pitch propeller. Renk reduction
gearing controls the correct propeller
speed and shaft generator drive, top,

at the back of the photo.
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B

Ship propulsion with a large medium-speed four-stroke

engine.

The diesel engine is connected to the propeller shaft with

reduction gearing.

The pitch of the propeller is adjustable, so the engine can
rotate in one direction and at a fixed speed.

A shaft generator is coupled to the gearbox. This enables
electricity to be generated using heavy fuel oil, so the
auxiliary engines, one deck up, do not have to operate on

diesel oll, which is twice as expensive.
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20.1 Introduction

Transmitting the engine’s power output to the
drives, for pumps, compressors or electric gensets
requires the use of a number of provisions, such as
couplings and gear transmissions.

Often, the driven items have different speeds,

such as those of shaft generators and propellers.
As opposed to the aforementioned drives, electric
gensets in a diesel-power plant or on board ship
are equipped with one fixed, specific speed, which
is determined by the generator type.

20.2 Diesel-engine arrangements

The following arrangements frequently occur:

A Ship propulsion with a low-speed two-stroke
crosshead engine.

B Ship propulsion with one or multiple medium-
speed four-stroke trunk-piston engines.

C Ship propulsion with one or multiple high-
speed four-stroke diesel engines.

D Diesel-electric propulsion with medium-speed
or high-speed four-stroke diesel engines.

E Ship propulsion with water jets with high-
speed four-stroke diesel engines.

F  Diesel-power plants with both high-speed and
medium-speed four-stroke diesel engines and
low-speed two-stroke crosshead engines.

WEEL TO 1P GF (AN - 25300 mem
ATERZA DALLALE. - 48380 oy

oECK BET0R e
COPERTIND 8700 ms
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KGR

‘COPERTING 4700 m

G Special drives such as those for pumps in the
dredging industry and compressors and pumps
for use in the gas and oil industry with high-
speed or medium-speed four-stroke diesel
engines.

20.2.1 A Ship propulsion with low-speed
two-stroke crosshead engines

The engine directly drives a fixed-pitch propeller,
is directly reversible and runs on heavy-fuel oil

(H.FO.).

This type of propulsion is generally used in large
container ships, oil tankers and bulk carriers.
RPM: The low engine speeds of these category [V
engines with cylinder bores from approximately
500 mm are very suitable to directly drive a
fixed-pitch propeller. The efficiency of propellers
is high at low engine speeds of between = 60 to
+ 120 revolutions per minute.

Engines with smaller cylinder diameters and
therefore a higher speed of up to approximately
200 revolutions per minute are not often directly
reversible and are equipped with a transmission
gear positioned halfway between the crankshaft
and the adjustable-pitch propeller.

SOPERTING TS

‘CoPERTING R0

e —
o 7 v
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e

«

A six-cylinder two-stroke
crosshead engine driving
a controllable-pitch
propeller.

At the other side of the
propulsion engine a shaft

generator is coupled to the

engine.

B

<
Top picture:
ship propulsion with a

medium-speed four-
stroke diesel engine
running on H.F.O.

The engine has cne

rotational direction and

drives the controllable-pitch

propeller and shaft

generator.

=
=
=
=
=
[=
=
=]

four-stroke diesel engine

gear box

shaft generator
intermediate shaft
propeller shaft
controllable-pitch

D oA W N -

propeller
stern tube
rudder

|~

K flexible couplings

SK clutch

Shaft generators

A number of propulsion units are provided with

a shaft generator. When at sea, the shaft generator
generates sufficient electric power for the entire
operation of the electric systems on the ship, so
the auxiliary engines can be turned off, In this
way, the number of running hours of the auxiliary
engines is limited as are the corresponding
maintenance hours and expenditure.

Bottom picture:

Ship propulsion with a
low-speed two-stroke
crosshead engine running
on H.FO.

The total efficiency for power generation is also
slightly increased as the propulsion engine has

a higher efficiency than the smaller auxiliary
engines. The shaft generator is installed between
the engine and the propeller shaft, and in smaller
crosshead engines with a transmission gear to the
propeller, on the propeller drive. This connection
is often referred to as Power Take Off (P.T.O.).
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Generator/motor

Oil distribution Q

@ ring

Hydraulic
coupling

Intermediate
bearing

Two-speed
tunnel gearbox

Main engine

Conical Bolt-
Clutch

1 T
Hydraulic| Flexible
coupling | coupling

@ @®

J
u

A
Two-stroke crosshead engine drive for the propeller
shaft and shaft generator.

Viewed from the engine

Options

|

The main engine is running free of the main shaft. Shaft
generator and propeller are stopped, for instance, during
trials, after repairs or prior to departure.

The main engine drives the shaft generator and the

1 main engine with fixed rom propelier is stopped.
2 / ‘ heel ; i ,
ywﬁee/rummg i Il The main engine drives the shaft generator as well as the
3 conical bolt clutch
4 two-speed gearing propeller.
5 shaft generator VI The shaft generator is switched to the electromotor
6 flexible coupling configuration and drives the propeller with power
¥ egulGonich ; generated by the auxiliary gensets. This is an emergency
8 Intermediate bearing ) ) ‘ ‘
9 hydraulic clutch operation mode during engine malfunction, the so-called
10 oil-distribution ring for controllable-pitch propeller ‘getting home' device. This is also used when the vessel

is shifted along the quay when simultaneously main-

engine repairs are executed.

A A
The shaft generator on a very large container ship of The shaft generator (1) above the propeller shaft on a
6,800 TEU. feeder-container ship.

The rotor of this 3.5 MW generator is an integral part of the Space at the back of the engine room near the propeller is

shafting between the large two-stroke 68,000 kW crosshead rather cramped.
engine and the propeller shaft. The cooling-air ventilators are
positioned on top of the shaft generator.

1 fiywheel/turning wheel main engine
2 shaft generator
3 cooling-air ventilator
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The largest container ships being commissioned
in 2008 are still equipped with one propulsion
engine and one fixed-pitch propeller.

Drives with a fixed-pitch propeller
Most large ships are provided with the above
mentioned propulsion system.

Advantages

- The total propulsion efficiency is high in
comparison to other systems. With a diesel-
engine efficiency of 50% and a propeller
efficiency of 75%, the total propulsion
efficiency is therefore:

0.5 x 0.75 = 0.375 or 37.5%. All other systems
have a lower efficiency.

— A simple installation. A large crosshead engine
has relatively few moving parts. When using
the two-stroke principle, the power output
generated is 1.6 times higher than that of four-
stroke engines with an identical cylinder bore
and engine speed.

~ The lower speed of larger two-stroke
crosshead engines is particularly suitable
for the direct drives for the large fixed-pitch
propellers.

20.2.2 B Ship propulsion with one or
several medium-speed four-
stroke trunk-piston engines

The engine is not reversible and often has a fixed
engine speed. The fuel is either H.EO. or M.D.O..

Void

Void

-

16V46C

16V46C

16V46C

16V46C

-:_:II

Void

Void

A

A top view of a propulsion plant for medium-speed
four-stroke engines driving twin propellers.

The four sixteen-cylinder Wértsila 46 V-engines drive the two
adjustable pitch propellers via reduction gearing. Each
reduction gearing has a Power Take Off-shaft with the shaft
generator, SG, mounted on it.

In a separate auxiliary engine room another three diesel
gensets, DG, are installed.

O

=
=
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g
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A
A standard arrangement of a four-stroke medium-

diesel engine

supercharger with intercooler

engine-driven cooling-water pumps

reduction gearing

RT.O.-section

propeller shaft

controllable (adjustable, variable) - pitch propeller

speed propulsion engine.

N oo bW =
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Installation of one of the four large MAN-B&W
four-stroke medium-speed diesel engines in the
engine-room sections of a large cruise ship. This is
in the hall of the Jos Meijer shipyard in Papenburg,

Germany.

In view of the limited space on these ships, low four-stroke
diesel engines have been chosen as opposed to the high
two-stroke crosshead engines. Approximately 80% of the
volume of the ship is required for the ‘hotel’” and the

remainder is for all the technical installations.
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Diesel-mechanical (HFO)
Installed power: 55,980 kW

W 12v46 12,600 kW
000

W12v46 12,600 kW __

wsl.zs 1860 nﬂ:g .
W6L26 1860 nu==

DL W A2V46 12,600 kW

1o b
A
A large propulsion plant with medium-speed four- Four twelve-cylinder Wértsila 46 diesel engines in V-shape
stroke diesel engines running on H.F.O., design with a total shaft power of 50,400 KW. The three Wartsila 26
Wartsila. six-cylinder in-line engines provide a generator power of

5580 kW. The ship is equipped with twa electric bow and

stern thrusters.

>

The ‘Norwegian Dawn’
under construction in
Papenburg, Germany.,
The cruise ship in
dry-dock ready to be
‘set afloat’.
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This type of propulsion is often seen in smaller
ships, such as container feeders, smaller oil, gas or
chemical tankers, passenger ships and ferries.

The shaft generator is often driven from the gear
transmission. The height built for this type of
propulsion is considerably lower when compared
to the crosshead engine, and is therefore suitable
for the low overhead space found in engine rooms

of large ferries and passenger ships.

Propeller diameter mm
9000

\
VBS 1280
: VBS 1180
VBS 1080
VBS 880

vlamzal iamater of propler Ity
L O propafior with hydniulic serv motor in s

14 18 2 % 30
Engine power kW (1000 kW)

MAN B&W Propulsio
matched by CP Pre
Engines

526MG
‘ . L35MC
L21/31 , [ s35MC
% L4ZMC
L4V 28/32A ® B s4oMC
B I ss6MC-C
L50MC
| BR [PE SEOMC
I s50MC-C
L6OMC

I | L+V 23/30A

L 40/54

L 48/60

SB0MC
L 58/6

6 8

18 24
{1000 kW)

The MAN-B&W program for propulsion engines with
controllable-pitch propellers.

In the four-stroke medium-speed diesel engines, the
RPM varies between 900 and 428 rpm, the cylinder diameter
from 230 to 580 mm and the shaft power from 1000 to
12,000 kW.

In low-speed two-stroke crosshead diesel engines the
RPM varies between 250 and 105 rpm, the cylinder diameter
from 260 to 600 mm and the shaft power from 1500 to
18,000 kW.

Larger crosshead engines are directly reversible and have a
fixed-pitch propeller. The controllable-pitch propeller diameter

varies from 1800 to 8600 mm.

A coupling section is often added to the gearbox,
so the propeller can be stopped when the diesel
engine and shaft generator are still running.

All the engines in category Il come standard
with a gearbox, shaft generator, shafting and a

controllable-pitch propeller.

20.2.3 C Ship propulsion with one or
several high-speed four-stroke
diesel engines

These engines operate on M.D.O.. These systems
are often seen in smaller ships and inland

navigation. Here the complete system comprises
the diesel engine, a gear transmission, a coupling

section, a P.T.O. for the shaft generator, shafting

and adjustable-pitch propeller.

A

A gearbox aft of a four-stroke high-speed MTU-diesel
engine.

1 reduction gearing

2 shaft to propeller

3 shaft to shaft generator

4 |ubricating oil pump

5 lubricating-oil cooler

6 lubricating-oil filtter
7 flexile coupling between engine and gearbox
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A four-stroke high-speed
Caterpillar diesel engine

for driving a large yacht.

The reduction gearing with
lubricating-oil pump,
lubricating-oil cooler and
lubricating-oil filter attached

to the engine.

Often two engines with two propellers are
arranged for extra power generation. This system

is also used in luxurious motor yachts.

A picture France Pace

The world’s largest private yacht, the ‘Athena’, has two
four-stroke high-speed Caterpillar type 3516 B main
engines, each of 1492 kW at an RPM of 1600.

There are three gensets of 290 kW each. The twin screws
have a diameter of 1.6 metres and an RPM of 440. A

maximum of 103,000 litres diesel fuel is in its bunkers.

20.2.4 D Diesel-electric propulsion with
medium-speed or high-speed
four-stroke diesel engines

In the first instance, running on H.EQO. and in the
second on M.D.O..
In this system electric gensets, which supply power

to the electro-motors that drive the propeller(s)

picture Hans Westerink

The engine room of the ‘Athena’.

are driven by diesel engines. This system is
often applied today. It is often used in passenger
ships, ferries and in some self-propelled drilling
platforms.
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Diesel-electric (HFO)
Installed power: 53,100 kW

e

o

A diesel-electric propulsion plant with four medium-
speed four-stroke diesel engines running on H.F.O.

The diesel gensets can be placed in the most
convenient location on the ship or vessel, as they
do not have to be in-line with the propeller shaft
as in the traditional arrangements.

Advantages

- The diesel gensets operate at a constantly high
RPM, so diesel-engine contamination due to,
amongst others, the low engine speed, is less at
a low load.

- At low speeds parts of the diesel gensets can be
switched off. Consequently, these have fewer
operating hours and therefore require less
maintenance.

— Driving the propellers with electro-motors
is independent of the diesel engines. With
adjustable propellers or frequency-controlled
electric-drive motors, any type of propulsion is
possible.

— The generated electric power is also available
for energy supply to the ship, for instance on
large passenger ships, ferries, self-propelled
platforms and drilling ships.

In diesel-electric propulsion, there is also

the possibility to use a gas-turbine genset
alongside the diesel genset. In this manner,

a large amount of power can rapidly be
generated with a limited size and weight.
Only M.D.O. can be used. The exhaust-gas
emissions of these gas turbines are much
lower than those of diesel engines: ideal ‘sight
seeing’ when sailing in ecologically sensitive
areas. Well-known examples are the ‘Jewel of
Norway’ and the ‘“Queen Mary II",

— The total propulsion efficiency is sometimes
even higher than for traditional propulsion
when P.O.D.S. is applied.

W 12V48C 12,600 kW

W 12V46C 12,600 kW

W6L32 2700 kW

W 12V46C 12,600 kW

These plants are often installed on large cruise ships; the
prepellers are driven by electric motors. Depending on the
required propulsion power and electric power requirement of
the ship, one or more diesel generators may be deployed.

Diesel power: 33.6 MW
GT power: - 250MW -
Total installed power: 58.6 MW

A diesel-electric propulsion plant.

Besides four diesel gensets running on H.F.O., a lightweight
and compact gas-turbine genset running on M.D.O. is

installed on the upper deck.

20.2.5 E Ship propulsion with water jets,
with high-speed four-stroke
diesel engines

A small, specific group of fast ships is not driven
by propellers but by a water jet. The diesel engine
drives a pump, which draws in water at a high
speed and subsequently pumps this overboard.
This so-called water jet can be steered in any
direction thus rendering a rudder redundant.

=

GT 25 MW

WBLA46C 8.4 MW
assasnesn ®

W8L46C 8.4 MW

W8L46C 8.4 MW

W8L46C 8.4 MW
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Water-jets driven by
high-speed four-stroke
diesel engines are the
ideal combination for the
propulsion of fast, light
catamarans for passenger
and patrol craft.

[
The controllable exhaust
nozzle of a water-jet.

The amount and direction of
the water can be accurately
controlled for an optimum
manoeuvrability of fast
ships.

>

A water-jet consists of a
central pump section and
an adjustable nozzle on
the left. The pump is
driven from the leftright
by the diesel engine via a
gearbox.

[

A very large water-jet propulsion plant driven by a gas
turbine on a luxury yacht which can achieve a speed of
40 knots.

Left and right of the water jet, not visible underneath the
ship are two propellers driven by high-speed four-stroke
V-engines.

1 location of the propellers
2 water-jet impeller
3 nozzle
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<

One of the two water jets on the passenger catamaran

‘Koegelwieck’ of Doeksen Shipping Company,

Harlingen, The Netherlands.

1 suction section: the pump is not equipped with a suction
box to prevent cavitation.

2 impelier section off the stern bulkhead.

3 cover for inspection and removal of dirt.
The impeller and shaft are sturdy, so relatively heavy
objects that are drawn in do not cause damage.

<— Jransom Internal Thrust Bearing

Pump Section '

P

Astern Deflector

Hull Bottom Intake Screen  Hamilton Jet supplied Transition Duct
v

A A diesel-power plant with
Water jets are often used in high-speed passenger A Hamilton water jet. three medium-speed
transport such as catamarans, pilot boats and R e P , four-stroke engines in
motor yachts. The under keel water is vertically drawn in and discharged on ~ V-arrangement of

the left. With the 'Astern Deflector’ the water-jet power is manufacturer Wartsila.

directed ahead, so that the vessel can sail astern. The pump

section is situated just aft of the ship’s stern. Right: the generators and

left: the diesel engines.
20.2.6 F Diesel-power plants with both L .Y =3y . b gaalle
high-speed and medium-speed - : ! S PR e e
four-stroke diesel engines, o~ R ; i
as well as low-speed two-
stroke crosshead engines
Engine categories | to IV included

The engine operates on M.D.O. and H.EO..
Most diesel-power plants are equipped with
medium-speed four-stroke diesel engines running
on H.EO.. This is often the most effective
arrangement from an economic point of view.

At smaller capacities, or when no H.EO. is
available, high-speed four-stroke diesel engines
running on M.D.O. are brought on-line.

Semi-permanent plants and mobile gensets in

containers also are in this category.
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Two examples of a
flexible coupling between
a large disc generator
and a large two-stroke
crosshead engine.

A

A diesel-power plant disc generator driven by a large
low-speed two-stroke crosshead engine.

At 120 RPM or two revolutions per second and a frequency
of 50 Hz the number of pole pairs 25 is according to the

following formula n = %

n = revolutions per second
f = frequency in Hertz

p = number of pole pairs

So, this 12 metre diameter disc generator has 50 poles! This
requires a great deal of space and a large generator

diameter!

Large two-stroke crosshead engines are often used
for larger diesel-power plants both on shore and

at sea.

Genset drives

Here gear transmission is not used.

A flexible coupling between the diesel engine and
the generator usually suffices.

Air Stator housing Air Stator housing
cooler Stuffing box cooler Stuffing box
Crankshaft Crankshaft
d
; Support
ﬂ F bearing "\
ﬂ Pole
e wheel ™

Y=

Pole wheel

Standard engine, with direct
mounted generator (DMG/CFE)

88

Main
bearing no 1

Main
bearing no 1

Tuning wheel

Standard engine, with direct
mounted generator and tuning wheel

A
A similar 3.5 MW genset on a container ship.

medium-speed four-stroke diesel engine
flywheel/turning wheel

flexible coupling, not visible

electric generator

closed cooling-air system: the air is cooled by water.
Dust and dirt particles cannot enter this generator!

o B W N =

| 4

A simple flexible coupling
used between the diesel
engine and generator.

The rubber sections of the
left shaft flange fit the holes
of the right shaft flange.
After approximately 30,000
running hours the rubber

parts are renewed.
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20.2.7 G Special drive for pumps in the
dredging industry, compressors
and pumps for use in the
gas and oil industry with
high-speed or medium-speed
four-stroke diesel engines
Engine categories |, Il and Il

Large dredgers require a
lot of power for driving
the dredging pumps.

The engine operates on H.EO. and M.D.O..

In the dredging industry, large dredging pumps are
either directly driven by a diesel engine or directly
driven by an electro-motor. The latter is applied

in larger dredgers. In smaller dredgers driven

by a high-speed four-stroke diesel engine, gear

transmission is generally used.

-«

Drive of a large dredging pump on a dredger.

The diesel engines drive the pumps placed in a separate
pump room; there is a watertight bulkhead between the
engine rcom and the pump room. A flexible coupling (not
visible) is located between the diesel engine and the

intermediate shaft.

1 engine-room bulkhead

2 intermediate shart

3 pump shaft

4  oil lubricated pump bearing
5 pump casing

6

pump casing cover for inspection /repairs of the impelier

The same dredger viewed from the engine-room
bulkhead.

The firm Machine Support is aligning the intermediate shaft
to the pump.

In the process industry, diesel engines drive oil
pumps or gas compressors. Due to increasingly
strict emission regulations, the use of ‘Dual Fuel®
or gas engines is preferred.

The drive often uses a gear transmission. There is
always a flexible coupling present.
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20.3 Gear transmission

If gear transmission is used, the propeller speed
can be independently selected from that of the
diesel-engine crankshaft.

Clearly, the speed chosen is such that it is optimal
for both the diesel engine and the propeller
respectively, thus optimising the total propulsion

efficiency.

Gear transmission is also called transmission
gearing. The ratio of engine speed to the propeller
shaft speed is greater than 1.

13

A single reduction gearing with top left the shaft to the
diesel engine and bottom right the propeller shaft
drive.

On top of the reduction gearing, the lubricating-oil system

with cocler and filters.

It often lies between 2 and 4.

engine speed
5 P > 1 often 2 to 8.

Reduction = -
propeller-shaft speed

In shaft generators, this is usually the reverse.

The P.T.O.-shaft frequently has a speed that, for

instance, exceeds the speed of the medium-speed

diesel engine.

The shaft generator in this type of installation,
for instance, has an RPM of 1500 and the diesel
engine an RPM of 750.

The RPM of the diesel is increased by a factor
1500

=50 = 2 via the gear box.

20.3.1 Examples of the possibilities with
gear transmissions

A reduction gearing
attached to a four-stroke
high-speed diesel engine.

digsel engine

reduction gearing
ET.O.-shaft.

shaft to propeller
lubricating-oif cooler
lubricating-oil filter
lubricating-oil purmp
vibration damper befow
the gear box integrated
in the bedplate

@O N O O bs W N =
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400 kW
1200 rpm

i}

4900 kW

107 rpm

||

700 kW

1200 rpm

4

7000 kW

107 rpm

1500 kW

==

1200 rpm

e

1500 kW

72.5 rpm

5300 kW
500 rpm

6300 kW
500 rpm

-
Switch position |: Normal running at sea. Nominal
output.

The main engine provides 5300 kW at 500 RPM and drives
the controllable-pitch propeller with an RPM of 107.

At an RPM of 1200, the propeller requires 4900 kW and the
shaft generator 400 kW, to supply power for the ship's net.

«
Switch position II: Extra power at sea.

The main engine supplies its full power output of 6300 kKW.
The shaft generator is switched to the electromotor and
supplies 700 kW. The electromoteor draws power from the
ship's electricity net and together with the main engine drives
the controllable-pitch propeller with a maximum power
output of 7000 kW.

4
Switch position Ill: Emergency operation at sea or in
port during shifting alongside the quay.

The main engine is stopped and repairs are being done at
sea. Majer maintenance can be performed in dry-dock.

The switchable shaft generator/electromotor now provides
the maximum capacity of 1200 kW to the c.p. propeller. This
switch is referred to as the ‘getting home' device.
Admittedly, the speed is low; however, ane can proceed to
the nearest port for repairs to the main engine. In port the
ship can shift berth.
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3
Single reduction gearing
with PT.O.

diesel drive
shaft-generator drive
propeller drive

clutch

lubricating oil sump tank
lubricating-oil pump
lubricating-oil
distribution unit

8 thrust bearing

~N O s W NN -
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B
A cut-away section of a
reduction gearing.

1 engine flange

2 gear shaft from the
crankshaft

3 gearshaftio the
propeller shaft

4  helical gears
needle bearings

6 lubricating-oil cooler

20.4 Various constructions 20.4.1 One input shaft from the diesel
and designs of engine and one output shaft to the
gear transmissions propeller.

This is called a single-gear transmission.

PTO shaft s Lub oil pump

Input shaft

Output shaft
Clutch

0D box
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20.4.2 Two input shafts from two diesel Significant for the construction of multiple-gear
engines and one output shaft to the transmissions is the mutual centre-to-centre
propeller distance of both diesel engines. If the centre-to-

centre distance is large, intermediate shafts are
used.

»

Double reduction gearing.

Both diesel engines drive the propeller, one on each side.

1 diesel engine in forward engine room

2 diesel engine in aft engine room

3 shaft to the shafting/propeller

4 PR.T.0.-shaft for driving the shaft generator and also the
possibility to drive the propeller with the same shaft
generator/electromotor going dead slow.

This arrangement with two propulsion engines in separate

engine rooms is obligatory for large cruise ships. If one

engine room would be flooded or on fire, 50% of the

propulsion power can still be supplied from the other engine

room.

@ H‘ ]::: g % | TR

A
Top: double reduction gearing for two engines, and
bottom: a shaft to the propeller.

The gear toothing is straight cut. Bottom left; the lubricating-
ol pump. The outgoing pinion wheel is hollow to save
weight. Above the pinion wheel; the thrust bearing for
absorption of axial forces generated by the propeller thrust.
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>
Various versions of
reduction gearing.

left: double helical teeth
centre: single helical teeth
right: single helical teeth with
thrust callar for two

rotational directions

——— Twin in/single out

20.5 Position of the input and
output shaft

20.5.1 Input and output shafts on the
same side as that of the gear
transmission

This is called a U-arrangement. This construction
method is seldom applied.

20.5.2 One shaft on either side of the
gearing

This is called the Z-arrangement. The input and
output shafts run parallel to each other. Normally,
the centre lines are positioned above each other,
but occasionally they are placed alongside.

Designs
The following photos show various designs of
gearing.

-———

)

Double helical teeth

Single helical teeth

Single helical teeth with
thrust collar

; iwi])

ACG 700TS - ACG 1700TS
2 x 400 kW - 8900 kW

A
Various versions of number and position of the driving
shafts.

Left: two driving shafts from the engines; a central shaft
for driving the propeller.

Centre: single-reduction gearing with bottom left the
driving shaft to the propeller. Centre right, the driving
shaft from the diesel engine and top left the drive of the
shaft generator /RT.O. / PT.l.

1 or 2 speed
100 kW - 3000 kW

Single pto/pti Multiple pto
|
o OO
nE O

1 o0 8 units
100 kW — 3000 kw

P.T.0.: Power Take Off shaft for driving the shaft generator
P.T. I.. Power Take In shaft for driving the propeller with the
shaft generator-glectromotor.

Right: reduction gearing and diesel engine together with
several PT.0. shafts for driving the shaft generators, pumps
and other equipment.
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We distinguish three shapes: = PP (Y, 1/ 777
1 straight teeth or spur teeth;
2 helical teeth; - s . =——l 5
3 teeth in V-shape.
A §\
The toothed flank of these cogwheels usually has %
an involute shape. An involute is described as the
curve traced by a point on a taut, inextensible s o - SR
string as it unwinds from another curve. 7 ' 14
1 Anbaumbglichket
g{b\‘;'erslell- oder
{ X
@ 1 = @ 1 === 3 HA@)_% z Adjustment-
Y or oil-box can
> be fitted
A single transmission with spur gears. 7 775555 W8
— / P iL i/hul /
1 driving shaft of the diesel engine, the so-called inlet ¢ 7
2 driving shaft towards the propeller, the outlet
3 bearing E == B
4  thrust bearing
5

lubricating-oil pump

A
Double helical teeth.

The space between both rows of helical teeth is clearly
visible. This is necessary as the teeth must be ground and
polished. Therefore the reduction gearing is fairly long. The
axial forces generated by the helical teeth neutralise each

other completely.

Pitch line

A
Involute teeth.

In practice, in invelute gearing, virtually all the teeth profiles
are involutes of a circle. These are usually called involute
teeth. The force line (or Line of Action) runs along a tangent
common to both base circles. The points (of contact) move
along the stationary force-vector 'string’ as if it were being
unwound by the rotating circle. The involute is entirely
determined by the radius of the base circle, so all the
involutes derived from the base circle are congruent.
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>

S
A large gear transmission
with double helical teeth.

- o

1

J L
! sl * B 5 B R S

The gear wheels are hollow

to reduce the mass.

20.6.1 Comments

Helical gear teeth produce axial forces, which
must be absorbed by the axial bearings.
Advantages of helical teeth: more teeth are
simultaneously in contact with each other,

which provide a smooth operation. With double
toothing, the axial forces are eliminated by
counter forces. This toothing is very wide, due to
the necessary opening between both gear rings for
processes, such as polishing.

In this type of toothing, the pinion and the wheel
are at a fixed axial position from each other.
Therefore, both the pinion and the wheel must be
able to move simultaneously. This is possible with
the use of a coupling between the crankshaft and
the drive shaft (pinion).

Reduction gearing for a shaft generator.

drive from the diesel engine

drive to shaft generator
clutch to shaft generator
shaft bearings

o g s W=
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drive towards the controllable-pitch propeller
clutch to the controllable-pitch propeller

20.7 Gear transmission for shaft
generators

Shaft generators are driven by four-stroke or two-
stroke engines and are occasionally equipped with
a special kind of gearing, the so-called epicyclical
transmission.

This type takes very little space, imperative for, for
instance, a four-stroke propulsion engine, which

is installed aft. Here the available space is limited
due to the space that is already used for the
gearbox between the engine and the propeller.

It is designed with a solar wheel, a stationary
planet carrier and an output shaft with ring wheel. |
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Two types are commonly used.

I The driving shaft is connected to the solar
wheel, the stationary planet carrier and the

ring wheel.

Il The driving shaft is connected to the solar
wheel, the stationary ring wheel and the
output shaft with a planet carrier.

In the first arrangement, the circumferential
velocity of all the wheels is identical and the
rotation speeds of the wheels are inversely
proportional to their diameter. This is called the
star type.

The transmission ratio i is equal to:

n, dr
I:—:——-,

n, ds
where:

n, = rotation speed of the solar wheel
n, = rotation speed of the ring wheel
n, = rotation speed of the planet wheel
ds = diameter of the solar wheel

dr = diameter ring wheel

dp = diameter planet wheel.
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<
The principle of an

epicyclical reduction
gearing.
=T = a  solar wheel
b lanet wheel
N — d P
[ o8 c ring wheel
d shaft support

Planet and ring wheels rotate in the opposite
direction to that of the solar wheel.

In the second arrangement, the ring wheel is fixed
and the solar wheel is driven by the input shaft;
the output shaft is driven by the planet carrier.
This is called the planetary type.

The rotation speeds now differ from the first
instance:
Solar wheel ns' = n, +n,
Planet carrier n, =n,
¥ A 2= -
Ring wheel nrl=n, +n,=0
In this instance the transmission ratio is:
1

. HE  fed-d n ! dr
le—=—>1_3_1+1alsoil=1+—.

n, n, n; ds

In the second example the input and output shafts
rotate in the same direction.

There is also a third type, the so-called solar type.
Here the solar wheel is permanently fixed.

. ; n, ms
The transmission ratio then equals — or —
n, np
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»

Shaft generator for a
two-stroke MAN-B&W
crosshead engine using
an epicyclical Renk

transmission.

The toothed wheel in the
centre is called the solar
wheel. Surrounding it are
three planet wheels and the
outer row of teeth is called
the ring wheel.

An hydraulic ol pump is
driven from the diesel engine
driving shatft.

| 2
A combination of normal reduction gearing, right, with
epicyclical reduction gearing, centre.

1 first gear wheel, engine speed

2 second gear wheel, engine speed slightly increased
3 third gear wheel, engine speed higher
4  flexible coupling

5 coupling flange

6 ring gear wheel

7 propeller shaft system

8 planet wheel

9 solar wheel

10 coupling flange

11 reduction gearing

12 hydraulic pump

13 hydraulic pipes

14 hydraulic motor

15 reduction gearing

16 coupling flange

17 plate coupling

| 2

The lubrication of gear wheels is usually done with a
piping system where the lubricating oil is sprayed on
the toothed wheels through small perforations.

1 lubricating ol supply pipe

2 upper bearing shell, the bearing caps have been
removed

3 helical teeth with intermediate spaces
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CONSTANT HYDROSTATIC MOTOR
%

GENERATOR

RCF-CONTROLLER

VARIABLE HYDRDSTATIC PUMP
™ ANNULUS RING
SUN_WHEEL

MULTI-DISC CLUTCH

PLANETARY GEAR WHEEL

TOOTHED COUPLING

CRANKSHAFT

/CRANKSHAFT GEAR |

\TOOTHED COUPLING

engine

crankshaft gearbox
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Angebaute <
Zahnradoipumpe ) )
Built-on Doppefilter  Olkiihler The lubricating-oil system
geared oil pump Double filter Qil cooler ) )
of a single reduction

®

gearing.

\ N Y Kihiwasser
‘ 1 Cooling water
: ® - Riickschlagventil 1 built-on gearwheel
\ l 4‘ T Check valve pump
o R L I 2 supply line with non-

% return valve
3 lubricating-oil coolers
Riickschlagventi 4 duplex lubricating-oil
Check valve filter
[ 5 cooling water
6 pressure valve
7 electrically driven spare

lubricating-oil pump

1)
I

Saugventil Uberdruckventil Freistehende Anfahr-
und Reservepumpe
Free-standing starting
and reserve pump

Suction valve Pressure valve

Wartsila reduction gears Wartsila TCH gear range of twin
- Output range input-single output gears
o 142 ———————— Gear Engine crankshaft
N I | i size offset (mm)*
& 128 I —— e o p
o 116 T '
© 110 S—————— TCH240 2400
105 Y — | TCH250 2500
95 T TCH270 2700
85 TCH290 2 900
75 TCH300 3 000
68
62 TCH320 3200
58 TCH330 3300
50 | TCH340 3400
46 N ==y TCH350 3500
42 - TCH370 3700
38 1
TCH380 3800
0 5 10 15 20 25 - For the TCH type of gears the main parameter is
type of g
Output (MW) the required horizontal offset between engine
Il Single reduction gears — vertical offset SCV crankshafts. However, also the engine power and
A
Waértsila reduction gearing program. right figure
--------------------------- o o Aschedule with the various types of gear boxes with double
left figure diesel-engine drives.
vertical: reduction gearing size The crankshaft diameter reaches 3800 millimetres per diesel
horizontal: maximum shaft power engine.

The power output rises to approximately 25 MW, these are
the largest four-stroke medium-speed diesel engines. Higher
outputs are usually generated by low-speed two-stroke
crosshead engines.
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20.8 Couplings

Couplings can be divided in elastic and flexible
couplings. Both are frequently used.

20.8.1 Elastic couplings
The objective is to reduce torsional vibrations.
Also, see Chapter17, Vibrations and balancing.

With the use of an elastic material, plate springs
and/or with hydraulic damping, the vibrations
between, for instance, the engine and the reduction
gearing, the reduction gearing and propeller, the
engine and the generator are reduced.

Damping ultimately achieves a reduction of the
torsional vibrations in the crankshaft. Due to an
increase in the power density in diesel engines,
vibration damping has become increasingly

important.

A
The various types of Vulcan flexible couplings.

coupling 1: standard coupling with or without axial ventilation
holes

coupling 2: version with wide fiexible segments for maximum
radial alignment deviations

coupling 3: version with narrow flexible elements for
minimum power loss

The manufacturers of flexible couplings have an elaborate
delivery package as flexible coupling requirements may vary
considerably.

A

Three types of flexible couplings of manufacturer

Centa.

Left, the flexible section can be clearly seen. The large holes

in the coupling disc are for ventilation.

The working principle is that a coupling with

a minor torsional stiffness is placed between

the engine and the gearbox. Both fixed parts on
the shafts acquire a certain angular rotation in
relation to each other due to the flexible section
between them. In this manner, the rotation speed
of the crankshaft, which produces vibrations and
therefore resonance in the system, is brought well
below the normal engine speed range.

During start and acceleration and when stationary,
there is a possibility of gear clatter. Gear clatter
may occur during torsional vibrations, where the
torque moment is periodically negative. This, for
instance, could be the case in situations where the
engine speed and consequently the power output
of the diesel engine is reduced and the propeller
is, as it were, driven by the ship. Here the other
toothed flank of the cog is temporarily loaded.
There are also flexible frictional couplings that can
prevent this problem by starting and stopping the
engine with a disengaged coupling. The coupling
is only put in service at sufficiently high engine
speeds when gear clatter no longer occurs.
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Examples of elastic couplings.

«

A narrow and a wide

coupling.

Clearly visible in the cross-
section, is that the left
coupling is considerably less
elastic than the centre
coupling, which consists of
two flexible rubber parts.

v B i = | II g IEEI L[l - e |
Vulkan Rato " .
flexible coupling n | The flexible coupling
= = = between a low-speed
two-stroke crosshead

T T T engine of MAN-B&W and
the propeller shafting.

Toothed

b The shaft generator drive
coupling

Alternator

‘__‘-_—_--—_

has a toothed sliding

coupling. In this manner,

the axial expansion of the

reduction gear transmission

that occurs between the

stationary and operating

temperatures can be

compensated.

«

A flexible Centa coupling
with two segments
placed behind each other
for maximum flexibility.

Note the large ventilation
holes for discharging the
heat generated in the flexible
elements that can lead to

deformation.
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20.8.2 Examples of flexible couplings

B
A flexible Centa coupling, right; on the left a clutch
coupling which runs on air.

The coupling is achieved by inflating the elastic space
(gland).

1 flange attached to the diesel engine

2 flexible segments

3 clutch

4 completely circular elastic space (gland)

5

6

pd

air pipe
spring plate
driving shaft for the controllable-pitch propelier

»>
A Centa flexible coupling combined with a Wichita
friction coupling working on compressed air.

left: The discs of which one part is fixed to one half of the
shaft and the other part to the other half of the shaft. The
discs are pressed together by expansion of the inflatable

tube, and the engine shaft from the right drives the shaft (left)
towards the propeller. When the propeller shaft is uncoupled,

the friction plates are not in contact with each other.

right: the double flexible coupling

>
A cross-section of a reduction gearing with an it
hydraulically controlled friction coupling for coupling/ ; 3 : o6

uncoupling of the propeller. Manufacturer MAN-B&W, J
system Alpha.

diesel-engine drive shaft ! e —
propeller shaft [
electric generator shaft ! i),
hydraulic section = b
for operating the

controllable pitch propeller g
jubricating-oil drain tank . & |
friction coupling

lubricating-oil pump m
thrust block ' N = iy

yellow: lubricating oil for the — —_— e o S

BowW N =

® ~N @ w»

reduction gearing . : 15 ] L1
red /green: hydraulic oil 5

for operating the

controllable-pitch propeller
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A mechanical coupling of
MAN-B&W. Type conical
coupling bolts.

The conical coupling
bolts of the mechanical
coupling of MAN-B&W.

With coupled shafts, the
conical ends of the bolts of
one shaft slide in the holes
of the other shaft. This can
only take place when the

shafts are stationary.

20.9 Torsional vibration dampers 5 Installing torsional-vibration dampers,

the torsional vibration can be reduced to

It is imperative that the normal rotation speed an acceptable level, if points 1 to 3 are

does not coincide with the critical rotation speed insufficient.

as this could produce unacceptable vibration

tensions in the crankshaft. See Chapter 17, Vibrations and balancing for
points 1 to 3.

This can be prevented in the following ways.

1 The correct selection of the cylinder ignition Torsional vibration dampers
sequence. These are used in both two-stroke crosshead
2 Adjusting the mass inertia moments. engines and four-stroke trunk-piston engines. They
3 Adjusting the stiffness of eertain parts of the are mounted on the free end of the crankshaft and
shaft. in some engines on the free end of the camshaft.

4 Mounting an elastic coupling between the

diesel engine and the gearbox. There are two types of vibration dampers.
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<

An hydraulically affixed
shaft flange.

The required oll pressure is
generated using a hand
pump.

Installation
dimension

I
Measurement for push-op
stamped on the coupling muff

Hydraulic pump

«
A carbon-fibre flexible
shaft combined on both

- sides with Centa flexible

couplings, this is often

~ used for catamarans and
other high-speed craft.

Carbon Fibre-shaft, combinded with flexible couplings .
The arrangement is very

flexible; this is required for
the moving hull sectiens
between the bedplate and

An example of the arrangement with flexible carbon- the stern tube.

fibre propeller shafts of Centa shown here in blue.

Between the diesel engines and the gear boxes are two

flexible couplings which largely neutralise the torsional

vibrations.

woler je!

woter et

i 000000

=

Besring

Buinnead

Typical arrangement of CENTA
T T O couplings and Carbon Fibre shafts.
The first sections behind the engi-

Bl T 3 D@D@@@@@ nes also comprise 2 CENTAX tor-
sional couplings each that tune the

' torsional vibrations of the system.

Buiktens
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20.11 Examples of complete
systems with diesel
engines, reduction gearing,
shafting, couplings and
vibration dampers

For additional information Chapter 17, Vibrations

and balancing and Chaprer 19, Ship propulsion,

—

/ Propulsion

gearbox

~
P

CPP + nozzle

Main shaft
generator

Wiirtsila 6L32

Propulsion
gearbox

Wartsila 6L32
2760 kW at 750 rpm

2760 KW at 750 rpm

Jet pump

Twin-speed gearbox

Special variable-
speed gearbox

Dredge pump

A

The shafting on a dredger, design Wartsila.

Both main engines drive the controllable-pitch propellers in
the nozzles via a flexible coupling, reduction gearing and
propeller shaft. On the other side of the crankshaft, the port
main engine drives two high-pressure water pumps for
flushing the hold. On both sides of the lengthy shafting and
on both output shafts of the reduction gearing, flexible

couplings are installed. On the outgoing reduction gearing to
the propeller, a shaft generator has been placed. The
starboard main engine drives the dredging pump via
reduction gearing with adjustable RPM with various flexible
couplings built in.

1 flexible couplings

A propulsion system with two main engines and two

gensets.

1 main engine

2 genset

3  shaft generator

4  reduction gearing
5 controllable-pitch propeller
6 rudder
7 generator

Switch I: Both main engines drive the controllable-pitch
propellers via reduction gearing and generate electricity with
the shaft generators. Normal speed.

Switch II: Both auxiliary engines generate electricity with
their own generator and drive the controllable-pitch
propellers at low speed. The main engines are stopped.
Switch Ill: The four engines drive both controllable-pitch
propellers at maximum speed. Electricity may be generated
with the shaft generators and/or with the auxiliary generators.
More scenarios are of course optional.

Flexible couplings: All the engines are equipped with flexible
couplings on the output shaft, as are the shaft generators
and the auxiliary generators.
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20.12 Vibration dampers below
the engine frame

Many four-stroke high-speed and medium-speed
diesel engines in categories [, Il and III have, apart
from the previously discussed flexible couplings
to the propeller or the generator and the vibration
damper on the blind side of the crankshaft and
sometimes on the camshaft, vibration dampers
below the engine block or frame.

3791

This prevents transfer of engine vibrations to the
bedplate and surroundings.

This system requires flexible connections for all
lines, such as fuel, starting air, coolant and exhaust
gases. During starting and stopping, the diesel
engine moves on the flexible vibration dampers to
such an extent that the lines would be torn off if
no damping took place.

Especially in small high-speed four-stroke engines
in categories I and II all the parts are installed in a
flexible manner.

Vibration dampers below a two-cylinder high-speed

four-stroke diesel engine for yacht propulsion.

Left; the built-on reduction gearing with built-in reversing

clutch. The lever for the reversing clutch is clearly visible,

Note the adjustable base below the vibration damper.

<4

This four-stroke high-
speed eighteen-cylinder
V-engine with flexibly
arranged reduction
gearing is fitted

with six vibration
dampers below the
engine block and

a flexible coupling
between the engine and
the reduction gearing.

1 vibration damper
2 flexible coupling
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[ 2

A large Rubber Design
vibration damper for
heavy engines.

The damping is done with

heavy steel compression

springs.

i

>

Vibration dampers below
the frame of a gas-engine
generator set.

Both the gas engine and the
generator are fixed rigidly to
a mutual frame. A flexible
coupling (not visible) has
been placed between the
engine and the generator.

1 vibration damper

20.12.1 Selection and the number of
vibration dampers below the
diesel engine

The manufacturers concerned have a very

elaborate delivery program for each type of

engine, genset and pump.

| 4

Various types of
Rubber Design vibration
dampers.

A cut-away section of a Rubber Design vibration

damper with in the centre the elastic rubber section.
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Mounting cylinder liners on a bank
for a MTU - BR 8000 V-engine.
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21.1 Introduction

From the time that internal combustion engines
could be mass manufactured in the nineteenth
century, an increasingly large number of
engineering works started business. Next to their

core business of manufacturing machines, they

also set up engine manufacturing production lines.

These companies were already manufacturing
steam boilers, steam engines and, for example,
cannons. Therefore the facilities for engine
manufacture were present, such as a foundry and
a forge; the roughly manufactured parts could be
finished with simple planing machines, milling
machines and/or lathes.

Most of the work was manual labour. These
engine factories were often established near
navigable waters, so the ships could berth in front
of the premises for repairs.

The larger engines in categories II, ITT and IV were
manufactured worldwide.

Very large engines in categories III and IV used

to be and still are manufactured throughout the
world.

Where ship propulsion is concerned, very large
low-speed crosshead engines are normally

manufactured at the same location as the shipyard.

A famous example is Hyundai, the world’s largest
shipyard/ engine factory in South Korea.

=

Large and heavy
two-stroke crosshead
engines are usually
manufactured at the yard
where the ship is built.

Front left: a smaller
MAN-B&W diesel engine
with an engine frame cast
in one piece. Behind it,

a MAN-B&W diesel engine
with a frame made of sheet
steel.

In the foreground a
crankshaft bed for a

crosshead engine.

Number of diesel engines manufactured on a
yearly basis

The total number of diesel engines manufactured
annually worldwide lies berween 20 and

25 million (2006).

Obviously, the number of small diesel engines
manufactured for, amongst others, agricultural
machines, excavators, lorries and such, is the

largest segment of this market, in excess of 90%.

["] Small Diesel generating sets
[7] Diesel vehicles

[1 Commercial vehicles < 6 t
] Commercial vehicles > 6 t

[ "] Tractors and built-in engines
[ Large-bore Diesel engines

20
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Number [millions]
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|
|
|
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1992
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‘.1-988 l1‘994£ ‘2002‘
A

A chart showing the number of diesel engines
manufactured in the course of a twenty five-year

period.

The number of ‘large’ diesel engines, dark blue in this Bosch

overview, represents approximately 300,000 pieces.




The figures lie below ten thousands for large diesel
engines in Category I1 (1000 kW). For the largest
engines in category Il this amounts to at the most
several thousands per annum.

In category I these figures are in the region of
several thousand per annum and category 1V,
several hundreds per annum.

At present many more engines are being
manufactured, in comparison to ten years ago
when engine manufacturers had to shut down

or downsize due to extreme overcapacity in the

market.
Licence holders

Situation in 2006 — World-wide production,
countries where engines are manufactured
Diesel-engine manufacturers in categories 111
and IV issue licences to enable others to build
their engines. For instance, MAN-B& W has
over 20 licence holders.

Ship propulsion with diesel engines

South Korea 31%
Japan 26%
Europe 23%
China 12%
Other Asian countries 4%
USA and Canada 2%
Rest 2%

Source: Douglas — Westwood Ltd, Canterbury, England.

21.2 Engine categories

The divisions are based on actual running
experience with diesel engines.

Characteristics

Fuel
Only medium-speed four-stroke and low-speed

two-stroke diesel engines run on heavy fuel oil,

H.EO..

Operating principle

The majority of diesel engines work on the
four-stroke cycle principle, and can be placed in
the group of high-speed engines with over 960
revolutions per minute.

The minority are the larger four-stroke engines
with a cylinder diameter above 200 mm. They

fall in the category medium-speed engines and are

suitable for running on heavy fuel oil.

CH21
- China Japan
CSTC 1980 Mitsui 1926
* Hudong o Makita 1981
» Dalian Hitachi 1951
* Yichang Kawasaki 1981
+ Shanghai
Shangchuan
Croatia u Korea
Uljanik 1954 Hyundai 1976
Split 1984 Hanjung 1983
Ssangyong 1984
Samsung 1994
Halla 1996
Indonesia Poland
5 PT. Pal 1985 Cegielski 1959

Capacity classification

A large number of small four-stroke diesel engines
fall in the category I, up to 100 kW.

They are often used for propulsion of small ships,
such a motorboats and yachts, drives for pumps,
gensets, anchor winches and building equipment.

— A majority of the larger high-speed four-stroke
diesel engines fall in category II, 100 to 5000
kW.

They are widely used. The largest diesel
engines in this category with a power output
of several megawatts are commonly used in
the propulsion of fast vessels, catamarans and
yachts. The fuel is diesel oil: M.D.O..

— A smaller number of four-stroke engines
fall in category Ill, medium-speed engines
with engine speeds of approximately 960
revolutions per minute and usually operate on
EEEC)..

— The largest diesel engines fall in category
IV, low-speed two-stroke crosshead engines
with a power output to almost 100,000
kW. They have a maximum engine speed of
approximately 240 revs/min and operate on
H.FO..

- General comment:

This classification allows a better insight into
engine characteristics. Therefore, it is possible
that in the overlapping area between two
categories, there are other possibilities.

Examples

Some engine factories manufacture engines that
can achieve 1000 to 1200 revolutions per minute
and categorise them as medium-speed engines.

> DIESEL ENGINE MANUFACTURERS

Rumania

UCMR 1991

Russia

Bryansk 1959
u Spain

Manises 1941

A

This illustration shows the
long period of activity for
MAN-B&W licensees.

The Japanese engine factory

Mitsubishi was established
in1926!
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The four engine 0-100 kW
; 4 stroke
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Engine manufacturers
The two main suppliers MAN-B&W and Wartsila
produce (defined in shaft power) the majority of
engines in Category IIl and 1V with Caterpillar as
Diesel, Dual-Fuel and Gas Engine Order Trends number 3 in the smaller capacities, category I and
12000 18 ;
e particularly II.
== Output
10000
- 8000 %‘ -«
§ g A chart showing the number of diesel, dual-fuel and
O 6000 % gas engines ordered between 1978 and 2005.
] o
£ )
40001 =t In this chart all engines from 500 kW shaft power upwards
are listed, so categories Il, lll and IV.
2000 The total number of units lies in the region of 10,000 per
year. The average power output is a maximum of
0- Lo approximately 1600 kW (2000-2001).
ol b s L S G R s et e
REExd8333c5888588383858885883
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DIESEL, DUAL-FUEL & GAS ENGINE ORDERS, June 2004 — May 2005

! Total Type of Gene@ting ; . 2 o
Ciay Sevice (Units) Fuel (Units) e (£%4l o E g |, Ed’ o Bl a8 8
Output Range | Units = Ouput | Stand- | Peak- |Contin- | Diesel | Heavy Dua- | Nat. | 28 #S8 3% <% 33% Eg gg FUS £ | ED i
(MW)  Ordered (MW) | by | ing | uous | Fuel | Fuel Fuel | Gas | 2w wdc| S8 E£8 ‘834 82| 2% 8355 2§ 3% 8%
1.01-2.0 8662 11 4865 6174 230 2258 7612 22 0 1028 1421 267 721 1800 870 | B74 14 . &5 2138 . 411 91
201-35 7992 V 2320 616 12 l 363 751 25 . 1 ;14__- 182 54 45 _93 33 33 6 - 34 485 j 26 I 12 I
3.51-5.0 . 86 . 382 ot 9 3 74 40 6 T 0 ‘ 40 21 ‘ 8 6 19 ‘ T 4 5 ' 0 9 l 7 0
zﬂ_—fﬁ . 136 796 9 7 120 29 33 4 7 70 14 ‘ 5 8 36 ‘ 13 18 0 26 15 l 1 0
| 7s1-10 | 13 | 1ss | 3 > |12 | 16 | 67 | o | e |15 | 3 |27 | 10 14 |9 | 1| n |5 |5 | 7
001-15 | 29 | 354 | o o 29 | o |29 | 0o | o s | o | 15| 4 0| a|lelr|olal]o
- 15.01-20 ‘ é37 411 0 0 23 0 V 20 l 3 l 0 1 ‘ 0] 5__.- ; 0 0 0 a3 0 13 0
20.01 -30 4] i 0 ] 0 0 ‘ 0 0 V 0 0 l ] i CT 0 0 ‘ "] 0 0 0 1 0 0 0 0
001 aabove| 1 | 43 o o | 1 o | 1] 0| o o | o |o|o|o|o|o|o|a]| 1| o
Subtotals 10 085 l 16 906 6811 ‘ 254 3000 8448 - 193 8 g .1 415_- 1657 -_3?7_ _BZé_m ;5_2_ [ 937 l 951 30 ‘ 130 2662 - 461 ‘ 110
0.50-1 .O_ 12 439 l 8307 9144 ‘ 348 2947 |11 711 V g 5] 716 2397 124 171777 2733 [ 71 26 l 1235 4 ‘ 82 2923 ‘ 393 A 245
Totals | 22504 | 25213 |15955 602 | 5047 20159 199 | 14 | 2132 | 4054 461 | 2005 4695 : 2063 | 2186 | 34 212 | 5585 | 854 | 355

A

An overview from ‘Diesel Publications’ regarding the
manufacture of engines between June 2004 and May
2005.

Here the minimurm power output is 1000 kW, sc these engines
fall in category II.

Total number ordered 10,065, of which 8448 are diesel engines.

Most of the engines have a relatively small power output of
1102 MW.

DIESEL, DUAL-FUEL & GAS ENGINE ORDERS, June 2005 - May 2006

Type of Generating

|
! Engine Service (Units) Fuel (Units) g _§ " g
Output Range | Units | Ouput | Stand- | Peak- |Contin-| Diesel | Heavy Dual- = Nat. EE :E
(MW) | Ordered (MW) | by | ing | uous | Fuel | Fuel Fuel Gas 62 B<

| : I
0.50-1.0 | 17614 | 11840 | 11315 | 1490 | 4809 16608 13 12 981 3735 | 312 | 2378 | 2026 | 1341 | 2163 5 344 | 4466 ‘ 570 274
| L | .

1.01-2.0 11257 | 15403 | 6298 | 1280 | 3679 | 9765 | 285 0 1207 | 2430 | 180 1016 | 1610 | 1181 616 1 182 | 2827 | 1076 | 129

2.01-3.5 1778 4228 810 155 813 1269 | 209 1 298 433 60 150 77 I N 20 1 I 35 659 l 220 23
3.51-5.0 l 147 - 5_74 4 1 - 142 43 . 67 V 3 34 35 . 9 3 13 ‘ 24 - 6 1 [ B 3 - 47 T !_
8.01-7.5 l 129 . 758 4 10 [ 115 35 ‘ 15 4 75 22 6 10 751 ‘ 15 . 10 -4- 3 1 5 3
7.51-10 - 151 V 13{]? 0 0 | 151 1 . _70 0 80 4 58 i 30 4 ! 5 V 11 V 0 4 i 70 34 1
10.01-15 A 14 16?__ 2 0 __12 4 - 10 V 0 | 0 2 0 10 0 0 l 0 0 0 0_ 2 0
?,m —20_ 60 1067 1 1 ‘ 0 759 13 43 4 i 0 13 l 0 9 - 0 2 1 0 8 0 1_2 15
i 20.701 iGT 0 0 1] ‘ 0 0 0 0 0 . :_ 0 0 . 0 707 0 0 0 0 5 1 0 0 0
30.01 & above ) 1_ l 43 0] ‘ 0 1 a 1 0 l 0 0 - 0 0 0 0 1 I 0 0 0 0 0
TEEBi ST 1;| I 35 381 1843‘“ 2936 i 9781 |27751 713 24 l 2675 | 6674 ‘ 625 3;8 3781 | 2659 : 28377 722 581 7956 | 1965 A 446

A

An overview from ‘Diesel Publications’ regarding the
manufacturing of engines between June 2005 and May
2006.

Here the minimum power output is 500 kW, so these engines

fall in category Il

Total number ordered 31,151, of which 27,751 are diesel engines.
Most engines have a relatively small power output of 0.5 to 2 MW.
This was the first year that engines with a power output of

500 kW as opposed to 1000 kW were incorporated, which

meant a significant increase in the number of engines ordered.
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B

Manufacturing
Perkins diesel engines
in category |l.
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The number of engine manufacturers worldwide
has dwindled over the last years for various
reasons. Today, there are over forty diesel engine
manufacturers worldwide; approximately half are

active in the international market.

A number of reasons for reduction of engine
manufacturer numbers:
— Due to overcapacity in the past and heavy
competition.
— Due to increasingly strict regulations
for exhaust-gas emissions. This requires
large investments to optimise the engine
design which can meet present and future
requirements.
— The customers have stricter requirements.
Important focal points are:
— capital cost;
— fuel and lubricating oil consumption;
— weight and size in relation to capacity, the
so-called power density;
—  worldwide fast service and availability of
parts;

- lifetime of parts.

Mass manufacture for shipping

When choosing propulsion installations, the
engine type and manufacturer have usually already
been established, as a different engine type will

not normally fit the requirements and therefore
increases costs. Manufacturing costs are kept to

a minimum to compete worldwide among other

shipyards.

Number of engine manufacturers worldwide

The majority of manufacturers produce these
engines. Several dozens for the world market and
an even larger number for the local markets. Large
engine manufacturers for categories I and II, such
as Caterpillar and Cummins together produce
hundreds of thousands to millions of engines
annually.

These engines are often used in lorries, buses,

earth moving equipment and cranes.
Some examples

Perkins Engine Company Limited

Perkins is an English manufacturer of diesel
engines (owned by Caterpillar), predominantly
for categories I and II. Diesel engines up to 100
kW shaft power and 5000 kW shaft power
respectively.

A V-type engine version has a maximum shaft
power of 1886 kW. These are, amongst others,

used as emergency gensets in hospitals.

Ruggerini Diesel

Ruggerini Diesel is an Italian producer of very
small diesel engines in category I, up to 100
kW. They are typically used for driving smaller
gensets, pumps and other drive systems. Engine

manufacturers German Hatz, [talian Lombardini

and English Lister Petter also fall in this category.
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d iy D
5 5 |3 : s 5o | 25 0 2 g : :
-- 8 :' ,-'.'._- _'. o 8 - k= s
=852 | £ s |2 |2p |£5Z888|S 2 e |2
oo 0 O ol O a a O O O
D | 403C-07 67 72| 0.254|3L 5.1 3600 15.3 | ISO 14396
D | 403C-11 77 81 0.377 | 3L 7 3400 211180 14396
D 401_3071 5 84 90 0.499 | 3L 8.4 3000 25.1 | ISO 14396
D l404C—1 5 i 81 0.377 | 4L 6.6 3000 26.5 | ISO 14396
D ) 404C-22 84 100 0.554 | 4L 9.5 3000 38 | ISO 14396
D 404C-22T7 84 100 0.554 | 4L 1.4 3000 45.5 | ISO 14396
D B04C-33 94 120 0.833 | 4L 11.8 2600 7.5 47 [ 1SO 14396
D 804C-33T 94 120 0.833 | 4L 15 2600 9.5 60 | 1SO 14396
D 1103 Series 105 127 1.1|3L 18 2200 9.1 55
D 1104 Series 105 127 1.114L 27 2500 11.6 106
D 1106 Series 105 127 1.1 | 6L 34 2500 14.9 205
| D 1106-E60TA 100 127 1|6L 216 2500 129.5
D 1306-E87T o 17 136 1.45| 6L 28 2200 168 B
D 1306-E87TA 17 136 1.45| 6L 4 2000 246
D 4000 Series 160 190 3.8|6,8L;12, 16V 1183 1800 1886
D 6TG2AM 100 127 1|6L 20.1 1800 12.9 121 | BS 5514
D 6TWGM 100 127 1| 6L 26.8 1800 20 161 | 1SO 3046-1
|D 4.4GM 105 127 1.1 4L 13.5 1800 8.2 54 | 1ISO 14396
D 4.4TGM 105 127 1.1/4L 17.5 1800 10.6 70| 1SO 14396
D 4.4TWGM 105] 127 1.1 4L 2005 1800 13.9 91| ISO 14396
D 4.4TW2GM 105 127 1.1 4L 29.37 1800 17.8 117.5 | 1ISO 14396
D 903-27 95 127 0.9|3L 12.4 2250 37.3
D M130C 100| 127 1] 6L 16 2600 1.8 96 | BS AU141a
D M135 100 127 1] 6L 16 2600 11.8 96 | BS AU141a
D M185C 100 127 1]6L 23.3 2100 17.4 140 [ BS AU141a
D M215C 100| 127 1|6L 26.3 2500 16 158 | BS AU141a
D M225Ti 100 127 1]6L 27.6 2500 16 165.5 | BS AU141a
D M265Ti 100 127 1|6L 32.5 2500 T2 195 | BS AU141a
D M300Ti 100 127 1|6L 36.8 2500 172 221 | BS AU141a
D Peregrine T 119 1.3| 6L 311 2300 186.5

A
The Perkins diesel-engine programme.

>
Small pleasure yachts such as this usually have diesel
engines with power outputs between 25 and 75 kW,

category |.
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0.9 |5 o o (=4 ES el ToO £z ie
oL | E ] = oo S R = X =iES =]
LO0O® |wW m [} e Zio- D) >IEKD (@)l o
D RY50 69 60 0.224 | 1L 356 3600 5.2 3.5
D RY70 78 66 0.315 | 1L ] 3600 5.3 5
D RY75 82 66 0.349 | 1L 55 3600 53 55
D RY103 82 76 0.401 [ 1L 7.3 3600 6.2 78
D RY110 86 76 0.442 | 1L 8.1 3600 6.3 8.1
D RY125 87 85 0.505 | 1L 8.8 3600 8.8
D MD151 80 65 0.327 | 2L;2H 6 3600 12 ‘
D MD191 85 8 0.426 | 2L;2H 7 3600 14
D RD211 90 75 0.477 | 2L 85 3600 6.8 17
D RD290 95 88 0.624 | 2L 10.5 3000 6.9 21
D MD350 85 92 0.522 | 3L 9.3 3600 28
D SP420 95 88 0.623 | 3L 10.3 3000 6.7 30.9 !

A

The Ruggerini Diesel-engine programme.
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The engine manufacturer Hatz GmbH & Co. KG.
diesel-engine programme.

"

Z P q, 2

;3 e SR 553

135 |3 » S |0F .33|2» & 55 ¢ & |8
2335% |2 E 5 |Soesgk|sE 3 $5d ds |&
PEs 8 |2 < 53 (857358838 E: 415 3 |3
gl g s [§3£3TI0 2% |5
LO0O® (W m o= Z3 i3I0 o] o
D 1B 20 69 62 0.232 | 1L 3.5 3600 5 1.4 3.5
D 1B30 80 69 0.347 | 1L 5.4 3600 5.2 241 5.4
D 1B40 88 76 0.462 | 1L 7.7 3600 5.6 3.2 7.7
D 1B50 93 76 0.517 | 1L 8.5 3600 556 3.4 8.5
D iBa2ov 69 62 0.232 | 1L 3.5 3600 5 1.4 3.5
D 1B3oVv 80 69 0.347 [ 1L 5.4 3600 5.2 2.1 54
D 1840V 88 76 0.462 | 1L 7.7 3600 5.6 3.2 7.7
D 1D41 980 65 0.413 | 1L 6.4 3600 5.2 26 6.4
D 1D50 97 70 0.517 | 1L 7.9 3600 5.1 3.3 79
D 1D81 100 85 0.667 | 1L 10.3 3000 6.2 5 10.3
D 1D90 104 85 0.722 | 1L 11.2 3000 6.2 5.8 11.2
D 1D41 C 90 65 0.413 | 1L 5.2 3600 4.2 2.4 5.2
D 1D81 C 100 85 0.667 | 1L 9.6 3000 5.8 4.9 9.6
D 1D90 V 104 85 0.722 | 1H 11.2 3000 6.2 5.8 11.2
D 2G40 92 75 0.499 | 2L 8.5 3600 5.7 7 17
D L 41 102 105 0.858 |2, 3, 4L 135 3000 6.3 13.5 54.2
D M 41 102 105 0.858|2,3, 4L 14.4 3000 6.7 14.8 57.5
D W35 70 a0 0.346 | 2, 3,4L 58 3000 6.8 5.5 23.6
D 4W35T 100 85 0.667 | 4L v 3000 4.6 13 306

A
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g 4 i} 2
8zsE 2 £ |E §< |%3gsg8|eEs Bog 588 ts |£3
=832 |2 £ |e |55 |Bg7ssa|358 |Eds |22 52 |53
0.9 |5 o o a5 E2cixTO 2= gc
265 |G @ & BE |[Zauzio S8 [8x
D 15LD225 69 60| 0.224 (1L 3.5 3600 52 3.5
D 15LD315 78 66 | 0.315| 1L 5 3600 53 5
D 15L.D350 82 66 0.349 | 1L 55 3600 5.3 5.5
D 15LD400 g2 76 0.401 | 1L 7.3 3600 6.2 7.3
D 15LD440 86 76 0.442 | 1L 8.1 3600 B5:3 8.1
D 15LD500 87 85 0.505 | 1L 8.8 3600 8.8
D 25LD330-2 80 65 0.327 | 2L; 2H 6 3600 12
D 25LD425-2 85 75 0.426 | 2L; 2H 7 3600 14
D 12LD477.2 90 75 0.477 | 2L 8.5 3600 6.8 17
D 9LD626.2 95 88 0.624 | 2L 10.5 3000 6.9 21
D 11LD522-3 85 92 0.522 | 3L 9.3 3600 28
D [ 11LD626.3 95 88 0.623 | 3L 10.3 3000 6.7 30.9
D ! LDWS02 72 62 0.253 | 2L 4.9 3600 6.6 9.8
D LDW702 75| 77.6 0.229 | 2L 6.3 3600 5 6.4 12.5
D LDW1003 75| 776 0.343 | 3L 6.5 3600 B 6.6 19.5 .
D LDW1404 75| T7.6 0.343 | 4L 6.5 3600 6.7 26
D LDW1603 88| 904 0.55|3L 10 3000 30
D LDW2204 88| 904 0.55 | 4L 8.5 3000 ¥ 38 |
D LDW2204T 88| 904 0.55 | 4L 12 3000 _48_ [ .
A Y
The Lombardini S.R.L. diesel-engine programme. The Lister Petter Ltd. diesel-engine programme.

Cylinder Range
Rated Speed
Maximum Brake
Mean Effective
Pressure (bar)

D: Diesel or Heavy Fuel
Output per

SI: Spark Ingnited
Engine Model
Number of Cylinders

i =

3 = E’ g % 8? B = o= % %A
832 : 8% |322/88 |83 2E £s |25
ces € 8r |c5zsss[cc= = 5 |35
Bk 3 B2 |3555z6 28 |82
D AC1 76 67 0.3]1L 5.3 3600 5.3 2.1 5.3 | ISO 3046-1
D AD1 80 73 D37 | T 58 3000 5.8 2.3 5.8 | I1SO 3046-1
D LT1 83 76 0.41| 1L 6.15 3000 6 2 6 | 1ISO 3046-1
D V1 86 83 0.48 | 1L 7.4 3000 6.2 2 7 | ISO 3046-1
D TR1 a8 102 0.77 | 1L 8.6 2500 59 5 9 | ISO 3046-1
D TR2 98 102 0.77 | 2L 86 2500 5.9 11 18 | ISO 3046-1
D TR3 98 102 0.77 | 3L 8.6 2500 5.9 16 26 | ISO 3046-1
D LPW2 86 80 0.47 | 2L 7.7 3600 6.4 6 15.4 | ISO 3046-1
D LPW3 86 80 0.47 | 3L T 3600 6.4 9 23.1 | ISO 3046-1
D LPW4 86 80 0.47 | 4L 7.7 3600 6.4 13 30.8 | ISO 3046-1
D LPWT4 86 80 0.47 | 4L 10.3 3000 8.9 19 40.2 | 1ISO 3046-1
D LPWS2 - Tier IV 86 80 047 | 2L 7.4 3000 6.4 6 14.7 | ISC 3046-1
D LPWSS3 - Tier IV 86 80 0.47 | 3L 7.4 3000 6.4 9 22.1 | 1ISO 3046-1
D LPWS4 - Tier IV 86 80 0.47 | 4L 7.4 3000 6.4 13 29.5| I1SO 3046-1
D LPWST4 - Tier IV 86 80 0.47 | 4L 10.3 3000 8.9 19 40.2 | ISO 3046-1
D DWS4 94 120 0.83 (4L 121 2500 7 29 45| 1SO 3046-1
D OMEGA 100 126 130 1.621 | 6L 27 2200 9.1 61 162 | ISO 3046-1
D OMEGA 200 126 130 1.621| 6L 44.3 2200 14.9 101 266 | ISO 3046-1
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>

Pistons for Detroit Diesel
category |l engines,
waiting to be assembled.
Notice the two piston
parts. The piston-ring
section (1) and the
section for the absorption
of the lateral forces (2).
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There are at present a few dozen manufacturers
active in the smaller capacities market. For engines
over 1000 kW, the number of manufacturers
reduces significantly and for over 3000 kW there

are only a few manufacturers serving this markert.

Caterpillar Inc. Engine Products Division
One of the world’s largest engine manufacturers
for categories I, [T and 111 is the American
company Caterpillar. Since their takeover of the
German engine manufacturer MaK in Kiel, they
have also incorporated medium-speed four-stroke
diesel engines running on heavy oil, Category 111,
in their programme. The production of engines

in category II is huge; hundreds of thousands of
‘vellow Cats’ find their way to the customers each
year. There are 49 factories active in the USA and

58 in the rest of the world. An impressive number.

MTU Friedrichshafen GmbH
The German manufacturer of high-speed

diesel engines running on M.D.O. is MTU in

L EE e T

Friedrichshafen at the Boden Sea. It produces in
categories I and I1, highly loaded diesel engines
with, in the larger engines, a mean effective
pressure of 27 to 32.6 bar. This is very high. These
large V-engines with a shaft power of 8200 kW
(series 8000), a mean piston speed of 12.1 m/sec.
and a mean effective pressure of 27 bar have a
high load parameter of 326 bar/m/scc. This is the

highest of all engines in category 1.

Volvo Penta

This Swedish engine factory manufactures an
extensive number of engine types in the
categories | and I1. The V-16 engines with 4.1 litre
stroke volume have the largest power output of
1690 kW and a load parameter of 10.8 x 17.2 =
186.2 bar/m/sec.

Rolls-Royce

The English producer Rolls-Royce manufactures
a small number of engine types in category II with
a high power output. A maximum power output
of 8000 kW and a load parameter of 10 x 24.9 =
249 bar/m/sec is respectable. They are built near

Bergen, in Norway.
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133 |2 ; 3 : 24 -
O - = (&)

(- a8} o @
D 3056 100 127 1|86L 16 26| 2100| 2600 7.2 13.4 93 153 |
D 3126 110 127 1.2 | 6L 44 52| 2800| 2800 15,5 18.6 261 313
D MC? - 127 110 1.21 | 6L 31 46| 2400| 2600 12.9 19.1 187 276
D HC?ACERT_ . 127 110 1.21 | 6L 52 57| 2800| 2800| 185| 20A1 313 339
D C9 ACERT 149 112 1.47 | 6L 63 71| 2500 2500 205 2341 375 423
D c12 130 150 2| 6L 42 75| 1800| 28300 141 19.5 254 448
D C12 ACERT 130 150 2| 6L 82 88| 2300, 2300 21.4 229 492 526
D 3406C 137 165 2.4 |86L 31 72| 1350| 2100 8.5 16.9 187 433
D 3406E 187 165 2.4 |6L 56 100| 1800 2300 163 21.3 336 597
D C15 ACERT 137 165 24 |6L 100 106 | 2300| 2300 21.3 22.7 597 636
D c18 145 183 3.02 | 6L 57 125| 1800| 2300 12i8| 218 339 747
D 3408C 137 152 2.25|8v 38 50| 1800, 2100 111 12.8 300 403
D 3412C 137 152 2.25 12V 31 62| 1800, 2100 9.3 15.8 375 746
D 3412D 145 162 2.68 |12V 34 54| 1800| 2100 8.4 131 404 651
D 3412E 137 152 2.25 12V 26 87| 1200| 2300 10.8 20.2 317 1044
D C30 145 152 25|12V 93 96| 2300| 2300 19.5 201 1119 1156
D Cc32 145 162 2.68 |12V 68 103| 2100| 2300 14.6 20 820 1232
D C32 ACERT 145 162 2.68 12V 112 112 | 2300| 2800| 21.8| 21.8 1343 1343
D 3508 170 190 43 |8V 66 107 | 1200| 1800 123 16.6 526 857
D 35088 170 190 4.3 |8V 72 140 | 1200| 1925 12.3 20.2 578 1118
D 3508C ACERT* 170 190 43 |8V 72 103 | 1200| 1600 16.2 19.5 578 820
D 35612 170 190 43|12V 75 108 | 1200 1800 12.3 20.3 900 1305
D 3512B 170 190 4.3 12V 68 140 1200| 1925| 13.8| 21.2 820 1678
D 35128 170 215 4.88 12V 68 140| 1200| 1925 12.7 19.2 820 1678
D 3512C 170 215 4.88 [ 12V 147 158 | 1800 | 1800| 2041 21.6 1765 1895
D 3516 170 190 4.3 |16V 75 103| 1200| 1800 12.3 18.1 1195 1640
D 35168 170 180 4.3 |16V T 140| 1200 | 1925 14.4 20.2 1230 2237
D 3516B 170 215 4.88 [ 16V 77 140| 1200| 1925 16.2 19.2 1230 2237
D 3516C 170 215 4.88 |16V 147 158 | 1800 | 1800 201 21.6 2350 2525
D 3606/C280-6 280 300 18.5 | 6L 387 454 900 | 1000 20| 22.8| 2320| 2722
D 3608/C2B0-8 280 300 18.5 | BL 386 454 900 | 1000 20 22.8 3084 3634
D 3612/C280-12 280 300 18.5 |12V 288 338 900 | 1000 20| 22.8| 3460| 4060
D 3616/C280-16 280 300 18.5 | 16V 288 339 900 | 1000 20 22.8 4600 5420
|_D 3618 280 300 20.8 [ 16V 450 450 | 1050| 10580| 24.7| 24.7| 7200( 7200
A

The Caterpillar Inc. Engine Products Division
diesel-engine programme.
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D 700 94 100 0.69 | 3, 4, 6L 10 37| 1500| 3800 16.8 30 235
D 700 94 107 0.74 | 4L 12 17| 2300| 2600 10.4 47 67
D SUN 106 115 112,34, 6L 8 17| 1500| 2300 10.8 19 125
D 900 102 130 1.6|4, 6L 19 22 2200 11.4 75 130
D 900 106 136 1.2|6L 36 40 2200 14.5 220 240
D 457 128 155 1.99 [ 6L 40 56 1800 17.7 242 335
D 460 128 166 213 |6L 37 60 1800 18.8 220 360
D 500 130 150 1.99 |6, 8V 43 60| 1800 | 2000 16 260 480
D S 40E 117 119 1.26 [ 6L 21 31 2200 16.3 130 186
D S 60 130 160 212 (6L 37 62| 1500| 2300 15.2 224 373
D S 60 133 168 2.33| 6L a7 103| 1500 | 2300 231 224 615
D 1800 128 166 2.14 | 6H 52 65 1800 17.2 315 390
D 2000 130 150 1.99 (12,16, 18V 38 93| 1500| 2350 23.6 452 1492
D 2000 1385 156 2.23|8,10,12, 16V 90 112 | 2250| 2450 24.6 720 1790
D 396 165 185 3.96 |8, 12, 16V 20 134 | 1500| 2000 20.4 725( 2150
D 4000 165 190 4.06 8,12, 16V 87 172| 1500| 2100 23.9 700 2760
D 4000 165 210 4.49 | 20V 110 150 | 1500| 1860 22.3| 2200( 3010
D 4000 170 210 4.77 (12,186, 20V 99 140 1800 19.6 1193 | 2800
D 595 190 210 5.95 (12, 16V 270| 1750 1800 30.2| 3240| 4320
D 956 230 230 9.56 | 16, 20V 220 390 1500 32,6 3520| 6250
D 1163 230 280 11.63 | 12, 16, 20V 370| 1200| 1300 29.4| 4440 7400
D 8000 265 315 17.37 | 20V 410 455 1150 27| 8200( 9100
A

The MTU Friedrichshafen GmbH diesel
engine-programme.

v >

The ‘Seeadler’ of the The diesel engine forms an ideal propulsion engine for
German coast guard with  a variety of yachts. It is reliable, economic, and as it
MTU diesel engines, runs on diesel oil, the fire risk is minimal.

category Il
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D D1-13 67| 72| 025|2L 45| 45| 3200| 3200 9 9180 8665
D D1-20 67| 72| 025|3L 47| 47| 3200 8200 14 14 | I1SO 8665
D D1-30 77| 81 0.4|3L 7 7| az00| 3200 21 21| 1SO 8665
D D2-40 77| 81 0.4 4L 7.25| 7.25| 3200| 3200 29 29| 1SO 8665
D D2-55 84| 100 0.5 4L 10.25| 10.25| 3000| 3000 41 41/ 180 8665
D D2-75 8a| 100 0.5]4L 13.75| 13.75| 3000 3000 55| 55|10 8665
D D3-110 81| 932 0.5|5L 16.2| 16.2| 3000| 3000 81 81| ISO 8665
D D3-130 81| 93.2 0.5|5L 19.2| 19.2| 4000| 4000 96 96 | 1SO 8665
D D3-160 81| 932 0.5|5L 24| 24| 4000| 4000 120| 120 IS0 8665
D D3-190 81| 932 05| 5L 28| 28| 4000| 4000 140| 140 1S0 8665
D D4-180 103| 110 0.94L 32| 32| 2800| 2800 128| 128 |1SO 8665
D D4-225 103 110 09|4L 413| 41.3| 3500| 3500 165| 165/ 1SO 8665
D D4-260 103 110 0.9 4L 47.75| 47.75| 3500| 3500 191| 191/ IS0 8665
D DSAT 108| 130 12|aL 18| 23.75| 1900| 2300 72 95/ 1S0 3046
D D5A TA 108| 130 12]4L 2225| 295 1900| 2300 89|  118/1SO 3046
D D6-280 103 110 0.9|6L 38| 38| 3500 3500 228| 228 |ISO 8665
D D6-310 103 110 0.9|6L 38| 38| 3500 3500 228| 228 |ISO 8665
D D6-350 103 110 0.9/ 6L 42.83| 42.83| 3500| 3500 257| 257 |ISO 8665
D D6-370 103| 110 0.9 6L 453| 453| 3500| 3500 272| 272|180 8665
D D7AT 108| 130 1.2 6L 18| 21.5| 1900| 2300 108| 129 1SO 3046
D D7A TA 108| 130 1.2 6L 2167| 29| 1900| 2300 130| 174180 3046
D D7CTA 108 130 1.2 6L 2433| 325| 1900| 2300 146| 195|150 3046
D D9-MH 120 138 1.6 6L 36.83| 52.2| 1800| 2200 221| 31310 3046
D D9-425 120| 138 1.6 6L s2.2| 522| 2200| 2200 313| 313|150 3046
D D9-500 120 138 16| 6L 61.3| 61.3| 2600| 2600 368| 368/ ISO 8665/3046
D D9-575 120| 138 16| 6L 70.5| 70.5| 2500| 2500 423| 423 |1S0 8665/3046
D D12-300 131| 150 2| 6L 36| 36| 1800| 1800 216| 216|180 3046
D D12-350 131] 150 2| 6L 42.67| 42.67| 1800| 1800 256| 256 |1S0 3046
D D12-400 131| 150 2| 6L 49| 49| 1800| 1800 294| 294 |1S0 3046
D D12-450 131| 150 2|6l 5517 | 55.17| 1800| 1800 331| 3311SO 3046
D D12-500 131| 150 2|6l 61.17| 61.17| 1800| 1800 367| 367|180 3046
D D12-550 131|150 2|6L 67.5| 67.5| 1900| 1900 405| 405 |ISO 3046
D D12-615 131|150 2| 6L 75.33| 75.33| 2100| 2100 452| 452180 3046
D D12-650 131 150 2|6L 79.67| 79.67| 2300| 2300 478| 478 |1S0 3046
D D12-675 131|150 2|6L 82.67| 82.67| 2300| 2300 496| 496 | ISO 8665/3046
D D12-715 131| 150 2| 6L 87.67| 87.67| 2300| 2300 526| 526|150 8665/3046
D D12-800 131 150 2|6l 95| 95| 2300| 2300 570| 570 1SO 8665/3046
D D16-MH 144 185 26| 6L 605 91.8| 1800| 1900 363| 551|1S0 3046
D D25A MS 170| 180 41|6L 73.33| 80.83| 1600| 1650 440|  485|1S0 3046
D D25A MT 170| 180 416l 78.33| 86.66| 1600| 1650 470| 520|180 3046
D D30A MS 170| 220 5|6L 74.17| 81.67| 1350| 1400 445| 490 1S0 3046
D D30A MT 170| 220 5|6L 80| 88.33| 1350| 1400 480|  530|1S0 3046
D D34A MS 150| 160 2.8|V-12 52.83| 58.42| 1940| 2000 634| 701|180 3046
D D34A MT 150| 160 2.8|V-12 58.42| 64.66| 1940| 2000 701| 77610 3046

A

The Volvo Penta diesel-engine programme.
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D D49A MS 170 180 4.1 |Vv-12 73.33| 80.83| 1600 | 1650 880 970 | ISO 3046
D D49A MT 170 180 4.1 [V-12 78.33| 88.67| 1600| 1800 940 1040 | ISO 3046
D DB65A MS 170 180 4.1 | V-16 73.13 | 80.63| 1600| 1650 1170 1290 [ ISO 3046
D D65A MT 170 180 4.1 |V-16 78.13| 86.25| 1600| 1800 1250 1380 | ISO 3046
D DSAT 108 130 1.2|4L 19.3| 203| 1500| 1800 ¥ g 81 | ISO 8528/8665
D D5A TA 108 130 1.2 | 4L 23 25| 1500| 1800 92 100 | ISO 8528/8665
D D7AT 108 130 1.2|6L 19.3 20.3| 1500| 1800 116 122 | ISO 8528/8665
D D7ATA 108 130 1.2 | 6L 28.2 24.7| 1500 1800 139 148 | 1ISO 8528/8665
D D9-MG 120 138 1.6 6L 37.8| 44.2| 1500| 1800 227 265 | ISO 8528/8665
D D12-AUX 131 150 2|6L 48.7 61.7| 1500( 1800 2092 370 | ISO 8528/8665
D D16-MG 144 165 2.6 | 6L 75 83.3| 1500| 1800 450 500 | ISO B528/8665
D D25A MS 170 180 41 |6L 858 99.2| 1500| 1800 515 595 | ISO 8528/8665
D D25A MT 170 180 41| 6L 90.8| 105.8| 1500| 1800 545 635 | ISO 8528/8665
D D30A MS 170 220 bi|'6L 99.2 1500 | 1800 585 ISO 8528/8665
D D30A MT 170 220 5| 6L 106.7 1500| 1800 640 ISO 8528/8665
D D34A MS 150 160 2.8 |V-12 56.6 63.4] 1500| 1800 679 761 | 1ISO 8528/8665
D D34A MT 150 160 28|V-12 59.1 69| 1500| 1800 709 828 | 1ISO 8528/8665
D D49A MS 170 180 4.1 |v-12 92.5 99.2| 1500| 1800 1110 1190 | ISO 8528/8665
D D49A MT 170 180 4.1 |v-12 93.3| 105.8| 1500| 1800 1120 1270 | 1ISO 8528/8665
D D65A MS 170 180 4.1|V-186 2925 99.4| 1500| 1800 1480 1590 | ISO 8528/8665
D D65A MT 170 180 4.1|V-16 93.8| 105.6| 1500| 1800 1500 1690 | ISO 8528/8665
D TD420VE 101 126 11]4L 18.75| 18.75| 2500| 2500 75 75 | 1SO 3046
D TAD420VE 101 126 114L 23.25| 25.75| 2500| 2500 93 103 | ISO 3046
D TD520VE 108 130 1.2|4L 20.25| 20.25| 1800 1800 81 81| ISO 3046
D TAD520VE 108 130 1.2|4L 26.75 29,5| 2300| 2300 107 118 | ISO 3046
D TADG20VE 98 126 1]6L 23.33| 25.83| 2500| 2500 140 155 | ISO 3046
D TADB50VE 101 126 1|6L 24.5 255| 2300| 2300 147 147 | ISO 3046
D TADG60VE 98 126 1| 6L 24.5 245| 2300 2300 147 147 | I1SO 3046
D TD720VE 108 130 1.2 | 6L 20.33 | 20.33| 1800| 1800 122 122 | ISO 3046
D TAD720VE 108 130 1.2 |6L 26.17 29| 2300| 2300 157 174 | 1ISO 3046
D TAD721VE 108 130 1.2]6L 29.33 32.5| 2300( 2300 176 195 | ISO 3046
D TADT722VE 108 130 1.2 | 6L 36.67 | 36.67 | 2300| 2300 220 220 | ISO 3046
D TAD750VE 108 130 1.2|6L 28,33 | 33.33| 2300| 2300 170 200 | ISO 3046
D TAD760VE 108 130 1.2 | 6L 30.17 | 30.17| 2300| 2300 181 181 | ISO 3046
D TAD940VE 120 138 16| 6L 31.67| 31.67| 2100| 2100 190 190 | ISO 3046
? TADY41VE 120 138 1.6 | 6L 36.67 | 36.67| 2100| 2100 220 220 | ISO 3046
D TAD942VE 120 138 1.6 | 6L 41,67 | 4167 | 1900( 2100 250 250 | ISO 3046
D TADS43VE 120 138 1.6 | 6L 46,67 | 46.67| 1900| 1900 280 280 | ISO 3046
D TAD950VE 120 138 1.6 | 6L 33.33| 33.33| 2100| 2100 200 200 | ISO 3046
D TAD951VE 120 138 1.6|6L 37.33| 37.33| 2100| 2100 224 224 | 1ISO 3046
D TAD952VE 120 138 1.6| 6L 42 42| 2100| 2100 252 252 | ISO 3046
D TWD1240VE 131 150 2| 6L 49| 58.33| 1800| 1800 294 350 | ISO 3046
D TWD1240VE 131 150 2| 6L 4267 | 51.67| 2100| 2100 256 310 | ISO 3046
\i TAD1241VE 131 150 2 (6L 57.17| 57.17| 1800| 1800 343 343 | ISO 3046
A

130

The Volvo Penta diesel-engine programme.
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D | TAD1242VE | 131 150 2| 6L 63.83| 63.83| 1800, 1800 383 383 | ISO 3046

D | TAD1250VE 131 150 2| 6L 4317 | 43.17 1900| 1900 259 259 | ISO 3046

D TAD1251VE 131 150 2| 6L 48.17| 48.17| 1900| 1900 289 289 | ISO 3046

D TAD1252VE 131 150 26l 5217 | 52.17| 1900| 1900 33 313 | ISO 3046
D— TAD1641VE 144 165 2.7 6L 70 70| 1800( 1800 420 420 | ISO 3046

D TAD1642VE 144 165 2.7 | 6L 82.33| 82.33| 1800| 1800 494 494 | 1ISO 3046

D TD520GE 108 130 1.2|4L 2125 21.25| 1500| 1500 85 85 | 1ISO 8528/3046
D TD520GE B 108 130 1.2|4L 22.25| 22.25| 1800 1800 89 89 | ISO 8528/3046
D TAD520GE 108 130 1.2|4L 13.67 | 13.67| 1500| 1500 82 82 | ISO 8528/3046
D TAD520GE 108 130 1.2 4L 27.5 27.5| 1800| 1800 110 110/ 1SO 8528/3046
D TD720GE 108 130 1.2 | 6L 21.33| 21.33| 1500| 1500 128 128 | ISO 8528/3046
D TD720GE 108 130 1.2| 6L _22.33 22.33| 1800| 1800 | 134 134 | 1ISO 8528/3046
D TAD720GE 108 130 1.2| 6L 25.5 25.5| 1500| 1500 153 153 | ISO B528/3046
D TAD720GE 108 130 1.2 | 6L 2717 27.17| 18B00| 1800 163 163 | ISO 8528/3046
D TAD721GE 108 130 1.2 | 6L 30.5 30.5| 1500| 1500 183 183 | ISO 8528/3046
D TAD721GE 108 130 1.2 | 6L 34 34| 1800| 1800 204 204 | 1ISO 8528/3046
D TADT722GE 108 130 1.2 | 6L 83.5 33.5| 1500( 1500 201 201 | 1ISO 8528/3046
D TAD722GE 108 130 1.2|6L 37.5 37.5| 1800| 1800 225 225 | 1ISO 8528/3046
D [ TAD940GE 120 138 1.6 | 6L 39.83| 44.17| 1500| 1500 239 265 | ISO B528/3046
D : TAD940GE 120 138 16| 6L 41.33 455 | 1800( 1800 248 273 | 1ISO 8528/3046
D TAD941GE 120 138 1.6| 6L 46.5| 51.33| 1500| 1500 279 36%‘]_ ISO 8528/3046
D TAD941GE 120 138 1.6| 6L 49.3 54.3| 1800| 1800 296 326 | ISO 8528/3046
D TAD1240GE 1 150 2| 6L 41.17| 51.83| 1500| 1500 283 311 | 1ISO 8528/3046
D TAD1240GE 131 150 2| 6L 50 55| 1800( 1800 300 330 | ISO B528/3046
D TAD1241GE 131 150 2| 6L 53.83 59| 1500| 1500 323 354 | 1ISO 8528/3046
D TAD1241GE 131 150 2| 6L 57.33 64.5| 1800| 1800 344 387 | ISO 8528/3046
D TAD1242GE 131 150 2| 6L 58.67 64.5| 1500 1500 352 387 | ISO 8528/3046
D TAD1242GE 131 150 2 (6L 65.17| 71.67| 1800 1800 391 430 | IS0 8528/3046
D TAD1640GE 144 165 2.7 6L 65.5 72| 1500( 1500 393 432 | 1SO 8528/3046
D TAD;SM)GE 144 165 2.7 | 6L 71.83 80| 1800( 1800 431 480 | ISO 8528/3046
D TADWBM_GE 144 165 2.7 | 6L 7217| 79.33| 1500| 1500 433 476 | ISO 8528/3046
D TAdW 641GE 144 165 2.7| 6L 81.67| 91.83| 1800| 1800 490 551 | ISO 8528/3046
D TAD1642GE 144 165 2.7 | 6L 80.83 | 89.33| 1500( 1500 485 536 | 1ISO 8528/3046
D TAD1642GE 144 165 2.7 | 6L 88.67 97.5| 1800| 1800 532 585 | ISO 8528/3046
A

The Volvo Penta diesel-engine programme.

@j-;- it-?\,:l_.lk,, Ty

>

Extremely large luxurious yachts generally have diesel
engines of category Il running on diesel oil used for
propulsion. Their power output lies between 1000 and

3000 kW. Additionally, a genset is required.
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The Rolls-Royce diesel-engine programme.

Category lll - The large medium-speed four-
stroke diesel engines of 500 to 30,000 kW
shaft power running on H.F.O.

Here the number of engine manufacturers is
limited to a maximum of ten. Roughly fifty

percent are active worldwide.

Caterpillar Inc. (MakK)

The American engine manufacturer Caterpillar
also produces diesel engines in category Il

since their take over of the German engine
manufacturer MaK. An engine series with four
cylinder diameters can be delivered by this
supplier of mainly medium-speed diesel engines
running on H.EO. The largest engine, the sixteen-
cylinder M 43 V-engine with 16,000 kW has a

load parameter of 10.45 x 27.1 = 283.2 bar/m/sec.

This is reasonably high.

Daihatsu Diesel Co., Ltd.

The Japanese engine manufacturer Daihatsu builds

engines in categories Il and 111 The largest diesel
engine, the sixteen-cylinder V-engine DK-32 has
a shaft power of 6325 kW and a moderate load
parameter of 9.2 x 22.5 = 207 bar/m/sec.

MAN-B&W Diesel AG

The world’s largest engine manufacturer for
category 1V engines is unquestionably the
German-Danish combination MAN-B&W,
recently MAN-Diesel AG; it is also one of the
principle manufacturers for caregory Il engines.
Many category 111 engines are manufactured in

Augsburg (Germany), Holeby (Denmark) and

3
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D B32: 40A 320 400 6, 8, 9L 500 750 249 2880 4320
D B32: 40A 320 400 12V 16V 500 750 24.9 6000 8000
D B32: 40P 320 400 6, 8, 9L 500 750 24.9 3000 4500
D B32: 40P 320 400 12V 16V 500 750 24.9 6000 8000
D C25: 33A 250 330 6, 8, 9L 300 750 24.7 1400 2250
D C25: 33A 250 330 6, 8, 9L 300 1000 24.2 1800 2700
D C25: 33P 250 330 6, 8, 9L 300 750 24.7 1440 2250
D C25: 33P 250 330 6, 8, 9L 300 1000 24.2 1800 2700
D KRG 250 300 6,8, 9L 202 750 22 1165 1820
D KRGB 250 300 6, 8, 9L 222 200 20 1325 1990
D KRM 250 300 6, 8, 9L 202 750 22 1215 1820
\i KRMB 250 300 6,8, 8L 222 900 20 1335 2005
A

Frederikshavn (Denmark). Larger numbers are
manufactured under license in Asia. The load
parameter of a popular diesel engine for use

in cruise ships, the V48/60B, a twelve cylinder
V-engine with a shaft power of 21,600 kW is
10.3 x 24.8 = 255 bar/m/sec. The L58/64 in-line
engine, with the largest cylinder diameter, has a

cylinder power output of 1310 kW.

S.E.M.T. Pielstick

The French engine factory builds four-stroke
trunk-piston engines in categories I and III. The
slightly lower capacity of the M.D.O.-type is more
often used in naval ships and the largest engines
running on H.EO. are used in diesel power plants.
In 2006 MAN-Diesel AG acquired full ownership

of this engine manufacturer.

Wartsila Corporation

The Finnish engine manufacturer Wartsila is the
market leader in category 111, the medium-speed
four-stroke engines running on H.F.O. as well as
Dual Fuel engines and Spark Gas engines (Otto-
engines with a large cylinder diameter). After
taking over numerous European engine factories,
a large number of engines with a maximum
cylinder bore of 64 ¢cm were built in Finland, Italy,
France, Korea and China. The largest four-stroke
diesel engine in the world has a cylinder power
output of 2150 kW (!). A desired diesel engine, the
latest 46 F, has a load parameter of 11.6 x 25.9 =
300.4 bar/m/sec. This is a high value for a
medium-speed four-stroke engine running on
H.EO..
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D MaK M 20 C 200 300 9.5|6,8,9L 170 190 900 ( 1000 24.1 242 1020 1710
D MaK M 25 255 400 20.5(6,8, 9L 290 330 720 750 285 25.8 1800 2970
|D MaK M 32 C ) 320 480 38.7|6,8,9L 480 500 600 249 258 2880 4500
D MaK M 32 C 320 420 . 33.8|12, 16V 480 500 720 750 237 5760 8000
D MaK M 43 C . 430 610 88.5/6,7,8,9L 900| 1000 500 [ 514 ! 23.7 271 5400 9000
D MaK M 43 C | 430 610 88.5| 12, 16V 900 | 1000 500 I 514 ‘ 23.7 27.1| 10800 16000
A

The Caterpillar Inc. (MaK) diesel-engine programme.
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D DC-17 | 170 270 6.13| 5, 6L 101.7 1000 221 480 610
D DC-32 320 400 3217 |6, BL 480 750 233 2905 3844
D DK-20 200 300 9.4213,5,6, 8L 160 900 228 480 1280
D DK-26 260 380 20.17 | 5,6L 267 750 22 1280 1600
D DK-28 280 390 24.01 | 6, 8L, 16V 329 750 221 1900 5000
D DK-32B 320 360 28.95| 12v 368 750 21.2 4413
D DK-32C 320 390 31.37 | 6, 8L 395 750 203 2445 3162
D DK-36 360 480 48.86 | 6, BL 551 600 22.6 3310 4413
D DK-36 360 460 46.8 | 12V 527 600 22.5 6325
D | DL-18A 165 210 4.49 | 6L 735 1200 16.4 440
D M2 120 150 1.7 | 6L 27.5 1800 10.8 73 165
D M3 140 160 2.46 | 6L | 44 1800 - 11.9 198 264
D M5 145 1 160 | 2.64 | 6L 1 51.3 | 1800 13 220 308 ‘

A
The Daihatsu Diesel Co. Ltd diesel-engine programme.

| 4
A feeder container ship, usually driven by a medium-
speed four-stroke diesel engine running on heavy oil,

category lIl.
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D L58/64 580 640 169 [ 6-9L 1310 | 1400 400 428 232 7860 | 12600
D L+V48/60B 480 600 108.5 | 6-9L; 12-18V 1200 500 514 25.8 26.5 7200 | 21600 r
D L48/60 480 600 108.5 | 9L 1050 500 514 22.6 23.2 9450
D L40/54 400 540 67.8 | 6-9L 700 720 500 550 231 24.8 4200 6480
D .V40/5O 400 500 62.8 [ 12-16, 18, 20V 750 600 239 9000 | 15000
DF L+V32/40DF 320 400 32.2|6-9L; 12-18V 385 400 720 750 19.9 2310 7200
D L+V 32/40 320 400 32.2 | 6-10L; 12-20V 500 720 750 249 259 3000 | 10000
D L+V28/32A 280 320 19.7 | 6-9L; 12, 16V 245 775 12.3 1470 3920
D L28/32H 280 320 19.7 | 5-9L; 210 220 720 750 17.8 17.9 1050 1980
D L27/38 270 380 21.7|5-9L 340 800 235 2040 3060
D L+V23/30A 225 300 11.9(6, BL; 12V 160 900 17.9 960 1920
D L23/30A-E 225 300 11.9| 6L 133 825 16.3 800
D L23/30H 225 300 11.9 | 5-8L 130 160 720 900 179 650 1280
D L21/31 210 310 10.7 | 5-9L 215 900| 1000 241 1290 1935
D L16/24 160 | 240 4.8|5-9L 90| 100| 1000| 1200| 20.7| 224 450 900
A
The MAN-B&W Diesel AG diesel-engine programme.
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D/DF/SI PA4-185 VG 185 210 5.64 | 6L; 18V 98 123| 1200( 1500 17.4 590 2215
D PA4-200 VG 200 210 6.6 | 8, 16V 132 166 | 1200( 1500 20 1060 2650
D PAS 255 270 13.79 | 4L; 18V 210 220 900 | 1000 19.2 840 3960
DF PAS 255 270 13.79 | 4L; 18V 132 147 900 | 1000 12.8 528 2646
D PAB 280 290 17.86 | 6L; 20V 272 325 900 | 1050 21.8 1630 6500
D PAG B 280 330 20.32 | 6L; 20V 325 405 900 | 1050 22.8 1950 8100
D PA6 B STC 280 330 20.32 | 12; 20V 405 1050 22.8 4860 8100
D PAB CL 280 350 21.55 | 6L; 20V 295 720 750 21.9 1770 5880
D PAG STC 280 290 17.86 | 12, 16V 324 1050 20.7 3880 5180
D PC2.6 400 460 57.81 | 6L; 18V 550 500 520 22 3300 9900
D PC26B 400 500 62.83 | 12; 20V 750 600 23.9 9000 | 15000
D PC4.2 570 620| 158.21|10; 18V 1215 400 429 21.5| 12150| 21870
D PC4.2B 570 660 | 168.42 | 10; 20V 1300 | 1400 400 430 23.3| 13000| 28000
D PC40 570 750 191.38 | 5; 10L 1325 375 22.2 6625 [ 13250
A
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The S.E.M.T. Pielstick diesel-engine programme.
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D Wartsila 20 200 280 8.8|4,6,8, 9L 200 1000 28 720 1800
D Wartsila 26 260| 320 176, 8, 9L 340 1000 255| 1860| 3060
D Wartsild 26 260| 320 12, 16V 340 1000 255| 3720 5440
D Wartsila 32 320 400 32.206,7,8 9L 500 750 24.9| 3000| 4500
D Wartsild 32 320| 400 12, 16, 18Y 500 750 24.9| B000| 9000

—

DF L e 320| 350 28.2|12, 16, 18V 375 750 21.3| 4500| 6750

32LNGD
DF Wirtsila 32DF 320| 350 6. 9R 350 750 19.9| 2010| 3150
DF Wartsila 32DF 320| 350 28.2 |12, 18V 350 750 19.9| 4020| 8300
D Wartsila 38 380| 475 53.9 6,8, 9L 725 600 26.9| 4350| 6525
D Wiirtsila 38 380| 475 12, 16V 725 600 26.9| 8700| 11600
D Wartsila 46 460 580 96.4 (6,8, 9L 1155 514 28.8 5850 | 10395

Wirtsila 46 460| 580 12, 16, 18V 1155 514 28.8| 11700 20790
D Wartsila 46F 460| 580 6,7,8,9L 1250 600 25.9| 7500| 11250
D Wartsila 46F 460 580 12, 16V 1250 600 25.9| 15000| 20000
DF Wirtsila 50DF 500| 580 6,8.9L 950 514 19.5| 5700| 8550
DF Wartsild 50DF 500| 580| 113.9]12,16, 18V 950 514 20| 11400 17100
D Wartsil4 64 640| 900 290 | 8, 7, 8L 2150 333 27.2| 12080 17200

A
The Wartsila Corporation diesel-engine programme.

Category IV - The large low-speed two- v
stroke crosshead engines of 1500 to 100,000 The MAN-B&W engine programme for the ME-series,
kW shaft power running on H.F.O. so with electrically controlled fuel injection.

These are only manufactured by three engine
manufacturers: MAN-B& W (MAN-Diesel), (L

4 - L1y

Wartsild and Mitsubishi. The ratios are startling: 95127 | SSOME-C | Emmm
) 105-123 LBOME-C =
+70% MAN-B&W; 70-105 | SBOME-C s — ‘
o st 79-105 | S6OME = }
£22% Wiartsild; 91-108 | L7OME-C e s A
+ 8% Mitsubishi. 68- 01 | S7TOME-C
s 89-104 KBOME-C |
Obviously, these percentages fluctuate somewhat 70- 93 1 LBOME _[
around these averages. BI=10 | SOOMESG R g e e
89-104 | K9OME-C i = ) .
71- 94 | K9OME == I ot
’ 62- 83 | LOOME-C ey
MAN-B&W Diesel AG 61- 76 | SSOME-C nr -
The world’s largest producer of two-stroke 84-104 | K9BME-C - '
: & = 84- 04 K98ME i e e =
crosshead engines with a market share of 90- 04 | K10BME-C S
+ 70%, they manufacture a large number of w

0 10,000 20,000 30,000 40000 50,000 60,000 70,000 80,000 90,000 100,000

engine types with a cylinder diameter from 26 to s = = T T =
108 centimetres. Here the power output rises from

1080 to an incredible 97,300 kW, approximating

the magical boundary of 100,000 kW per engine.

The second largest engine, a fourteen-cylinder

with 98 centimetre cylinder diameter was recently

ordered for the latest generation of container ships

with cargo capacity of = 14,000 TEU.
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Large container ships,
tankers and bulk carriers
are usually propelled by
the ‘Cathedrals of the
Oceans', large two-stroke
crosshead engines,
category IV.

Shown here the largest
container ship in 2007,
the ‘Emma Maersk’ when
departing from the yard at
Funen, Denmark.

>

The Wartsila-Sulzer
engine programme for
the RTA-series, so with
camshaft and traditional

fuel injection.
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These ‘Cathedrals of the Oceans” weigh
approximately 2800 tons and consume
approximately 300 tons of H.EO. each day. The
ME-series has electrically controlled fuel injection

and the MC-series, a traditional fuel injection.

Mitsubishi Heavy Industries, Ltd.

The Japanese producer of two-stroke crosshead
engines Mitsubishi builds engines with cylinder
diameters of 33 to 85 centimetres. The worldwide
share of 8 to 10% in the two-stroke crosshead
engine market indicates that many of these engines
are bought by the Japanese market for oil tankers,
bulk carriers and fast container ships. At present,
they are manufacturing two-stroke crosshead

engines together with Wartsila.

Wartsila Corporation

The two-stroke crosshead engine’s programme
from Wirtsild-Sulzer, RT Flex indicates the use of
the common-rail fuel system while RTA indicates
engines with the traditional injection systems.
Wartsild manufactures the originally Sulzer two-
stroke crosshead engines. Sulzer’s original factory
was situated in Winterthur, Switzerland. The large
crosshead engines used to be transported by road
and subsequently by ship to their final destination!
Today, all engines are built by license holders
throughourt the world, often at the locations where

the ships are built.

Power and speed ranges of Sulzer RTA-series engines

Output Output
bhp kW
100 000 D i
80 000 | - RTA96C | [ gg ggg
S | l RTAB HTA%IC | CLliee

RTA84T
40 000 - 30 000
RTA72U
i 20 000
1 RTA62U
20 000
4 RTA52U
B tm:qta | 10 000
| i i 8 000
10 000 - ‘ RTAG8
8000 | 6000
5000 4000
4000
‘ - ‘ 2 000
2000 | | \

T T 1
50 60 70 80 90 100 120 140 160180200 rev/min

Engine speed
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D K108ME-C 1080 | 2660 2437 | 6-14L 5340 | 6950 90 94 14.6 18.2| 32040 | 97300
D K98ME Mark 7 980 | 2660 2006 | 6-14L 4630 | 6230 90 97 15.4 19.2| 27780 | 87220
D K98ME Mark 6 980 | 2660 2006 | 6-14L 4100 | 5720 84 94 14.6 18.2| 24600| 80080
K9BME-C /
2400 10 | 6- 4510 2 7 104 15. 19.
D MC-C Mark 7 980 18 14L 6020 97 0 4 9.2 | 27060 | 84280
K9BME-C /
2400 1810 | 6- 4140 710 104 14. 18.2
D MC-C Mark 6 980 810 14L 5 94 0 6 8 24840 | 79940
D K98MC Mark 7 980 | 2660 2006 | 6-14L 4630 | 6230 90 97 15.4 19.2| 27780| 87220
K98MC Mark 6 980 | 2660 2006 | 6-14L 4100 | 5720 84 94 14.6 18.2| 24600| 80080
S90ME-C /
900 188 -9L 570 6 1 4,
D MC-C Mark 8 318 3188 | 6-9 3 5270 6 78 6 20| 21420| 47430
S90ME-C /
900 - 140 61 18 18840 4
D MC-C Mark 7 3188 3188 | 6-9L 3 4890 76 8.2 19 88 44010
D K9OME / MC 900 | 2550 1622 | 4-12L 2210 | 4570 7" 94 11.5 18 8840 | 54840
ME-C /
D :’1900 c 900 | 2300 1463 | 6-12L 3130| 4570 89 104 14.4 18| 18780 | 54840
S80OME-C /
3200 1608 | 6- 2830 180 78 2 16980 44
D MG-C Mark 8 800 B 8L 4 66 16 0 33440
S8OME-C /
0 = 0 5 19
D MC-C Mark 7 80 3200 1608 | 6-8L 1860 | 388 57 76 12.2 11160 | 31040
D S80MC 800 | 3056 1563 | 4-12L 1740| 3640 Fa! 94 115 18 6960 | 54840
D :AB(EJ%E_C/ 800 | 2300 1156 | 6-12L 2470| 3610 89 104 14.4 18| 14820 | 43320
S7OME-C/
2 78 | 4-8L 70
DF ME-GI Mark 8 700 800 1078 2210 32 TiT 91 16 20 8840 | 26160
S70ME-C/
DF 700( 2800 1078 | 4-8L 1490 68 91 19 5960 4
ME-GI Mark 7 078 3110 16 24880
70MC-C
D fﬂa[:k 8 700 2800 1078 | 4-8L 2210| 3270 68 91 16 20 8840 | 26160
7 -C
D fﬂa?_::ﬂ? 700 | 2800 1078 | 4-8L 1490| 3110 68 91 122 19 5960 | 24880
D S70MC 700 | 2674 1029 | 4-8L 1340| 2830 68 N 1.5 18 5360 | 22480
L7OME-C /
- 200 1 1 16 0| 2
D MC-C Mark 8 700 | 2360 908 | 4-8L 2 3270 9 08 20 880 6160
L70ME-C /
4- 1 10 15. 2
D MC-C Mark 7 700| 2360 908 8L 2090| 3110 9 8 52 19 8360 4880
D L70MC 700| 2268 873 | 4-8L 1360 | 2830 81 108 11.5 18 5440 | 22640
D 36;&(::5-(:1’ 650 ( 2730 906 | 5-8L 1960 | 2870 81 95 16 20 9800 | 22960
S60ME-C/
79 | 4-8L ! 2380 1 20 44 1
DF ME-GI Mark 8 600 | 2400 6 1610 89 05 16 6440 9040
B0ME-
DF 2 - 600 | 2400 679 | 4-8L 1090 | 2260 79 105 12.2 19 4360 | 18080
ME-GI Mark 7
OMC-
D SOMEEE3 600 | 2400 679 | 4-8L 1610 | 2380 79 105 16 20 6440 | 19040
Mark 8
S60MC-C
D Mark 7 600 | 2400 679 | 4-8L 1090 | 2260 79 105 12.2 19 4360 | 18080
D S60MC 600 | 2292 648 | 4-8L 980 | 2040 79 105 11.5 18 3920| 16320
L60OME-C /
8 4- 1600 05 123 16 400 | 21
D MC-C Mark 8 600 | 2022 T2 oL 60 2340 1 20 6 060
L6OME-C /
600 4- 105 12 15.2 rd
D MC-C Mark 7 2022 572 gk 1520 | 2230 0 3 5 18 6080 0070
D L60OMC 600 | 1944 550 | 4-8L 920( 1920 92 123 10.9 17 3680 | 15360

A
The MAN-Diesel AG diesel-engine programme.
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D i 500 | 2000 393 [ 4-9L 1130| 1660| 108| 127 16 20| 4520| 14940
S50ME-C
D ok 500 | 2000 393 | 4-9L 760| 1580 95| 127 122 19| 3040| 14220
S50MC-
D - 500 | 2000 393 | 4-0L 1130 | 1660 95| 127 16 20| 4520 14940
Mark 8
S50MC-C
D 500 2000 393 | 4-9L 760 | 1580 95| 27| 122 19| 3040 14220
Mark 7
S50MC 500| 1910 375 | 4-8L 680 | 1430 95| 127| 11.5 18| 2720| 11440
L50MC 500 1620 318 | 4-8L 640| 1330 111| 148| 109 17| 2560| 10640
S46MC-C
D 460 | 1932 321 4-8L 940| 1380| 110| 129 16 20| 3760 11040
Mark 8
S46MC-C
D 460 | 1932 321 | 4-8L 880| 1310 108| 129| 15.2 19| 3520 10480
Mark 7
D S42MC 420| 1764 244 | 4-12L 730| 1080| 115| 136| 156| 19.5| 2920 12960
D L42MC 420| 1360 188 | 4-12L 640| 905| 141| 176| 144 18| 2560| 11940
D S35MC 350 | 1400 135 | 4-12L 505| 740| 147| 173| 15.3| 19.1| 2020| 8880
D L35MC 350| 1050 101 | 4-12L 440| 50| 178| =210| 147| 184| 1760| 7800
D S26 MC 260| 980 52 | 4-12L 270| 400| 212| 250| 14.8| 185| 1080| 4800
A

The MAN-Diesel AG diesel-engine programme.
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Y | UECATLSI a70| 1200| 1aalsaL 772| 140l 188 18 200s| ate0
D UEC43LSII 430| 1500 218|a-8L 1050| 120] 160 18| 2080| 8400
D UEC45LA 50| 1350|  215|4-8L goo| 119 158 156| 1920| 7120
‘D_ UECA45-LSE 450 1840 293 | 5-8L 1245 111 130 19.6 4250 9960
D UECSOLSII 500| 1950 383 |4-8L 1445| 95| 127 17| 3120| 11560
D UECSOLSE 500| 2400| 403 |s-8L 1620| 93| 14| 19.5| 5175| 12960
D UEC52LA 520| 1600|  340]a-8L 1180| 100| 133 156| 2560| 9440
D UEC52LS 520| 18s0|  393|4-8L 1330| 90| 120 16.9| 2880| 10640
D UEC52LSE 520| 2000  425|4-8L 1705| os| 127 19| 3700| 20460
D UEC60LA 600| 1900  s37|4-8L 1550 83| 110 15.7| 3360| 12400
D UEC60LS soo| 2200] 622|a-8L 1770| 78] 100 17| 3800| 14160
D UECGOLSII soo| 2300  es0[4-8L 2045| 79| 105 17| 4440 16360
D UECB0LSE 600 | 2400 2713 | 5-8L 2255 30 105 19 7650 | 18040
D UECB8LSE 680| 2600|  977|5-8L 2940 81| 95 19| 10050 23520
D UECT75LSII 750| 2800 1237 4-oL 2040| 63| 84 17| 6380| 26460
D UEC85LSII 8s50| 3150| 1787|5-0L 3ge0| 54| 76 17| 9000| 34740
D UEC85LSC 850| 2360 1339|s5-12L so00| 76| 102 17| 10575 | 46800
A

The Mitsubishi Heavy Industries, Ltd. diesel-engine
programme.
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D Wartsila RT-flex96C 960 2500 | 1810 |6-14L 4000| 5720 92 102 18.6 | 24000 | 80080
D Wartsila RTA96C 960 | 2500| 1810 |6-14L 4000| 5720 g2 102 18.6 | 24000 | 80080
D Wartsila RT-flex84T-D 840 3150 | 1746 |5-9L 2940 | 4200 61 76 19| 14700| 37800
D Wartsila RTAB4T-D 840 3150| 1746|5-9L 2940 4200 61 76 19| 14700| 37800 |
D Wartsila RT-flex82T 820 3375| 1782 |6-9L 3620 ( 4520 68 80 20| 21720| 40680
Wartsilda RTA82T 820| 3375| 1782 |6-9L 3620 | 4520 68 80 20| 21720| 40680
D Wirtsild RT-flex82C 820 | 2646| 1397 (6-12L 3620 | 4520 B7 102 20| 21720 | 54240
D Wartsila RTA82C 820 2646| 1397 (6-12L 3620 | 4520 87 102 20| 21720| 54240
D Wartsila RTA72U-B 720 2500| 1018|5-8L 2155 | 3080 79 99 18.3| 10775| 24640
D Wartsila RT-flex68-D 680 2720 988 | 5-8L 2150 | 3070 76 95 20| 10950 | 25040
D Wartsila RTAB8-D 680 | 2720 988 | 5-8L 2150| 3070 75 95 19.6| 10750 24560
D Wartsila RTA62U-B 620 2150 649 | 5-8L 1600 | 2285 92 15 18.4 8000| 18280
D Wartsila RT-flex60C-B 600 | 2250 636 | 5-9L 1650 | 2360 91 114 20 8450 21780
D Wartsila RT-flex58T-B 580 2416 638 | 5-8L 1530| 2180 84 105 19.5 7650 j 17440
D Wartsila RTAS8T-B 580 2416 638 |5-8L 1530 | 2180 84 105 19.5 7650 | 17440
D Wartsila RTA52U 520 1800 382 |5-8L 1090| 1560 108 135 18.1 5450 | 12480
D Wartsila RT-flex50 500 2050 403 | 5-8L 1160 | 1660 99 124 20 5800| 13280
D Wartsila RTA50 500 2050 403 | 5-8L 1160| 1660 99 124 20 5800 | 13280
D Wirtsila RTA48T-B 480 2000 362 5-8L 1020| 1455 102 127 19 5100| 11640 =
A

The Wartsila Corporation diesel-engine programme.

Diesel engines for ship propulsion and diesel
power plants

Numbers

Obviously, the number of small engines
manufactured, in particularly for categories I and
1L, is enormous. Every year, hundreds of thousands
of engines are manufactured for various vessels
and other propulsion devices by a large number of
engine manufacturers. These total approximately
15 million diesel engines per annum.

In surveys of engines for shipping and diesel
power plants the number of engines manufacrured
annually is ‘counted’ from a certain bottom limit,
that of shaft power; often 1000 or 2000 kW,
Clearly, the moment a large two-stroke low-

speed crosshead engine with fourteen cylinders

in the largest diameter is ordered, this attracts
more attention in the industry than when a much
smaller four-stroke medium-speed diesel engine is
ordered.

Striking aspects of engine manufacturing

1 Major engine manufacturers produce a
large number of engine types, as to cylinder
diameters, speed and power output. In this
manner, they endeavour to ‘cover’ their

market.

| ]

Engines in category I often start with a single
cylinder and move on to a six-cylinder in-line
arrangement.

3 Engines in category Il often start with a three-
or four-cylinder in-line arrangement and
move to sixteen-, eighteen- or twenty-cylinder
V-arrangements.

4 Engines in category Il often start with a four-
cylinder in-line arrangement and move on to
an eighteen-cylinder V-arrangement.

5 Engines in category IV usually start with
a four-cylinder in-line arrangement and at
present are produced with up to fourteen
cylinder in-line arrangements.

6 Especially for category III, with the

limited number of engine manufacturers,

it is noticeable that they often have engine
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programmes for the same cylinder diameter.
Other manufacturers have 200, 250 and 320
mm cylinder diameters.

7 The mean effective pressures and the mean

piston speeds are increasing due to keen
competition between the manufacturers.
Consequently the load parameter also

increases!

8 Very few new engine manufacturers enter

the market. However, the number of
manufacturers that have closed their businesses
or merged with others continues to increase.
After a merger, certain types of engines are
only maintained if they are economically
viable and after several years the brand name
disappears and an increasing number of
renown international and national trade-marks
end up in the history books.

9  Fuel used.

As a result of increasingly strict regulations
regarding maximum emission levels for
pollutants in exhaust gases and a growing
realisation that supply of exploitable crude oil
is finite, engine manufacturers and consumers
are artempting to find ‘alternative’ fuels. The
diesel process where small amounts of liquid
fuel are combined with gaseous fuel, the
so-called diesel/gas process, is for instance in
a development. The emissions are often lower
in comparison with those of regular diesel
engine. The usage of bio fuels, such as olive oil,
palm oil, rape oil and other vegetable oils are
also being developed. These fuels work CO,
neutral, which means that they emit the same
amount of CO, to the air during combustion
as they absorb from the atmosphere during
their growth,

Also see chapter 29, New developments in the fuel

industry.

Future of the diesel engine industry

Diesel engine performances have to meet high
requirements.

The legal regulations regarding emission levels
for pollutants are being applied to more areas in
the world and will become more stringent in the
future.

Users of diesel engines demand an optimum
service network and a growing number of these
consumers operate worldwide. This means that
engines manufacturers must maintain an extensive
service organisation. This is only economically
viable for large manufacturers.

The development costs of new engine types are
extremely high. These costs are made to:

a reduce fuel consumption;

b reduce lubricating oil consumption;

¢ create a higher mean effective pressure;

d produce a higher mean piston speed;

e create and therefore a higher load parameter;
f produce longer life for the engine parts;

g produce lower emissions;

h  be suitable for alternarive fuels;

i get a lower specific weight;

i devise simple construction and maintenance-

friendly disassembly and assembly methods.

As well as numerous other points with which
an engine manufacturer may stay ahead of the
competition!

Due to above mentioned reasons, many engine
manufacturers are either economically or due
to organisational issues, no longer capable of
developing new engines and discontinue certain
engine series, merge or simply close their business.
Over fifty percent of the engine manufacturers
discontinued their businesses between 1950 and
2005.

Alternative methods for energy gencration other
than by diesel engines are:

fuel cells;

gas turbines;

hydrogen;

kite sailing.

These alternatives could become successful and are
dependent on numerous factors, so very little can
be said about the future developments at this time.



Complete list of 46 diesel engine
manufacturers, July 2008

Contents Diesel Publications.
Anglo Belgian Corporation

Briggs & Stratton Commercial Power
Caterpillar Inc.

Cummins Inc.

Daihatsu Diesel Mfg. Co, Ltd.

Deutz Corporation

Deutz Power Systems GmbH & Co. KG.

Doosan Infracore Co, Ltd.
Electro-Motive Diesel, Inc.
Fairbanks Morse Engine

Fiat Powertrain Technologies SpA.
Greaves Cotton Ltd.

Greaves Farymann Diesel GmbH.
GE Energy

Guascor. S.A.

H. Cegielski , Poznan S.A.

Hino Motors , FPT.

Isotta Fraschini Motori SpA.
Isuzu Motors, Ltd.

Iveco Motors,Ltd.

JSC ZVEZDA

John Deere Power Systems
Kubota Corporation
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Lister Petter Ltd.

Lombardini S.R.L.

MAN-Diesel AG

MAN Nutzfahrzeuge Aktiengesellschaft
Marine Diesel Sweden AB

Mitsubishi Heavy Industries. Ltd.

Mitsui Engineering & Shipbuilding Co, Ltd.

Motorenfabrik Hatz GmbH & Co, KG
MTU Friedrichshafen GmbH.
Niigata Power Systems(Europe) BV.
Perkins Engine Company Ltd.
Rolls-Royce

Ruggereni Motori

RUMO,JSC

S.E.M.T. Pielstick

Scania

Sisu Diesel Inc.

STEYR MOTORS GmbH.

VM Motori SpA.

Volkswagen AG

Volvo Penta

Wirtsila Corporation

Yanmar Co, Ltd.
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: 2} ; The carbon dioxide emissions in grams per kWh
Typical specific CO2 emissions with various energy generating methods.

CO> emissions in g/kWh (shaft)

Coal fired Gas Truck Small, medium- Large, medium
boiler turbine diesel speed diesel and low-speed
diesel

In many parts of the world, electricity is generated using large diesel e o
engines. In Honduras, where heavy-fuel oil is half the price of diesel oll, e
this is the fuel of choice. Pollutant emissions of heavy-fuel oil are higher H
than that of diesel oil. Due to increasingly strict pollutant emission
requirements, engine manufacturers are using new technologies such
as those of common-rail systems and exhaust-gas cleaning. Ultimately,
the price per generated kWh is the deciding factor in determining

which fuels and systems are selected in order to comply with emission

regulations.
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Many human activities have an impact on the

environment.

Cruise ships sailing to beautiful regions in the world pollute
the environment. The emission of pollutants must be
restricted as much as possible. Increasingly strict legislation

ensure that this a major point when designing an engine.

22.1 Introduction to ‘the fossil
fuel’ society

Society has been transformed since around

1750, the beginning of the industrial revolution

in Western Europe. With the introduction of

the steam boiler and steam engine, continuous
power was available, for the first time in history,
independent of wind, water or animals.

However, this required a constant fuel supply. At
first coal was used as a fuel for the steam boiler.
In later technical developments, steam turbines
were used on a large scale.

Especially after 1850, when the Otro internal-
combustion engine was developed, and just before
1900 when the Diesel internal combustion engine
was introduced, liquid and gaseous fossil fuels
were increasingly used.

Around 1950 the diesel engine was used more
frequently for ship propulsion and soon new
diesel engines suitable for operation with relatively
inexpensive fuel oil (without excessive problems),
initially only used for steam boilers, were

introduced. Originally this was H.EO. used in the

>
A vision for various sources for the generation of
energy to 2100.

The use of coal remains constant. The use of crude oil
decreases slightly. The use of natural gases increases
significantly. The use of nuclear energy increases as well as
the use of water-power and other energy sources, such as
wind and sun. It can be concluded that although the energy
sources change somewhat, the total amount of energy
consumption has doubled. This has enormous
consequences for the environment and therefore our

existence,

large two-stroke crosshead engines and has since

the past 25 years, been introduced for medium-

speed diesel engines.

Use of fossil fuels

Use of fossil fuels has dramatically risen over the
last hundred years and after =1950s, the increase
has been explosive.

In 2008 the demand for energy, in countries such
as China and India in particular as well as the
other emerging Asian countries, has increased
significantly and the price of a barrel of crude
0il (159 litres), has exceeded the hundred-dollar
boundary (April 2008).

Dependence on fossil fuels

This is extreme. Apart from its use in the
generation of energy for an increasing number
of sectors, a large number of products are
manufactured from crude oil. Among these are
synthetics for building materials and clothing,
fertilisers and pesticides for agricultural use as
well as an infinite number of raw materials and

semi-finished products in the chemical industry.

World electricity production T watt-hour

20000 =
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Combustion
Car Traffic of Biomass
24% 14%

Worldwide
Shipping
18%
Air Traffic
Industry 2%
42%

A
The global energy consumption in 2000. The emission
of pollutants is indicated for each consumer group.

Crude oil dependence is universal and
comprehensive.

In fact, modern society is built on the availability
of a continuous oil supply!

Environmental effects

Effects of the large-scale usage of fossil fuels

on the environment have long been known and
researched in detail throughout the years. It

has been established that fossil-fuel combustion
weighs heavily on our environment.

Topics such as the greenhouse effect, acid
deposition, harmful emissions and a reduced
habitat quality for flora and fauna are daily
recurring conversational topics.

22.2 Exhaust gas composition

A modern two-stroke crosshead engine of Wirtsild
is used as an example.

Wirtsild builds a series of crosshead engines with
cylinder diameters from 480 to 960 millimetres
with power outputs between 7000 and 76,000
KW. Heavy-fuel oil with a maximum viscosity

of 730 ¢St at 50 °C: 150 8217, category 1SO-F-
RMKS535 is used as the fuel. This is heavy-fuel oil
with a sulphur content of = 3.5%.

Also, see Chapter 8, Fuels, fuel-line systems and

cleaning fuel.

In the combustion process overview, air, fuel and
lubricating oil are added as follows to the engine.

CH22 > ENGINE EMISSIONS

Greenhouse Effect and Global Warming

Greenhouse Gases

Carbon dioxide concentrations

Atmospheric concentrations
of carbon dioxide since 1750
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Seurce: Environmantal Data Report, UNEP 1980

This graph shows how various gases contribute to the
greenhouse effect.

Note the increase starting from approximately 1750, (first
industrial revolution) and the increase around 1950,
(mechanisation/electrification throughout society). The graph
after the year 2000 also shows an ominously sharp incline.

v

An overview of the combustion process in a two-stroke
crosshead engine running on heavy fuel.

Note the ratio between the amount of the fuel and air
supplied to the engine. Here the ratio is 1: 45.6. The oxygen
content (O,) shows that there is still a considerable amount
of oxygen in the exhaust gas. In the combustion of

7.8 kilograms air, the oxygen content is reduced from

1.638 kilograms to 1.1 kilogram. The consumption during the
combustion process is 1.638 — 1.1 = 0.538 kilograms per

1.638
kW. The excess air (Lambda) of this engine is T =304,

Reminder: air comprises approximately 21% oxygen and

79% nitrogen. 21% of 7.8 kilograms air is 1.638 kilograms

oxygen.
Air e
7.8 ka/kWh mmp Exhaust gas
8.0 kg/kWh
N, 6.2 kg/kWh
FUE! gy 0. 1.1kg/kWh
Ll CO, 0.5 kg/kWh
Lubricati H,O 0.2 g/kWh
: rlcatlré% NO, 17.0 g/kWh
1.3 g/kWh SO, 13.6 g/kWh

CO 0.4 g/kWh
HC 0.4 g/kWh
Dust 0.6 g/kWh

mmp Power KW

145



DIESEL ENGINES > PART Il

>

In this figure, the gas volume percentages are clearly

shown.

Similar to fuel, the cylinder lubricating-oil comprises mainly of
hydrocarben chains. The composition of noxious substances
in the exhaust gases is shown in p.p.m. (parts per million).

146

22.2.1 Air

Air consists predominantly of:

— nitrogen, N, approximately 78% volume;

- oxygen, O,, approximately 21% volume;

— residual gases, amongst which are Argon, €O,
and other inert gases, = 1% volume.

Comment
The greenhouse effect gas, CO, in air is
approximately 0.03% volume!

The amount of air supplied to this engine is
approximately three times the amount of air
required for a complete chemical combustion of
the fuel, or: the excess air is 3.

Also, see Chapter 8, Fuels, fuel-line systems and

cleaning of fuel.
7.8 kilograms of air are supplied per kWh.
22.2.2 Fuel

For this engine heavy-fuel oil which consists

almost entirely of:

~  hydrocarbon compounds, CH, approximately
97% volume;

— sulphur, S, approximately 3% volume.

Heavy-fuel oil, of course, also contains small
amounts of other substances.

22.2.3 Cylinder-lubricating oil

Used lubricating oil combusts. In a two-stroke
crosshead engine, cylinder lubrication is separate
of the engine-lubricating system. The engine’s

Air s
8.5 ka/kWh
21% 0,

79% N,

Fuel
175 gkwh ™

97% HC
3% S

Lube -
1 g/kWh

97% HC
2.5% Ca
0.5% S

lubricating oil almost entirely combusts and is
discharged in the exhaust gases. A smaller part
flows to the scavenging-air space and is drained.

Also, see Chapter 11, Lubrication of engines.

This consists of:

~ hydrocarbon compounds, CH, approximarely
97% volume;

— calcium, Ca, approximately 2.5% volume;

— sulphur, S, approximately 0.5% volume.

The three-abovementioned substances, air,
fuel and lubricating oil are definitive for the

combustion process.

In the Wirtsili overview, 7.8 kilograms of air,
171 grams of fuel and 1.3 grams of cylinder-
lubricating oil is supplied per kW hour (kWh),
approximately 8 kilograms in total.
Subsequently, 8 kilograms of exhaust gas are
formed with the following composition:

— nitrogen N, 6.2 kg/lkWh
- oxygen Q) 1.1 kg/kWh
— carbon dioxide CO, 0.5 kg/kWh
— water H,0 0.2 gkWh
— nitrogen oxides NO, 17.0 gkWh
— sulphur oxides SO, 13.6 g/kWh
— carbon monoxide CcoO 0.4 g/kWh
- hydrocarbon compounds  HC 0.4 g/kWh
- dust particles 0.6 g/kWh

An example for the volume percentages for
two-stroke crosshead engines type MC of engine
manufacturer MAN-B&W.

mmp Exhaust gas

13 %0,

75.8 % N,
5.2 % CO,
5.35% H,0

1500 ppm NOy
600 ppm SO,
60 ppm CO
180 ppm HC

120 mg/Nm? Part



Striking features:

— The largest part of the nitrogen is, as in
air, found in the exhaust gases. Essentially,
nitrogen is an inert gas and does not normally
combust with other substances. Under certain
circumstances, for instance in a diesel engine,
nitrogen oxide will react with oxygen. This
requires process temperatures of over 1200 °C
and these frequently occur, often up to
1800 °C!

~ The exhaust gases still contain oxygen, also
referred to as excess air.

—  Water vapour is produced from the hydrogen
component in the fuel.

22.2.4 Exhaust-gas composition

1 Oxygen

Diesel-engine exhaust gases always contain
oxygen. Oxygen is required for the combustion
process, but the air is also used for the scavenging
and cooling processes in the engine. Therefore,
due to excess air in diesel engines, exhaust gases
always contain oxygen that also indicates the
magnitude of the excess air. The oxygen content
varies from approximately 13 to 16%. The excess
air is often 3 or more.

2 Nitrogen

As in air, nitrogen is the main component of
exhaust gases. It is inert and therefore does not
react with other substances.

3 Carbon dioxide

The carbon in the fuel reacts with the oxygen. This
produces carbon dioxide at perfect combustion.
This gas appears to contribute to the so-called

greenhouse effect. For diesel engines, it is only

Pollutants

possible to reduce this emission by the use of light
fuels, which have smaller quantities of carbon

and consequently more hydrogen and to develop
engines with a higher total efficiency and therefore
lower fuel consumption. Maintenance and manner
of operation also offer (limited) possibilities to
reduce this emission.

Also, see Chapter 27, Maintenance and repairs
and Chapter 25, Operational management and

aunromarion.

4 Water vapour
Hydrogen in fuels reacts with oxygen to form
water vapour.

5 Carbon monoxide

This is produced during imperfect combustion of
the fuel. In principle this occurs when too little
oxygen is available for perfect combustion, for
instance, close to the walls of the combustion
chamber. Poor fuel and air mixture may also be a
cause. Carbon monoxide can react with oxygen
and this can simply occur in the engine. It is a
very toxic gas for both man and fauna. Carbon
monoxide can kill instantaneously when inhaled in
a closed space.

6 Sulphur dioxide

This is produced with perfect combustion and is
a reaction of sulphur with oxygen. In addition
to sulphur dioxide SO,, sulphur trioxide SO,

is also formed. Sulphur dioxides are the main
compounds in acid rain and have a destructive
effect on flora and fauna, human respiratory
systems; they also atrack building materials, in
particular soft limestone. The effects of sulphur
oxide compounds are negligible at sea. Seawater

-l
In this figure; the
composition of exhaust

gases.
N, = nitrogen
0O, = oxygen

H,O = water (steam)
CO, = carbon dioxide
S0, = sulphur oxide
HC = hydrocarbon

CH22 > ENGINE EMISSIONS
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is slightly alkaline and therefore they are easily
neutralised. One litre of seawater can neutralise
approximately 300 milligrams of sulphur.
Furthermore, sulphur dioxide is not carried long
distances but is relatively quickly precipirated into
the sea. A greater negative effect should occur
within 100 kilometres from the coast. However,
measurements taken in the busy English Channel
have demonstrated that the contribution of
shipping to air pollution in the English Channel
region is only §%. The remainder is caused

by sulphur oxide emissions from shore-based
producers, such as electric-power plants and
chemical factories. Sulphur dioxide emissions
fall under the .M.QO., the International Maritime

Organisation, regulations.

7 Nitrogen oxides

These are produced during the combustion

process at high temperatures between nitrogen and
oxygen. Fuel contains small amounts of nitrogen.

Heavy fuels contain more nitrogen than light fuels.

Nitrogen oxides are compounded under the

following circumstances:

01 Sufficient oxygen available. This is always the
case in diesel engines. The excess air often
constitutes more than two or even three.

02 A temperature in the combustion process in
excess of 1200 °C. In the hottest part of the
process, this is normally the case. Temperatures
from 1400 °C to 1800 °C are no exception.

03 Time in the combustion process so that
nitrogen oxides are formed at this high

v a temperature and in an oxygen-rich
The generation of environment.
nitrogen oxides.

Comment
Horizontal: the temperature  The total combustion process including expansion
in © Kelvin of the combustion  is for two-stroke engines, approximately 120
process and vertical: the crank degrees and four-stroke engines about 140
time at which these high crank degrees.

temperatures occur.

ANO/time [-]
104

10

10¢

o

1084 —

10°¢

10-‘“/ |

T
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Temperature [K]
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Example 1

Assumption: A two-stroke crosshead engine has
an RPM of 94,

The total combustion process including expansion:
the number of passed-through crank degrees per
second is the number of revolutions per second x

360 crank degrees:
94 ’
=¥ 360 = 464 crank degrees per second.

Then the combustion process takes
120
564

2
= 0.212 second, so approximately 5 seconds.

Example 2

Assumption: A four-stroke diesel engine has an
RPM of 720.

The number of passed-through crank degrees per

second:
ﬁ x 360 = 4320 crank degrees per second.
Then the total combustion process including

expansion takes seconds = 0.032,

0
4320

2

so approximately ﬁ seconds.

v
A diesel power station in China for the generation of
electricity.

Cheap heavy fuel oil is becoming increasingly restricted in its
use all over the world, The use of sulphur-poor heavy fuel oil
or even banning the use of heavy fuel oil is occurring more
often. Relatively clean natural gases will be used as an
engine fuel more often in the future. This is already taking
place to a significant degree in engines with the ‘Dual Fuel

(DF) principle, a combination of diesel oil and gas, and the

‘spark gas' (SG) principle, a gas engine.




Example 3

A small high-speed four-stroke engine with an
engine speed of 2100 revolutions per minute:
The number of passed-through crank degrees per
second:

2100

% 360 = 12,600 crank degrees per second.

Then the total combustion process including
expansion takes:
140

1
=0.011 second of — seconds.
12,600

In conclusion: Combustion process:

CH22 > ENGINE EMISSIONS

=

A diesel power plant with
a engine running on
heavy fuel oil.

From the above, it is shown that a low-speed
engine has more time for the formation of
nitrogen oxides at high process temperatures than
medium-or high-speed engines.

So high-speed engines by definition emit far less
nitrogen oxide, not only because the fuel used,
diesel oil, contains less nitrogen.

The higher the RPM of an engine, the fewer
nitrogen oxides it produces,

The 1.M.O. regulations assume a certain engine
speed and a standard emission weight in grams
NO, per produced kWh.

I low-speed 22.2.5 Hydrocarbon compounds
engine 94 rev/min.  0.212 sec.
I medium-speed These are often partially combusted or
engine 720 rev/min.  0.032 sec. uncombusted hydrocarbons from fuel oil or
Il high-speed lubricating oil. These are very diverse compounds
engine 2100 rev/min.  0.011 sec.  with virtually any possible chemical combination
of carbon, hydrogen, nitrogen, oxygen and
sulphur, albeit in extremely low concentrations.
IMO NO, limit for new engines and implementation in 1997 «
- — | R A well-k h
NO, (g/kWh) = 17 ..<130 rpm wallziiowigraph
=45n™ ..< 130 < rpm < 2000
18- ' IR =98 ... = 2000 rpm

i ‘ —

Specific NO, emissions weighted [g/kWh]

Bt

== i

I
0 200 400 600 800 1000 1200

| (S R R TR T I

Horizontal: the nominal engine speed of the diesel engines
and vertical: the nitrogen oxide emissions in grams per
kilowatt-hour. For slow-speed engines, the maximum
emission is 17 gram per KWh. Medium-speed engines may
discharge between 17 and 12 grams per kWh and fast-
speed engines between 12 and 9.8 grams per kWh,
dependant on the speed. Every engine manufacturer today,

bullds engines with low nitrogen oxide emissions, the

‘Low NOx Combustion'. Shown is an example of a Wartsila
26 engine.
i —
1400 1600 1800 2000
Rated engine speed [rpm]
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B
A large container ship
approaching Hamburg

terminal.

At a reduced power output,
no smoke is visible. In the
design of new engines
types, engineers try fo
create the smokeless

engine.
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The bonds these compounds will form during the
combustion process are hard to predict, as are
their effects on the environment and human and
animal health.

Generally, hydrocarbon compounds are a result of
imperfect combustion and in fact largely depend
on the parameters of the combustion process, such
as velocity, temperature and oxygen content. Well-
tuned engines ensure thart these HC-compounds

are kept as low as possible.

Solids

These are a complex mixture of organic and
inorganic substances, amongst others, carbon,
ash particles, heavy merals, precipitated sulphur
oxides, water, corrosion particles and a variety of
partially combusted hydrocarbons from the fuel

and the lubricating oil. The diameter of these

. 1 s .
substances is less than —— millimetres can easily
1000

be carried to the outside air.

N
A

Almost all diesel engines produce visible smoke.

This is mostly the case with a reduced power output or with
quick power changes as with this container ship passing

through the locks at Kiel, Germany.

Inhalation of these exhaust gases can be
detrimental to health. Naturally, fuel quality plays

an important role.

Smoke, visible smoke

Smoke is of course visible and can be quantified
by the following methods:

—  Bosch smoke number;

—  S.A.E. smoke number;

—  Bacharach (A.S.T.M.) smoke number.

Smoke mainly consists of carbon particles, also

referred to as soot.

Today, engine manufacturers are developing means

in which ‘visible smoke” can be reduced.

Black smoke is the result of imperfect combustion.
Grey smoke may indicate the presence of water in

the exhaust gases.

A ferry arriving in a harbour.

Clearly shown is the visible smoke, consisting of soot

particles (carbon) and fine dust (metal particles).




When 100 kilograms of fuel is burnt,
approximately 120 kilograms of water is produced
with an additional 20 kilograms of water from the
scavenging-air supply.

Smoke visibility is also dependent on atmospheric
conditions.

Yellow smoke indicates the presence of sulphur in
the fuel.

If heavy-fuel oil contains above 2% of sulphur,
this is clearly visible.

Smoke Index
(Bosch)
Propulsion Operation
g previous
design optimised
nozzle

16 ¥
1.2 1

turbo-

chegger

witl
ol higher

efficiency naw

combustion
chamber
0.4+ &
limit of visibility
0+
Engine load 25%

A

Two examples of the Basch smoke index.

Left: an example for a propulsion engine and right: an
engine for a generator.

The regular load of the generator and the constant high
operational speed ensure low values. The irregular load of
the propulsion engine at reduced speed has at a low load of
25% a much higher soot emission. The high constant speed
of the generator set allows for a better combustion because
of the higher process temperatures.

A, A

RB=0.1 RB=0.3

RB =0.8 RB=1.2

A

Visible smoke can be defined in smoke numbers.

Shown: the Bosch method, using these pictures, smoke

emissions can be determined.

Smoke Index
(Bosch) )
Generator Operation
1.0
B
il
0.8
0.6
optimised
nozzle tur:'bo-
charger
o with
higher
limit of visibility efficiency
combustion
0 chamber
0

Engine load 25%
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RB=0.5

v

The difference between a
conventional fuel injection
and the common rail
system of Wartsila.

horizontal: engine load
between 0 and 100%
vertical left: smoke index
(FSN is Fuel Smoke Number)
vertical right: permissible
visible smoke dependant on
the engine power output in
MW.

By the application of modern
fuel injection methods such
as the common rail, smoke
emissions are strongly
reduced between zero load
and 80% load. At full load,

there is aimost no difference.

Smoke comparison between Conventional and Common Rail FIE at 750 rpm

2=

=
=
.“é‘
-1 =
2
15 o B
=, Conventional ;
= sl
£ -5 &
v 14 €
- =
g : 10 3
A Common Rail §
0.5 20 ©
) — =)
g
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Through the design of new combustion technologies
with existing engine types, smoke emissions can be
significantly reduced.

The visible smioke limit for this four-stroke-diesel engine of
MAN-B&W has been established at 0.4 on the Bosch smoke
index. The old (previous) design is represented by the red line
and the new design by the green line. The engine has a
constant speed at full load with a cylinder power output of
1200 kilowatt at 514 revolutions per minute. The Bosch
smoke index is below 0.1.

The blue area designates the smoke visibility imits.

22.2.6 An example of smoke reduction

Smoke Index Bosch

Improved smoke reduction

0.6 T T
‘ | Cyl. output = 1200 kW
n =514 rpm
0.4 ‘
‘ visibility limit. ’
0.2 — e —]
previous
\
new |
0
25 50 75 100
Load %

12V48/60B at constant speed

In response to universal concern regarding

environmental issues, engine manufacturer MAN-
B&W started a programme in 1996 to reduce

smoke in exhaust gases, especially at low engine

loads.

The following measures were taken:

—  Pre-heating of the scavenging air. This method
involved compensating the reduced process
temperatures caused by the injection of less
fuel. This rakes place at loads below 20%.

— Installing partial-load injector nozzles. This
nozzle increases the injection pressure that

improves the fuel distribution throughout the

combustion chamber and fuel-droplet size

decreases.

— A by-pass or ‘waste-gate’ mounted on the

turboblower.

Overall, a turbo-blower is most efficient at heavy

engine loads. The efficiency can be *advanced’ at

lower loads by adjusting the blower and diffuser

of the air compressor. The scavenging air pressure

will also often increases allowing a more effective

scavenging of the cylinder. If this engine runs at

> Schematic arrangement for charge air bypass

An example with a

v
Adjusting the amount of air supplied to the engine is
important at variable loads.

Left, the exhaust gas by-pass so that the amount of charge
air is limited at full load. Right, the amount of charge air is
controlled by the magnitude of charge air allowed through
the by-pass. Both methods have the same goal: the optimal
amount air at all engine loads so that optimum combustion

can occur.

Exhaust waste gate

mechanism on the inlet

manifold and the exhaust )
Turbine
!

=l

gas manifold where a

ﬁ‘

‘waste-gate’ is installed
for both systems. —w

Both valves are adjustable. Compressor

Furthermore, a by-pass
valve has been placed
between the air compressor
and the exhaust gas turbine
that controls the amount of
air to the engine.
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Charge air cooler

>

Bypass

Exhaust gas receiver

OO0

Charge air receiver

Air waste gate




full load, the scavenging air pressure will be too
high. Therefore, a by-pass or waste-gate valve is
placed in the exhaust-gas supply of the exhaust-
gas turbine.

Fuel emulsions

The main objective of a fuel-water mixture (fuel
emulsion) is the reduction of nitrogen oxides in
the exhaust gases. At low loads, visible smoke is
reduced as the fuel-water emulsion is injected at
higher pressures.

Placing a bypass valve between the scavenging
air receiver and the exhaust-gas manifold is also
an option. This valve is opened at low engine
loads. Due to reduced air resistance, the turbo-
blower will revolve faster, producing a higher flow
efficiency effecting a higher airflow through the
engine.

Auxiliary blower

For a standard turbo-blower, the efficiency at no
load or low loads lies far below the maximum
value. In this instance, an electrically driven
auxiliary blower can be installed to reduce

significantly visible smoke.

Fuel quality

This is the main influence on the combustion-
process quality and therefore smoke production.
At times, fuels with different specifications are
bunkered. This specification change can cause a
considerable increase in smoke production. It is
then advisable to order the original specified fuel
for the next delivery.

22.3 Units of contamination

The substance load is often indicated in kilograms
or tons per hour or year. Presently, grams of
contamination per generated unit kilowatt-hour,
is frequently used when referring to energy
generation.

Simply: contamination is denoted in g/kWh.

The unit, parts per million or p.p.m. is also used.

Exhaust gas emissions must be specified at a
certain oxygen concentration, for example 3, 13,
or 15% O,. This is often not related to the acrual
oxygen percentage found in the air in the diesel
engine in question. It is, however, easy to convert,
for example p.p.m. in volume to g/kWh by
applying the following formula (ISO 8178 part 1).

20.95% - O, corr.
" 20.95% - O, ref.
X corr. = actual gas concentration
X tef,

X corr. = X ref

reference ox ygen concentration

22.3.1 Pollutant-emissions regulations

with respect to diesel engines

In the final decennia of the last century, growing
environmental concern led to regulations for
limiting pollutants in exhaust gases of, amongst
others, diesel engines.

Universal regulations have been established for
shipping. This prevents individual countries or
continents from drawing up their own regulations
and was initiated by the United Nations.

The [.M.O., has recorded these in Annex IV of
Marpol 73/78, which for the first time in history
stipulates the regulations for the maximum
exhaust-gas emissions.

The annex concerns the limitation of sulphur- and
nitrogen-oxide emissions and has been compulsory
since 2000 for all newly built engines with a shaft
power over 130 kW.

This ratification of the NO, and SO, limitations
became effective when more than fifteen flag
states, members of the LM.O. with a tonnage of at
least 50% of the total world tonnage signed this
agreement.

These agreements entail:

-  L.M.O. regulation for the maximum sulphur-
and nitrogen-oxide emissions;

— optimising diesel-engine designs in order to
comply with the .M.O. regulations;

— maintain a ‘technical’ bookkeeping;

— terms such as ‘single engine’, ‘engine group’
and ‘engine family’;

-~ comments/instructions from engine
manufacturers;

— comments/instructions from shipping

companies.

Sulphur oxides

Fuel sulphur content limited to a maximum of
4.5% mass. In areas with local limitations, 1.5%
mass sulphur.

Nitrogen oxides

The maximum limits are based on the RPM for
diesel engines with a shaft power of over 130 kW.
This RPM graph is only applicable for ships built
after the 1st of January 2000, or to engines that
have undergone extensive modifications.

CH22

-ENGINE EMISSIONS
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> p= W
The I.M.O. directives for Ratification

regulating the emission of + The NOy and SOy limitations will
only be in force when a minimum
of 15 Flag States in the IMO,
NO, and SO, with at least 50% of the tonnage,
have ratified the regulation.

the noxious substances,

/
= N
SOx NOyx
« Limitation of sulphur content in « Limit based on speed-related
fuel oil to 4.5% mass NOy curve (for engines larger
« |n areas with local restrictions. than 130 kW)
the limit is 1.5% mass sulphur « The speed-related curve will only
apply to ships with keel laying
after 1st Jan. 2000, or following a
major engine modification
/ 3
e ' ks
Test Cycles Speed-related curve
Heavy duty diesel engines NOx (g/kWh) =17 forn < 130
NOyx {g/kWh) =45x n®2  for 130 < n < 2,000
E2 Marine Engines, constant speed: 3 NOx {g/kWn) = 9.8 for n = 2.000
Lead point 100% 75% 50% 25% where n = nominal raled engine spead in r/ min
Welghting factor 0,2 0.5 0.15 0.15
E3 Marine Engines, propelier law: NOx (gxwn)
Laad point 100% 75% 50%  25% =
Waighting factor 0.2 0.5 0.15 0.5 2
22
D1 Stationary Engines, constant speed: 20
Load point 100% 75% 50%
Waighting factor 0.3 0.5 0.2 :‘?‘
16
Formula: 14 L
NO, (g/kWh) = .‘"LfNO'—PF o
B P 12
F = Waeghting factor L
P = Engine power at each load point (kW) B
NO, = NO, levai at each load point (g NO,/kWh) 10 200 300 400 500 BOO 700 800 8001000
Engine Speed
k L (R MO meating BOH 23 in Londoa) —
The test methodologies to check emissions at Apart from the technical data, “The Technical
certain engine loads have also been established. File’ should also state which engine parts could
For ships built before 2000 that have not influence the NO, emission values.
undergone extensive engine modifications or After the engine has been approved, these parts
substitutions, the fuel sulphur limit is applicable. may not be replaced by other parts unless the
In short, each diesel engine with a shaft power substitutes have been tested and approved.
in excess of 130 kW must have an Emission
Certificate. The country under whose flag the 22.3.2 Additional legal regulations for
ship sails or will sail is responsible for the diesel engines

inspection and certification of the diesel engine.

So worldwide, each engine has an ‘EIAPP: Engine ~ There are regulations already in force with regard

International Air Pollution Prevention Certificate.  to diesel engines for road and inland shipping
transport. These will become increasingly stringent
in different phases.
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The Euro norms for road transport show that
the NO, emission requirements have become
increasingly strict between 2000 and 2008.

Other regulations, such as those stipulated by

the World Bank, Det Norske Veritas or Lloyd’s,
underline that people worldwide are taking the
nitrogen-oxide emissions increasingly serious,
Proprietors of diesel power plants, predominantly
built in developing countries, are obliged

to comply with the World Bank emission

requirements if they wish to borrow money.

In Scandinavia, there are local regulations that

apply in coastal waters, for instance, fjords.

22.3.3 Important dates for the sulphur
content in ship fuels

CH22

- ENGINE EMISSIONS

High-speed 4-stroke Diesel Medium-speed 4-stroke Diesel

) 12 (32/40) | |72 (32/40) NO
5 | 38 | 2 |i3ueen| 1113|7800 (@KW}
Commercial vehicle Ship/power station

Fuel: MDF Fuel: HFO

A
The Euro-standards for road transport compared to the
standards for ship propulsion and diesel power plants.

May 19 IMO MARPOL Annex VI enters into force
Aug. 11 EU EU Sulphur Directive 1999/32 as amended by 2005/33 enters into force
May 19 IMO Baltic SECA enters into force
2006 Aug. 11 EU Baltic SECA enforced by EU directive 2005/33
EU Max.1,5% sulphur for passenger ships toffrom EU ports (2005/33)
Jan. 1 CARB Max 0,5% sulphur within 24 miles of California shore
2007 Aug. 11 EU North Sea and English channel SECA enters into force
Nov. 22 IMO North Sea and English channel SECA enters into force
Jan. 1 EU Max. 0,1% sulphur bunker fuel in use at EU berths
2010 EU Max. 0,1% sulphur in all EU inland waterways
CARB Max. 0,1% sulphur within 24 miles of California shore
2012 Jan. 1 EU Max 0,1% sulphur fuel in use by Greek ferries at Greek ports

Maximum sulphur content in ships fuels in the
European Community

following the EU directive 2005/33/EC

Maximum sulphur content in ship fuels per ship type in the European community

D A % -

Marine diesel oils 15 Aug. 11, 2006 All Baltic SECA 1.5 Aug. 11, 2006

Marine gas oils 0.1 Jan, 1, 2010 All North Sea + English Channel SECA 1:5 Aug. 11, 2007
All All EU ports 041 Jan. 1, 2010
Passenger ships All EU 15 Aug. 11, 2006
Inland waterway vessels All EU inland waterways 0.1 Jan. 1, 2010

Combination of rules for fuels according to the Marpol Annex IV and the new

EU directives

May 19, 2006 All Baltic SECA 15 Marpol
Aug.11, 2006 All Baltic SECA 1.5 EU
Aug.11, 2006 Passenger ships All EU 1.5 EU
Aug.11, 2007 All NS+E C SECA 1.5 EU
Nov.22, 2007 All NS+E C SECA 15 Marpol
Jan.1,2010 All All EU ports 0.1 EU
Jan.1, 2010 Inland waterway vessels | All EU inland waterways | 0.1 EU
Jan.1, 2012 16 Greek ferries Greek ports 0.1 EU
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A

A diesel power plant in
Kenya using heavy fuel
oil.

In countries as these, the
rules for the emission of
noxious substances are
often inadequate or not
present. When new power
stations are now built, far
more attention is paid to the
environment and bankers
such as the World Bank

have their own reguirements.

Environmental measures
cost a lot of money and
therefore are often only
accessible for the richer

industrial countries.
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22.4 Methods for the reduction of
exhaust-gas emissions

We distinguish primary and secondary methods.

Primary methods deal with the combustion space
and are therefore referred to as combustion-
technique improvements.

Secondary methods deal with the exhaust gas and
are referred to as exhaust-gas treatment.

Primary methods

22.4.1 Nitrogen oxides - NO,

The quantity of nitrogen oxides produced

is dependent on the gas temperature in the
combustion chamber. The higher the gas
temperature the greater the quantity of NOy
formed. Therefore, a lower gas temperature offers
a solution. However, total efficiency is somewhat
reduced by these lower process temperatures.

In the following figure, all the methods aimed at
nitrogen-oxide reduction.

Direct injection

Emulsion

A

Three possible ways to influence for the combustion
process for large crosshead engines using water,
ensuring that the maximum combustion temperatures
decrease and therefore producing less nitrogen oxides.

method 1: mixing water with fuel to obtain an emulsion
(emulsion)

method 2: humidification of the charge air (fumigation)
method 3: direct injection of water in the combustion space

(direct injecticn)

. M ABSFC Compression ratio
Methods to reduce O ANO, max

; 5 Nozzle design
nitrogen oxides.

Delayed injection
green: decrease of the === Water-fuel emulsion
amount nitrogen oxides in l:. Valve timing
the exhaust gases h

9 |:| Plunger size
red: increase of the brake I .

Scavenge air pressure
specific fuel consumption = variation

Scavenge air cooling

[ } Water injection
[ EGR
== SCR
‘r_l T

-100 -90 -80 -70 -60 -50 —AD -30 -20 -10 O ﬁb 20

ANO, max [%], ABSFC [g/kWh]
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Important issues are: 22.4.1.1 Decreasing the scavenging-air

— scavenging air temperature; temperature and using the Miller-
- Miller method for supercharging; principle

- turboblower cooling; Both entail the reduction of air temperature at the
- scavenging-air pressure; beginning of the compression stroke. Every 3 °C
~ valve timing; reduction in air temperature produces a nitrogen
- compression ratio; reduction of approximately 1%. One cannot

- delayed fuel injection; normally cool below the dew point, as the water
~ injector-nozzle design; vapour will condense inhibiting a temperature

- fuel-plunger dimensions; reduction. In tropical conditions, the dew point is
- exhaust-gas recirculation; approximately 32 °C.

- addition of water.
A simple NO, reducrion can be achieved by
applying the Miller-process for four-stroke
engines. In the Miller-process, the inlet valve is

Engine room ventilation (4V69E8169) <
Upper picture: Schematic arrangement for normal

engine room ventilation on a ship.

|
\§2

diesel engine

suction louver®

water trap

combustion air fan

engine room ventilation fan
flap

outlets with flaps

5

&
B

N o B W N =

* Recommended to be equipped with a filter for areas with
dirty water (rivers, coastal areas, etc.)
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6 Lower picture: Graph of the condensation of steam in
air coolers.
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Example

— At an ambient air temperature of 35 C and a relative

[
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humidity of 80%, the content of water in the air is
0.029 kg water/kg dry air. If the air manifold pressure

] f=40 | o] (receiver pressure) under these conditions is 2.5 bar
Tt 780 ¢-100 (= 3.5 bar absolute), the dewpaint will be 55 °C. If the air
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%
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temperature in the air manifold is only 45 °C, the air can

] 1 only contain 0,018 kg/kg. The difference, 0.011 kg/kg
Relative humidity %

L
—-
[}

(0.028 - 0.018) will appear as condensed water.

20+
. ] // - Inan engine using 5 kilograms of air per second,
3 according to the graph, 5 x 0.011 x 3600 =

Amb. air temperature “C
w
o

198 kilograms water per hour is discharged. This is

almost 5000 litres per day!
P = Air manifold pressure
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closed before the piston has reached bottom dead
centre. The expansion of the scavenging air in the
closed cylinder leads to a lower scavenging-air
temperature!

The reduction of nitrogen-oxide emissions is
remarkable: a reduction of 15 to 20% can be
achieved.

22.4.1.2 Adjusting the scavenging-air
pressure and valve timing

If excess air is reduced from, for instance, 2.2 to

1.8, the nitrogen-oxide reduction becomes

noticeable, as there is less oxygen in the cylinder

to react with nitrogen.

Additionally, the exhaust valve is closed earlier

and the compression rate increased, to keep

a constant ratio of combustion pressure to

COMPression pressure.

The reduction of the nitrogen oxides can be as

high as 15%. However, fuel consumption increases

slightly.

22.4.1.3 Delayed fuel injection

An important factor in the production of NO is
post-compression of the combusted gases. When
fuel and air combust, the temperatures peak.

NOy

Standard

this gas is then further compressed before the
piston reaches top dead centre, a considerable
amount of extra NO,, will be produced.

This can only be resolved by delaying the fuel
injection. This is in fact the best method to reduce
nitrogen-oxide emissions.

In principle, the delayed fuel injection warrants a
lower maximum combustion pressure and slighly
lowers engine efficiency. In two-stroke engines

of Wirtsild Sulzer RTA, a delayed fuel injection
of two crank degrees produces a maximum
combustion-pressure reduction of 10 bar, which in

turn effects a 10% reduction in the production of
NO, and a fuel-consumption increase of 3 grams
per kWh.

Delayed fuel injection can achieve a maximum
NO, reduction of 25%.

22.4.1.4 Increasing the compression ratio
The loss of engine efficiency caused by the fuel-
injection delay can be compensated by increasing
the compression rate.

In this way, the production of NOy can be reduced
by 2% and the air consumption will only increase

b}’ 1%.

The production of nitrogen oxides in relation to the
crankshaft position with three different fuel injection
methods.

blue: standard injection method

purple: delayed injection method

yellow: delayed injection method and a high compression
ratio

The last gives the lowest emission of nitrogen oxides.

If
>
The decrease in engine efficiency caused by the
delayed fuel injection can be compensated by the
increase of the compression ratio.

Therefore, NO, production can be decreased by 2% and the

specific air consumption only increases by 1%.
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22.4.1.5 Adjusting the injector nozzles
The injector-nozzle design significantly affects
combustion.

Nozzle-aperture diameter determines the
injected-fuel velocity and consequently the

depth of penetration of the fuel droplets in the
high-pressure compressed air. This in turn s a
determinant for the quality of the evaporation
process, turbulence, mixing and fuel combustion.

In a four-stroke engine, the fuel is injected
centrally into the relatively flat combustion
chamber, related to the relatively small stroke
diameter ratio of 1.1 to 1.2.

In a two-stroke engine, the fuel is injected from the
external ring of the combustion chamber via two
or three nozzles, positioned in a circular fashion
around the rim. This can considerably influence
the combustion process. Therefore, ‘Low NO,’
nozzles have been designed which ensure slightly

lower nitrogen-oxide emissions.

A
Fuel Injection patterns.

Left: the injection pattern for a four-stroke engine shown from
the heart of the cylinder and right: the injection pattern for a
two-stroke crosshead engine from the periphery of the
cylinder for three injectors.

Left: a standard injector nozzle of a two-stroke
crosshead engine and right the Low NO, nozzle.

CH22

22.4.1.6 Modifying fuel-injection pressure
and timing
Fuel injection can be adjusted by modifying the
diameter of the injector-pump plunger or the
nozzle-aperture surface area.
Both parameters influence the fuel-spray
penetration, fuel-spray pattern in the cylinder
and the turbulence generated in the combustion
chamber.
Research has demonstrated that the effect on the
NO,, production is disappointing. In the most
favourable situation, a 5% reduction of the NO,
production can be achieved when prolonging the
injection time by 10%.

22.4.1.7 Addition of water

A significant reduction of nitrogen oxides can

be achieved by the addition of water to the

combustion process. This can be carried out in one

of three ways:

1 direct water injection in the combustion
chamber;

2 atomised water in the scavenging air, thus
increasing the scavenging air moisture content;

3 addition of water to the fuel, producing a fuel-
water emulsion.

Engine designers have bruited concerns with

the addition of water to the scavenging air. Mist
separators extract excess moisture from the
entering scavenging air in order to avoid damage
of the lubricating-oil film on the cylinder liner.
However, water droplets affect the lubricating-oil
film rather than the moist air itself, In practice,
the system for increasing the relative humidity

is not used and moisture is extracted from the
scavenging air,

To achieve a satisfying result with the addition
of water, it must be injected in the combustion
chamber at the correct time and place. This is the
area where most NO is formed.

It is imperative thar the water quality is
acceptable. Generally, water is used that has been
produced by the seawater evaporator heated by
the H.T.-cooling-water system of the engine.

Direct injection of water in the cylinder

The water is injected by a completely independent
injection system and monitored by an electronic
control system. This allows huge amounts of water
to be injected without compromising fuel injection
to the engine, which would decrease power
output. Moreover, the water-injection timing does
not have to coincide with the moment of fuel
injection.

- ENGINE EMISSIONS
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A fuel injector with two
nozzles, with left: the
water nozzle and right:
the fuel nozzle.

NO, [g/kWh] ABSFC [%]
241 ~ 105
20.5 | BSFC - 100
16.9 NO, - 95
13.3 - -~ 90
9.6 - 85
6.0 - 80
241 75

Reference
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tuned to low NO,

tuned to low NO,
+ 140 g/kWh
water injection

tuned to low NO,
+ 140 g/kWh
water injection
+ P, reduced

A
In this graph, another example showing the methods
used for reducing nitrogen oxide emissions.

horizontal: three methods in respect to the standard engine.
Far left in the graph, the reference

vertical: emission of NO, in grams per kilowatt-hour

The green column represents the NO, levels; the red column
represents the increase in specific fuel consumption (BSFC)

in percentages.

Conclusion: A large decrease in the amount nitrogen oxide

results in a visible increase in the fuel consumption.

Water injection takes place via the standard fuel
valve, which has a combined water and fuel valve
with a fuel nozzle and one for the water.
In two-stroke engines, results of a 50% NOy
reduction have been measured when injecting
140 grams of water per kWh.
For a crosshead engine of 30,000 kW
30,000 x 140

1000
4200 kilograms of water must be injected. A large

So this means that per hour

storage tank and a good seawater evaporator are
an absolute necessity!

The water is injected 60 crank degrees before
T.D.C., far before the start of fuel injection. This
commences approximately 20 crank degrees
before T.D.C..

In the following chart is an overview of nitrogen-

oxide reduction with various methods.

Therefore, there is no humidifying of the
scavenging air.

Adding water to fuel oil

This is a well-known technique in the reduction of
NO, emissions and can reduce NOy emissions up
to 50%.

This is shown in the Agure on the next page.

However, fuel consumption may increase slightly.

As the fuel pump supplies extra water to the
cylinder, the maximum amount of water supplied
is dependent on the pump capacity. If the pump
capacity is insufficient, water can displace the fuel,
which will lead to a power-output decrease!

It is therefore possible that the camshaft-driven
fuel-injection system requires adjustments.

It follows that the injector nozzle must also be
reconfigured, as the amount of liquid pumped
through it will increase. This results in more or

larger apertures in the nozzle.

22.4.1.8 Exhaust-gas recirculation

This is a very efficient method for the reduction of
NO, emissions. It is generally only used in road
transport engines.

This system is based on three factors.

1 The oxygen content in the exhaust gases
which is reduced by the combustion process,
causes, when re-circulated, an increase in the
amount of gas that requires heating before
combustion. This results in a decrease in
combustion temperatures, which in turn leads

to a reduction in the formation of NO,. The
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An installation for the
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the engine.
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average process temperature is not affected if

the recirculating gas is cooled.

Engine efficiency does not decline when the
oxygen content in the combustion process is
decreased.

2 The reduced oxygen content lessens the
reaction between the nitrogen and oxygen,
which form nitrogen oxide (NO), and
therefore reduces the NOg emissions.

3 Inert components, such as water and carbon
dioxide, which recirculate to the cylinder, are
reheated during combustion. Water and carbon
dioxide absorb more heat than air. This leads
to an increase in the total heat capacity of the
gas that is compressed and consequently levels
local peak temperatures in the process. This,
naturally, reduces the production of nitrogen

oxides.
[g/kWh]
109 NO, co HC
8- |
6_
El ]
2_

0 13 23 33 43

Recirculation [%]

This system is not used in two-stroke crosshead
engines as the exhaust-gas pressures before the
exhaust-gas turbine of the turboblower are always
lower than the scavenging-air pressure after

the air compressor of the turboblower due to
cylinder scavenging. Moreover, the exhaust gas of
engines running on heavy-fuel oil is too polluted
and would therefore contaminate the engine too
quickly.

In fact, the recirculation method can only be
applied to four-stroke engines using relatively
clean fuels, such as light diesel oil, petrol and
natural gas and is frequently used in Otto engines.

22.4.2 Hydrocarbon particles and other
dirt particles

Due to improvements to the diesel process aimed
at achieving low specific fuel consumption,
uncombusted hydrocarbon particles have virtually
disappeared.

«

ABSFC
recirculation of exhaust gases.

blue: carbon monoxide increase
yellow: hydrocarbon decrease

red: specific fuel consumption increase

0 13 23 33 43

- ENGINE EMISSIONS

A graph clearly showing the effect of the partial

green: NO, decrease at different recirculation percentages
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This means that combustion is practically 100%. 22.5 Secondary methods

v The hydrocarbons in the exhaust gases occur
Decreasing the sac mainly due to lubricating-oil consumption and After all the primary means are exhausted and the
volume under the fuel evaporation in the apertures of the fuel- emission norms are still not attained, the exhaust
injection needle can injector nozzle. gases can be post-treated.
reduce the emission of As the current lubricating-oil consumption already ~ The following methods have been in long-term
uncombusted is very low, reducing the hydrocarbon content can  use.
hydrocarbons. only be achieved by diminishing the volume of the

injector-nozzle space after the injector needle. 22.5.1 Catalytic converter

sac volume (space

below the injector
needle)

Oxidation of hydrocarbon compounds and

reduction of nitrogen oxides.
22.5.2 Thermal reactors

For hydrocarbon compounds and carbon

monoxide.

22.5.3 Systems and filters for the
interception of fine particles

Methods used are, amongst others, electrostatic

and dry filters.

22 5.4 Selective catalytic reduction

Conventional fuel valve Mini-sac valve Slide-type fuel valve In professional literature referred to as S.C.R.

Sac volume 1690 mm® Sac volume 520 mm? Sac volume volume 0 mm? ¥ ; . =
For diesel engines, this is the only method that
adequately works, as opposed to Otto engines
where several systems work satisfactorily.

S

In the near future,
progressively more diesel
power plants will use
exhaust gas cleaning in
order to meet the
increasingly stringent
requirements concerning
the emission of noxious

substances.

A power station using heavy
fuel oil. This is clearly seen

by the exhaust gasses. il
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This method involves the mixture of exhaust gases
with ammonia, which subsequently flows through
a labyrinth that has a specially