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> |Introduction

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

Over 100 years afrer 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 market; these topics A

include thermodynamics, vibrations, materials, At the special general meeting of the 60th anniversary
and electronics. of the VIV, de Vereniging van Importeurs van

We, at Target Global Energy Training have opted Verbrandingsmotoren (Association of Importers of

for a more practical approach. This includes ample  Combustion Engines) at the ‘Theater aan het Vrijthof” in
information with respect to the construction Maastricht, author Kees Kuiken presents the first proof
of engines, use of materials, various engine print to the chairman of the Association FME-CWM,
categories, maintenance, repairs, and the use of Mr. Jan Kamminga.

engines.

Much attention has been paid to the choice of FME-CWM is the employers’ organiz

tic

proper graphic material. This, in our opinion, is a on for the

nological and industria

helpful for the reader to gain insight in the various  activitie tor ¢

- engineering, manufacturing,

subjects. This publication is indispensable for trade, industrial maintenance, and industrial automation
every person who has dealings with the diesel Some rganizations (metal, plastics, electron
engine industry, from the smallest engine to electro-technology), employing s 50,000 §

‘The Cathedrals of the Oceans’. members of FME.

Kees Kuiken, Onnen, The Netherlands, July 2008.
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Diesel engines are used for a variety of

applications.

Propulsion and generator sets for yachts.
Generating electricity in the tropics.
Propulsion of sea going ships.
Propulsion of inland shipping.

Generating the electric energy required on
large passenger ships.
Generating electrical energy on board shi

NLANEENY ANEENENSNEEFSS TEFERCE D
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1.1 Introduction Modern agriculture is completely dependent on
internal combustion engines for propulsion of
Throughout the last century the internal tractors, combines, and other farming equipment.

combustion engine has become increasingly

important in a society that now relies heavily on The industrial diesel engines mentioned in this
machinery. The engine is the elementary chain book are almost all used for propelling an
in, for instance, the transportation of goods and enormous diversity of ships. Also in generating
persons by road and water, propelling various electricity the diesel power plant plays an

machines and generating electrical energy. The use  important role.

of combustion engine equipment such as chain In the internal combustion engine one
saws, water pumps, concrete mixers and lawn distinguishes two principles: namely: the Otto
mowers has seen an explosive increase. process and the Diesel process.

[

The largest diesel engines
are used in the navigation
industry; here is a picture
of part of a twelve-
cylinder two-stroke
crosshead engine on a
container ship.

Shaft power 68,000 KW
The cylinders are in-line and
the engine is equipped with

a supercharger.

>

A twelve-cylinder four-
stroke piston engine with
supercharger, and
cylinders in V-position.

(4 g

A six-cylinder in-line
engine for the generation
of electrical energy on

board a ship.

A harbour tow boat needs
power of several
thousands kilowatts to

tow large sea vessels.

14




1.2 Otto-process

In 1876, after years of experimentation Nicolaas
August Otto develops the first four-stroke engine
{four strokes of the piston - two rotations of the
crank shaft) which compresses a mixture of air
and fuel. A spark plug provides an ignition spark
at the right moment, which ignites and then
combusts the mixture.

This process will not be further discussed in this

book.

CH1 THE USE OF INDUSTRIAL DIESEL ENGINES

|

Container feeders with a
carrier capacity of

9000 tons have an engine
capacity of approximately
6000 kilowatt at

18 nautical miles per

hour.

<
A common diesel power
plant in the tropics with
diesel engine driven

electric generators.

1.3 Diesel-process

In 1897 Rudolf Diesel markets the first

diesel engine. In these diesel engines the air is
compressed to such a degree that the high end
temperature of the air effects a very swift ignition
and combustion of the injected fuel. The ethiciency
of this diesel process is higher than that of the
Otto-process, thus resulting in a huge expansion
of the diesel engine industry.

Total efficiency of the internal combustion engine
= the ratio of the produced shaft power and the
supplied fuel power. This ranges from between

25% and 50%, depending on the engine size.

15
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Rudolf Diesel’s first diesel
engine built in Augsburg,
Germany.

This engine never ran
independently and looked
more like a canon barrel
than an internal combustion
engine. The design pressure
was 150 bar! Rudolf Diesel
nearly got kiled when one of
his testmodels exploded.

Diesel engine

Fuel 100%

16

e T

Exhaust gases 35%

Cooling water 11%

Shaft power 50%

-

A
Diesel engine losses.

Laft figure: The fuel supply of aline engine. This is always set
at 100%.

Right figure: Shaft power of 50%. So half of the supplied
energy(fuel) is converted into mechanical power on the
crankshaft.

The remainder of the supplied energy is waste, such as

cooling water- and exhaust gases losses.

1.4 The use of Otto-engines

They are often used in:
— (Hand) tools;

— garden equipment;
— automotive industry
- outboard engine

~  gas engines;

— small aviation.

Rudolf Diesel’s first diesel engine at the test bed of the
Augsburg Machine factory; MAN.

Steam turbine

Shaft powe
Diesel engine

e

Shaft power

Far right figure: in order to use at least part of the 35%
exhaust gas losses, steam is generated in an exhaust gas
boiler. This steam drives a steam turbine which subsequently
generates electricity.

1.5 The use of Diesel-engines

They often used in:

1

ship propulsion;

— diesel power plants;

— agriculture;

—  back up generator sets

— lorries;

— earth moving machines;

— military vehicles such as tanks,
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<

A seven-cylinder diesel
engine at the test bed;
a Wartsila Sulzer RTA
7-96-C, a typical
propulsion engine for
large, high-speed
container ships.

Generally, diesel engines are used more often when
the operation hours increase and fuel costs become
important. The required shaft power is often much

higher than in Otto engines.

1.6 Properties of both principles

-

Otto-engine Diesel engine :
The properties of both
: | princi
Principle mixture compression air compression | principles.
o with spark plug ; ;

Ignition i by hot air combustion
ignition spark

Fuels gases and petrol diesel oil, heavy oil and bio-fuels

Motor weight light heavier

Efficiency low: 15-45% high: 25-55%

Capacity maximum 10 MW (gas engines) maximum 100 MW (ship engines) |

In this book we will only discuss diesel engines.
They are very often used in navigation and
industry. There is a book on gas engines in both

Dutch and English available.

| 2

A small three-cylinder Volvo Penta diesel engine for

yachts.

17
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The classification of engines into four engine
categories.

Category I: High-speed four-stroke engines
with up to 100kW shaft power.

The number of revolutions (RPM) normally
lies between 1500 and 3000 revolutions per
minute (rpm).

The fuel is diesel oil.

Category lI: High-speed four-stroke engines
with a shaft power between 100 and 5000 kW.
The RPM normally lies between 960 and

2100 revolutions per minute.

The fuel is diesel oil.

Category lll: Medium-speed four-stroke
engines with a shaft power between 500 and
30,000 kWw.

The RPM normally lies between 400 and
1000 revolutions per minute.

The fuel is heavy oil.

Category IV: Low-speed two-stroke
crosshead engines with a shaft power of 1500
up to 100,000 kW and RPM between 50 and
250 revolutions per minute.

The fuel is heavy oil.

Different categories could of course overlap
in some cases.

| 1
E.
!
:{
:

revolutions per minute (RPM) -

3000

2100

1500

960 |

400

250

50

Classification of engines

; c1 I |
0-100 kW

| 4 stroke
M.D.O |

1500 - 3000 RPM
> 860)

(

(o7
100 - 5000 kW

4 stroke
M.D.O

960 - 2100 RPM

(> 960)

c3 Z
500 - 30,000 kW b
[=By
(=21 |
4 stroke = =
M.D.O./H.FO e
g
|
}
|
C4
1500 - 100,000 kW 50 - 250 RPM
2 stroke (0-244)
H.FO. |
100 500 1500 5000 30,000 100,000

output in kW ——»
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5

A large container ship
with feeder container
ships both in front and
rear of the ship taking
cargo to smaller

harbours.

The largest two-stroke
engines for these ships have
a cylinder bore of 96, 98 and
108 cm with a fourteen
cylinder in-line arrangeament
and a shaft power of
100,000 kW at a hundred

revolutions per minute.

2.1 Introduction

Diesel engines are categorised by working
principle, design, number of revolutions, power

output, fuel used, usage and other characteristics.

2.2 Working principle

Two-stroke principle

The entire combustion cycle is completed in one
revolution of the crank shaft, and consequently in
two piston strokes.

This principle is most often applied to small and

very large sized diesel engines. Small diesel engines
are often used to drive a generator or a pump. The

very large diesel engines are without exception

Installation of four-stroke
trunk piston V-engine in
Augsburg, Germany, in
the MAN-B&W factories.

Cylinder heads with on top the hydraulically driven

exhaust valves of a MAN-B&W two-stroke crosshead

engine and a cylinder bore of 500 millimetres.

20

crosshead engines which are predominantly used

for ship propulsion and diesel power plants.

Four-stroke principle

The entire combustion cycle is completed in two
revolutions of the crank shaft and consequently
in four piston strokes. This principle is generally
applied in high-speed and medium-speed diesel
engines. Smaller propulsion engines, engines for
driving generator sets, back-up generators, and
also larger propulsion engines of up to = 30MW
shaft power all work according to the four-stroke
principle.

Concerning industrial diesel engines, the number
of four-stroke engines that are built annually far

Uutnumber th()Sﬁ Uf t\’V()*htI’()kﬂ t‘ﬂgiﬂﬂ.‘i.
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2.3 Design <

Cross view of an in-line

Differences between trunk piston engines and engine; the cylinders are

crosshead engines. positioned upright and in
a straight row. This is a

Trunk piston engines typical trunk piston

In these four-stroke engines the connecting rod engine.
is hinged on the piston by a gudgeon pin. The
engine is low in comparison to crosshead engines. 1 piston
: 2 ) in
The pistons have to absorb the lateral forces and RESTo N
y : . 3 connecting rod
transfer them to the cylinder liner and engine P
frame. 5 crank web
6 counter weight

Crosshead engines

In these engines the piston rod is bolted to the
piston. The crosshead is situated below the piston
rod with which it is hinged to the shaft. The lateral
forces of the crankshaft mechanism are transferred
to guide shoes which are fixed rigidly to the motor
frame via crosshead guides.

Cross view of a trunk The two-stroke crosshead
piston engine. engine.

piston

fixed piston rod
crosshead

guide shoes
crosshead guides
connecting rod
crank shaft

crank web

crank pin

10 A-frame

W o N g b W N -

21
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'S
Cross section of a
two-stroke crosshead
engine which is built
in-line.

red: exhaust gases

grey: scavenge- cocling-
and combustion air
yellow: lubricant

blue: jacket water

22
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2.4 Speed of rotation

In the engine industry one still often speaks in
term of revolutions per minute, while in today’s
technological industry one indicates the maximum
permissible operational speed by means of

frequency; the number of revolutions per second.

Low-speed engines

Low-speed engines have a maximum of 240
revolutions per minute or a frequency of

maximum 4 revolutions per second.

These are always very large sized and heavy
crosshead engines which mainly serve to propel
large oil tankers, ore tankers and container ships.
Some diesel power plants are also equipped with
these engines.

Low-speed engines are marketed by just three
engines manufacturers; those actually building the
engines are also called ‘cathedral builders’.

The cylinder bore varies from 260 to 1080
millimetre. For the largest diameter and a
fourteen-cylinder version the shaft power
constitutes 97,300 kW. The piston stroke for this
engine is 2660 millimetre.

This MAN-B&W-diesel engine has a dry weight of
2300 tons and is 28 meter long and 14 meter high.

CH2 > CLASSIFICATION OF DIESEL ENGINES

A

View from above of part of a two-stroke crosshead
engine. The diameter of the exhaust gases lead is
approximately 3.5 meters!

< A

View of a small A directly driven propeller
two-stroke crosshead is the standard

engine. arrangement for

two-stroke crosshead
engines in ship
propulsion.

23
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Medium-speed engines

Medium-speed engines have a RPM of between
240 and 960 or a frequency of between 4 and 16
revolutions per second (Hz). They are usually trunk
piston engines using the four-stroke principle.
However, one does find medium-speed two-stroke
engines, and apart from the trunk piston design

>

Cross view of a four-stroke medium-speed trunk piston
engine with a cylinder bore of

380 millimetres, a Wartsila 38.

oil sump

stay bolt/ lubricant supply pipe
fower bearing cap of the crankshaft bearing
vertical bolt for the lower bearing cap of the crankshaft
bearing

horizontal bolt for the lower bearing cap of the
crankshaft bearing

6  crankshaft web

7 counter weight

8 counter weight bolts

9  crank pin

10 engine block

11 crankcase relief value

12 crankcase cover

13 Jower cap of the crank pin bearing
14 upper cap of the crank pin bearing
15 crank pin bearing bolt

16 connecting rod type ‘marine’

17 connecting rod bolt

18 scavenging air space

19 cviinder liner

20 gudgeon pin

21 piston

22 piston gasket with piston rings

23 piston skirt

24 goolant supply

25 cam shaft

26 cam

27 cam box

28 cam shaft cover

29 guide slesve

30 pushrod

31 fuel pump-

32 fuelrack

33 high pressure fuel pipe

34 hot box lid

35 rocker arm

36 spreader/bridge

37 valve spring

38 exhaust valve

38 Inlet valve

40 cylinder head

41 ‘cylinder cover

42 exhaust gases lead

43 turbo blower frame

P I

o

yellow: lubricating il
light blue: Jacket water
brown: fuel

white: air

pink: exhaust gases

nA

24

one occasionally finds small crosshead engines
(older existing designs).

The medium-speed engines are employed in

very divergent applications; for ship propulsion,
generating electricity and driving various kinds of

machinery.




i

Medium-speed engines are manufactured by a
limited number of engine builders. There are a
large number of types when taking into account
the cylinder bore, the piston stroke and the

number of cylinders. The cylinder bore varies
from approximately 200 to 640 millimetres.

The shaft power varies up to a maximum of about

30,000 kW.

High-speed engines

High-speed engines have a RPM in excess of 960
or a frequency of more than 16 revolutions per
second (Hz). Industrial engines often have a RPM
of just over 2000,

High-speed engines are built by many engine
manufacturers and there are a large number of
types when taking into account the cylinder
bore, the piston stroke and the number of
possible cylinders. The cylinder bore varies from
40 millimetres to approximately 200 to 300
millimetres.

The shaft power varies up to a maximum of about
5000 kW.

Of course, it is possible to have engines delivered
with a divergent rpm, which are on the fringe of
these categories. They are then usually placed into
a higher RPM category.

L
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A high-speed four-stroke

V-engine for a generator.

v

A high-speed four-stroke
in-line engine with
radiator cooling for a

generator.
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2.5 Power output or shaft power

Category subdivisions
The following categories are used:

I 0- 100 kW, fuel M.D.O.,
four-stroke high-speed
I 100- 5,000 kW, fuel M.D.O.,

four-stroke high-speed
1 500- 30,000 kW, fuel H.EO.,

four-stroke medium-speed
IV 1500 - 100,000 kW, fuel H.EO.,

two-stroke low-speed

These subdivisions are discussed elaborately in
Chapter 5, Standard figures of various types of

diesel engines.

WARTSILA NSD

2.6 Fuel used

Use of a particular type of fuel is related to the
fuel costs, which is often expressed in dollars per
metric ton.

380 CST Fuel oil —— Houston 380
200 - —— Singapore 380
Fujairah 380

—— Rotterdam 380

Price $/tonne
@
o

100 bt s e firnags

—— Houston MDO

350 - — Singapere MDO
— Fujairah MDO
. Rotterdam MDQO
o N —
£ 300 M o
s '\\ LN =
? — - :ﬁ'—‘.‘/ =
2 250 e s e
£21) R al
\,,, s :—AFN £
7o f I, SO i s AW b S W L L Ly
M A M d J A s (e] N D J F
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The price of heavy fuel oil is about half of that of diesel
oil.

The price of heavy-oil ranged from 150 to 200
dollars per metric ton in March 2007.

In ship propulsion the fuel- and lubrication costs
are often more than 50% of the ship’s running
costs and one therefore tries to keep these costs as
low as possible.

A diesel engine that has low lubrication
consumption and a high fuel efficiency, is a key
factor in the running of a ship. Diesel engines that
are suitable for Heavy Fuel Oil (H.EO.), a waste
product from oil refineries, have lower fuel costs
than diesel engines that only consume distillate
fuels, for example Marine Diesel Oil (M.D.O.).
M.D.O. costs are roughly twice those of H.EO..

<
An illustration of the large range of different engine
types.

Far right: a high-speed engine with a cylinder bore of 170
millimetres, to its left a medium-speed engine with a cylinder
bore of 320 milimetres, far left: a very large medium-speed
engine with a cylinder bore of 640 millimetres and in the
background the only two-stroke crosshead engine with a
cylinder bore of 960 millimetres; they are all Wartsild-engines.
The only diesel engine-type missing here is a small high-
speed engine suitable for, for instance, yachts.



Fuel Costs 72.2%

Spare Parts 12.8%

Lubricants 2.7 %

Chemicals etc. 0.7%

Fixed Business
e Expenses 11.6%
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A
The fuel- and lubricating-oil costs often constitute
three-quarter of the running costs for diesel engines.

The fuel costs are 72.2%.

The spare parts 12.8%.

The lubrication costs 2.7%.
Chemicals and other materials 0.7%.

De fixed depreciation on investments etc. 11,6%.

Considerations for the use of M.D.O./H.F.O.
This is a complex matter. Investment and
exploitation begin to play an important role in the
development of a diesel engine that can use both
kinds of fuel. Heavy fuel oil requires an expensive
purifying- and treatment equipment, which has to
be recouped within a reasonable time. Furthermore,
legislation on toxic emissions such as nitrogen,
sulphur dioxides and carbon dust particles is

becoming increasingly important.

wer 22, [Diesel engine emissions.

v
Almost all large ships with a lot of propulsion power
use HFO. This is less suitable from an environmental

viewpoint.

Feb-04 Mar-04
380 IFO 9-18. | 16:2D 2307 1-5 8-12 15-19 22-26
Rotterdam d 135 134 142 7| 144 149 147 142 144
Gibraltar d| 160 157 156 156 158 155 149 152
Piraeus d| 148 154 145 146 150 148 144 147
Suez d| 158 156 159 159 161 161 159 164
Fujairah d| 174 168 167 165 164 162 162 162
Durban w n/a n/a n/a n/a n/a n/a n/a n/a
Tokyo d| 201 198 195 196 197 198 197 196
Busan d| 184 181 182 183 186 185 182 179
Hong Kong d| 183 185 184 184 181 182 181 180
Singapore d| 171 172 170 167 166 164 165 166
Los Angeles | w | 168 163 161 155 155 155 157 164
Houston w 153 162 152 154 154 154 153 154
New York w| 163 163 162 158 161 161 157 158
Panama w | 160 160 160 160 161 164 168 168
Santos d| 156 142 144 146 156 156 154 153
Buenos Aires | d n/a n‘a n/a n/a n/a n/a n/a n/a
180 IFO
Rotterdam d| 144 144 152 154 159 158 152 154
Gibraltar d| 169 166 164 164 167 164 157 161
Piraeus d| 160 155 159 160 165 164 161 164
Suez d| 164 162 165 166 167 167 166 171
Fujairah d| 181 174 173 172 171 169 169 169
Durban w| 170 167 169 166 165 163 161 159
Tokyo d| 205 202 200 200 201 202 201 200
Busan d| 192 191 192 192 195 194 192 189
Hong Kong d| 186 187 187 188 187 186 185 184
Singapore d| 175 172 175 170 171 168 170 170
Los Angeles | w | 193 186 182 169 172 174 173 178
Houston w | 161 162 160 160 160 164 157 159
New York w | 183 182 177 177 179 178 172 173
Panama w | 170 170 169 171 171 174 178 179
Santos d| 159 146 147 150 160 160 158 157
Buenos Aires | d 171 170 165 166 164 165 165

Rotterdam d 243 236 242 238 254 253 268 266
Gibraltar d 284 281 300 306 322 319 328 327
Piraeus d 264 261 2nT 282 300 298 307 307
Suez d 321 321 321 321 325 336 33s 335
Fujairah d 310 310 310 310 309 309 309 309
Durban w 267 263 274 285 301 289 308 311
Tokyo d 287 288 291 288 287 292 292 290
Busan d 332 325 322 322 321 321 319 318
Hong Kong d 274 274 282 283 282 281 279 273
Singapore d 277 278 282 282 284 281 279 277
Los Angeles w 317 320 344 358 345 342 342 340
Houston w | 281 280 278 278 279 282 285 282
New York w 345 343 335 327 325 330 331 330
Panama w a7 317 318 321 321 323 326 327
Santos d 350 343 342 344 347 350 345 344
Buenos Aires | d 317 311 302 306 295 303 303 302

Generally, all large two-stroke crosshead engines,
as well as the large four-stroke trunk piston engines
use H.EO.. The decision point between the use

of M.D.O. and H.EO. depends largely on the
required power, engine operation hours per year,
environmental legislation and numerous other
factors.

In navigation ships with a propulsion power of
over 3000 kW are often equipped with H.EO.

engines.

A

Fuel prices of diesel oil
(M.D.0.), heavy oil (H.FO.)
with a viscosity of

180 ¢St and heavy oil
with a viscosity of

380 cSt.

M.D.O.: Marine diesel Oil;

|.LF.O.: Intermediate Fuel Qil/

Heawy Fuel Qil.
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B
An off-shore supply ship.

4.4
A floating diesel power
plant in a port.

An ore mine far from

civilisation.

The required electrical power
is generated with diesel
engines. The fuel, heavy fuel
oil, is supplied by a tank
lorry. In the background two
white storage tanks

containing heavy fuel oil.
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Diesel power plants which generally use medium-
speed four-stroke engines usually use H.EO..

A decisive factor is the high number of operation
hours per year. Then fuel costs are therefore
exorbitant.

H.EO. is seldom used for high-speed diesel
engines.

In the main, because the real combustion time 1s

too short to fully combust the fuel.

2.7 Use of engines

The distinguishing characteristics are:

the drive type , such as propulsion, generation,

pumps, compressors, traction or different tool

applications;

the number of operation hours on a yearly

basis;

the degree of load and such variations;

the atmospheric conditions such as air

pressure, humidity, air pollution, minimum and

maximum air tem peratures.

A

Fast marine ships require
a great deal of power; a
high-speed four-stroke
V-engine using diesel ol
(M.D.0.) is most

commaon.

«

A relatively small
container ship, a
so-called ‘feeder’.

Propulsion with a medium-
speed diesel engine with
in-line cylinders, fuel is heavy

fuel oil.
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A large four-stroke
medium-speed diesel
engine with cylinders in
V-arrangement. Make
MAN-B&W.

2.8 Other characteristics of
diesel engines

In-line- and V-engines

In in-line engines the cylinder axis lines are planar.
The maximum number of cylinders in a two-
stroke crosshead engine is usually twelve. As

the size of container ships increases fourteen- or
sixteen-cylinder in-line engines are also possible.
The total length of the engine increases to 25 to

35 meters! The number of cylinders on four-stroke
trunk piston engines does not normally exceed ten
to twelve; nine cylinders being the common in-line

engine.

In V-engines the cylinder axis lines are biplanar at
an angle of 45° to 120° from each other.

They normally have a maximum of twenty
cylinders with one often seeing sixteen to eighteen
cylinders in V- designs in large diesel power plants.

A four-stroke in-line
engine with reduction
gear, intermediate shaft,
propeller shaft. and screw
propeller arrangement in
a ship.

A medium-speed

V-engine. Note the large
turbochargers.
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Lifting a large cylinder
head of a two-stroke
cross head engine.

B

A nine cylinder four-
stroke in line engine with
turbocharger.

v
An in-line and a V-engine
next to one another.

left: an in-line engine
right: a V-engine

red: exhaust gas

blue: scavenge air

blue: cooling water, left
green: cogling water, right

yellow: lubricating oil
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2.9 The use of in-line and
V-engines

V-engines are most often used as they have

the advantage of being shorter in length in
comparison to an in-line engine with the same
power output.

An eighteen-cylinder V-engine takes up less space
than two nine-cylinder in-line engines.

In the engine industry everything revolves around
economics. The purchase costs of V-engines are

considerably lower when taking into account the

same number of cylinders in-line.

V-engines are often used in diesel power plants. |
the shipping industry, the preference is for in-line
engines for propulsion. Larger vessels usually

employ auxiliary in-line engines, whereas smaller

vessels use V-engines.

For maintenance, in-line engines have the
advantage of having vertically dismountable
and mountable parts, such as the cylinder head,
piston, connecting rod and cylinder liner. For
V-engines with a somewhat larger cylinder bore
auxiliary tools and adapted hoisting machinery
are indispensable.

X
¥

T Tt AT T T i e T




V-engines and in-line engines seem identical when
considering their components. Cylinder heads,
pistons and liners are often the same. The piston
stroke of some V-type engines is shorter than that
of in-line engines; as there is not enough space in
the V-engine block to make the same stroke as in
the in-line engine. Since the stroke is shorter, the
number of revolutions can be increased; the mean

piston speed will then remain the same.

2.10 Direction of rotation of the
diesel engine

If one were to stand at the far end of the crank
shaft where the power output is delivered and
looked at the engine, it turns clockwise. A large
number of engines turn clockwise. In large in-line
engines the exhaust gases leads are situated on

the right hand side, seen from the outgoing engine

shaft.

vy

A regular clockwise turning engine.

This picture shows a large two-stroke crosshead engine with
a cylinder bore of 960 milimetres and the common rail fuel
system by engine manufacturer Wartsila-Sulzer , where the
exiting part of the crankshaft can still be seen. For a regular
clockwise turning engine, cylinder 1 is the cylinder furthest
removed from the exiting crankshaft. So, in this twelve-

cylinder in-line engine cylinder 12 is closest to the exiting

crankshaft.
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«
The revolution direction of
a diesel engine.

Clockwise, , on the side of
the engine where a screw
propeller or generator is

driven.

The central exhaust gases lead of a two-stroke
crosshead engine is located on the right hand side
of the ship (starboard) with the turbo blowers, air
coolers, exhaust gas boiler, silencers and finally the
exhaust.

Because of this, there is enough space at the left
hand side of the ship (port) for the propulsion
gear of the exhaust valves, the fuel supply, a

floor for ship repairs and a hoisting space for an

overhead crane.

v
Description of the direction of rotation and cylinder
numbering.

Driving end: The part of the engine where the exiting crank
shatt is located.

Free end: The ‘blind" part of the engine, so without exiting
crank shaft.

Control side: This is the side of the engine with the cam
shaft to drive the fuel pump and the valves,

Exhaust side: This is the side of the engine where the

exhaust gases lead is located.

-

4 5 6
Exhaust side 1 _]I.z. 3 ol PR
e i I D0 B Cy &K
| S S
- i < i | Free
Driving end L = | end
*  Controlside | ¢

Clockwise ' \)

Counter- ¥ @ L \
clockwise }
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> free end o

Cylinder numbering and
direction of rotation. For the
in-line engine of this engine

manufacturer numbetring of

the cylinders starts at the
driving end. For V-engines operating '-
one speaks of banks, the left — : -
bank ranging from A1 up to
and including A8 and the
right bank ranging from B1 r/__\
up to and including B8. /Z
counter-
clockwise —

driving end
A\
V-engine numbering with
a left- and right bank.

1 driving end
2 vibration damper

32

free end

AB
AT
AB L
rear
side
operating
side
counter- clockwise
clockwise
clockwise

driving end

2.11 Cylinder number

Cylinder 1 is often the cylinder furthest removed
from the crank shaft side. So in traditional
propulsion engines cylinder 1 is situated towards
the front end of the ship and the cylinder with the
highest number towards the rear end of the ship.

Note
It is recommended that the manual be consulted
in order to check the correct numbering; this also

applied to V-engines!

2.12 Natural aspiration and
turbo-charging

Natural aspiration

When the engine draws in air by means of the
piston movement this is called natural aspiration.
The air enters the cylinder with pressure slightly

lower than the atmospheric pressure.

Super charger or Turbo charger

When the air supply to the cylinder takes

place under pressure which is higher than the
atmospheric pressure, it is called turbo or super-
charging. Here air is compressed and transported
to the engine by means of an exhaust gas driven

turbo blower.

-

Virtually every sizeable industrial diesel engine is
equipped with a turbocharger.

turboblower

exhaust gases manifold

infet air manifold
cvlinders

B oW N =
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The principal of natural
aspiration and turbo
charging

vy

The turbo charger principle.

The turbo blower, driven by exhaust gases draws in ambient
ar by means of a centrifugal pump and forces the air under
overpressure into the air inlet manifold of the cylinders. As
soon as the inlet valves open the air flows into the
combustion chamber. Of course the downward piston
movement also has an inductive effect on the airflow.

1 turbo blower, air section with a centrifugal  pump

2 turbo blower, exhaust gases section with an impeller for
agas turbine

38 arrinlet channel

4 exhaust gases manifold
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00000

Six-cylinder engine - natural aspiration
F - air filter

exhaust gases

POPOPO.

Six-cylinder engine - turbo charging
F - air filter

P - turbo-blower - air section

T - turbo-blower - exhaust gas section

C - air-cooler

Today many engines are equipped with turbo
chargers; one of the advantages is that with an
identical cylinder volume, the power output can be
considerably increased.

With an increased air intake, using the same stroke
volume more fuel is supplied to the cylinder for
combustion, which increases the power output.

Also see Chapter 12, Air supply.
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i
Cross view of a

turbocharger group .

1 impeller blower

2 exhaust gas turbine
3 bearings

4 turbine shaft

5 (ubricating oil inlet

6 lubricating oil outlet
7 housing

8 exhaust gas gasket
9 airgasket

>

An exhaust gas turbine of
a large two-stroke
crosshead engine .

1 cylinder

2 cylinder head

3 exhaust valve

4  exhaust gases manifold
of the cylinder

5 central exhaust gases
manifold

6 auxibary blowers
7 gas turbine
8 exhaust lead towards

exhaust gas boiler and
outside air
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cross
section

cross
section

2-stroke cycle diesel engine

2 piston strokes

1 revolution of the crankshaft (360°)
1 power stroke

a = air receiver
e = exhaust gas manifold

Io = inlet ports open

Ic = inlet ports closed

Eo = exhaust valve opens
Ec = exhaust valve closed

i = injector

\

The working principles of diesel engines
have remained unchanged for over a
hundred years.

Improvements in certain aspects of the
process have enhanced the performance
throughout the years, for instance,
efficiency, power output per swept
volume and, also of significance today,
reduced toxic emissions.
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The four-stroke cycle.

S
The two-stroke cycle.

38

3.1 Working principles

In the internal combustion engine there are two

combustion cycles, namely:

1 the four-stroke cycle, which is four piston
strokes during two crank shaft revolutions;

2 the two-stroke cycle, which is two piston

strokes during one crank shaft revolutions.

Four-stroke engine

A four-stroke engine requires at least one inlet
valve and one exhaust valve in the cylinder; today
most four-stroke engines have two inlet- and two
exhaust valves in the cylinder head. This has the
added advantage of improved gas exchange and
that the open valves are less far in the cylinder,
thus allowing for a higher compression ratio.

4-stroke cycle diesel engine

4 piston strokes

2 revolutions of the crankshaft (720%)
1 power stroke

A B c
ﬁ%ﬂ%};ﬁ: r'ﬁj]:. o ,_ZE;EI:_,
+ 1
g *7 0
L _/ L, o bk
Inlet Compression Power

3.2 Two-stroke engine build

Since industrial two-stroke diesel engines of the

trunk piston type are very rare today, we will only

discuss the two-stroke crosshead engine principle.

In a two-stroke-diesel engine there are two types

of gas exchange:

1 with inlet- and exhaust ports in the cylinder
liner;

2 with inlet ports in the lower cylinder liner and
a central exhaust valve in the cylinder head, the
so called uniflow scavenging.

AxR

Exhaust

2-stroke cycle diesel engine

2 piston strokes

1 revolution of the crankshaft (360°)
1 power stroke

cross Ec
section

Eo

a = air receiver
e = exhaust gas manifold

Io = inlet ports open
Ic = inlet ports closed

Cross Eo= exhaust valve opens

section =

Ec = exhaust valve closed

i =injector
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4
Sectional view of a cylinder head of a four-stroke

engine.

1. cylinder head
intake valves (behind which are the exhaust valves,
not visible)
valve seafls
coolant passages
valve guides
valve springs
valve disc/rotor caps
spreader/bridge
valve lever/rocker arm
10. second adjusting bolt
11. push rod
12. valve cap
3 13. intake-air manifold
@ 14. exhaust manifold
15. first adjusting bolt/clearance of the valve

]
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3.2.1 With inlet- and exhaust ports in the
cylinder liner.

This is often the case with small engines such as
hand tools, outboard engines etc. These have the
advantage of having a simple and lightweight
construction. Most of these engines work
according to the Otto-process. Port type diesel
engines are now only produced by some American
manufacturers. Traditionally, the old two-stroke
crosshead engines were also equipped with ports.
These engines are still in use, but are no longer

build.

A
A cylinder liner of an early type two-stroke crosshead

engine.

1. intake port

2. exhaust port

3. grooves for the sealing O-rings of the coolant passages
above and below the ports

4.  holes for cylinder lubrication

5. liner with bore cooling

B
A typical four-stroke high-speed diesel engine by

engine manufacturer Cummins.

A cylinder head contains two inlet- and two exhaust valves
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The compression ratio,
efficiency and the
maximum pressure.

In order to have a good grasp of
diesel engines, it is essential to
have a basic knowledge of the

operating systems and their

corresponding parameters.

Here an excerpt from the MTU
training centre for diesel engines
in Friedrichshafen, Germany.

e

Efficiency (%)

Py
(=2

iy
(4]

B
=

Performance sensitivity analysis

Compression ratio (-)

LOHR = 30 degrees
pmax = 210 bar

pmax = 190 bar

LOHR = 35 degrees
pmax = 210 bar

pmax = 190 bar

LOHR = 40 degrees
pmax = 210 bar

pmax = 190 bar
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A typical two-stroke
crosshead engine by
engine manufacturer
MAN-B&W.

The engine is equipped with
inlet ports and a central
exhaust valve

>>

A large two-stroke
crosshead engine which
is almost always used for
large propulsion plants.

On the left the air-intake
manifold, the exhaust
manifold, the turbo blower
and the air coolers. On the
right the exhaust-valve drive
and the fuel pumps (not

visible).

>

Arrangement of two propulsion systems.

Above: propeller: four-stroke trunk-piston engine with gear
box to adjustable-pitch propeller with a shaft generator on

the gear box.

Propeller: RPM much lower than the engine rpm
Shaft generator: RPM much higher than the engine rpm

Comment

The built-in height of this propulsion installation is low.

Below: two-stroke crosshead engine with a direct-driven
controllable-pitch propelier. The shaft generator, driven by
the engine shaft via a reduction-gearing box.

Propeller: RPM identical to that of the engine

Shaft generator: RPM much higher of that of engine

Comment

The built-in height of this propulsion installation is high. In
both of these systems, the shaft generators and controllable-
pitch propellers can be disconnected from the engine.
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3.2.2 With inlet ports in the lower cylinder
liner and one central exhaust valve in the
cylinder head

All modern two-stroke crosshead engines are built
with this configuration.

Note
The two-stroke cycle is characterised by one
rotation of the crank shaft and two piston strokes
in one combustion cycle. Inlet- and exhaust ports
are located in the cylinder liner (small two-stroke
diesel engines) or the inlet ports are situated
around the cylinder liner with there being one
central exhaust valve (large two-stroke diesel
engines).




3.3 Four-stroke engine set-up

There is a cylinder liner in the engine block, in
which a piston makes upwards and downwards
movements known as a linear motion. By means
of a gudgeon pin the piston is hinged to the
connecting rod which 1s fixed rotationally to the
crank pin of the crank shaft.

When the piston has reached its highest point it
stops for a moment: this is called ‘top dead centre’
(LINC.).

The bottom dead point is called ‘bottom dead
centre’ (B.D.C.).

Intake stroke

During the downward stroke of the piston both
inler valves are open and the air flows into the
cylinder under an over pressure. Both inlet valves
close when the piston is almost at the bottom of
its downward stroke (B.D.C.).

Compression stroke

During the upward stroke of the piston the air is
compressed and the pressure and the temperature
of the compressed air rises considerably.

CH3 > WORKING PRINCIPLES OF DIESEL ENGINES

Combustion stroke

Just before the piston has reached the top of its
upward stroke, an atomiser injects fuel under high
pressure into the cylinder filled with hot air and
the fuel/air mixture subsequently combusts swiftly.
This is called the ‘self combustion” of the diesel
engine.

The fuel/air mixture combusts rapidly, causing an
increase in pressure and temperature.

During the downward piston stroke the gases
formed in the cylinder expand and exert force on
the piston. This force is transferred to the crank
shaft via the piston pin, connecting rod and the
crank.

Exhaust stroke

Before the end of the power stroke the exhaust
valves open and exhaust gases flow out of the
cylinder. During the upward exhaust stroke most
of the exhaust gases are expelled from the cylinder.
Subsequently, the four-stroke cycle starts a new
with the intake stroke.

At the top of the upward piston stroke the inlet-
and exhaust valves remain slightly opened. The
residual gases are removed by the scavenging air
via the exhaust valves and the hot components of
the combustion space, such as the exhaust valves,
the cylinder head and the piston crown are cooled.

-
A traditional four-stroke
in-line engine.

crankshaft
connecting rod
piston

cylinder liner
cylinder head
camshaft

fuel pump

fiywheel and turning
wheel

9. turning gear

10. turbo charger

11. lubricating-oil pump

ol
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The four-stroke cycle,
The continual valve
diagram.
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Note

The four-stroke cycle is characterised by the fact
that one combustion cycle is completed in two
revolutions of the crankshaft and therefore four
piston strokes.

There are two inlet- and two exhaust valves in the
cylinder head.

The four-stroke cycle is often applied to small,
medium and large diesel engines. So these are the
high-speed and medium-speed engines.

It is only cases requiring very high power outputs
that one resorts to engines with the two-stroke
principle. These are without exception crosshead
engines that directly drive ship propellers or
generators. These are always low-speed engines.
In crosshead engines the forces moving the pistons
are transferred to the crosshead via a piston

rod that is fixed to the piston. The crosshead
functions as a pivotal point between the fixed
piston rod and the connecting rod fixed to the
crank; lateral forces are absorbed in the crosshead
and are transferred to the crosshead guide via the
crosshead guides, which are fixed to the frame.

3.4 A few remarkable differences
between the two-stroke and
four-stroke cycles

In the two-stroke cycle there is a combustion
process for every revolution, whereas in the four-
stroke cycle there is one for every two revolutions.

Theoretically, a two-stroke engine with a similar
cylinder capacity and rpm should have rwice the
power output.

In the two-stroke cycle the exhaust gases flow out
of cylinder under an over-pressure, at the same
moment that the piston releases the inlet port,
the air supplied must have an over-pressure in
relation to the exhaust gas pressure, otherwise
the exhaust gases will flow back into the cylinder!
The two-stroke engine requires an air supply that
has a pressure exceeding that of the exhaust gas
pressure and therefore far higher than atmospheric
pressure (over-pressure).

In very small rwo-stroke engines the bottom part
of the piston in conjunction with the smallest
possible crank case functions as a scavenge pump.
In slightly larger two-stroke engines a scavenge
pump for the air supply is driven by the crank
shaft. In industrial engines the scavenging air is
always supplied by a turbo blower.

In the four-stroke cycle all stages are executed by
the piston:

— intake;

— compression;

—  power;

— exhaust.

This is a simpler process. Additionally, the exhaust
gases are far better expelled; the process is cleaner!
No separate air supply system is required (over-
pressure); also in four-stroke engines without a
turbo charger the charging of the fresh air cylinder

is good.
T.D.C. TG
exhaust gas fuel injection
scavengjng 15°/15°
Ec -
10 4\?“ '/
lo !
2z 25 iy
T Ic
B.D.C. B.D.C.
-stroke inlet stroke compression stroke power stroke exhaust-
Inlet stroke 70+180+25 = 275° Low pressures: long processes (inlet/exhaust)
Compression stroke 65+90 =155° High pressures: short processes (compression/power)
Power stroke 90+38 =128°
Exhaust stroke 52+180+43 = 275°
Fuel injection 15+15 = Sar
Exhaust gas scavenging 70+43 =14




Even so, today most four-stroke engines have

turbo charging and a turbo blower driven by

the exhaust gases. This produces a considerable
increase in the power output of the engine; an
increase in the kilograms of air that can be fed
into the cylinder means that there is in an increase
in the amount of fuel combustion, thus creating a

proportional increase in power output.

CH3 -

A twelve-cylinder
two-stroke crosshead
engine on a large
container ship.

In this case a Wartsila Sulzer
RTA 96-C, Southampton
class (6800 TEU) of shipping
company P & O Nedlioyd,

now part of Maersk,

Note

Despite the fact that, theoretically, a two-stroke
engine has the twice the power output with an
identical cylinder capacity, one generally uses a
four-stroke engine when a high power output in
conjunction with a higher RPM are required. Only
for a low power output does one use two-stroke
trunk piston engines. Also in case of a very high
output one generally uses two-stroke crosshead
engines. In the latter case, ship propellers or
generators are directly driven by the engine and

therefore have the same RPM.

r/min
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The engine programme of
the two-stroke crosshead
engines of MAN-B&W
type MC.

Here the smallest engine
has a cylinder bore of

260 millimetres and the
largest has a bore of

980 millimetres. To-day there
are also 1080 millimetre

engines on the market.
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3.5 Examples of supply
programmes of engine
manufacturers

>

The engine programme of manufacturer MTU.

These are high-speed four-stroke diesel engines running on
M.D.O.

The power output varies from 298 to 8200 kW,

RPM varies from 1150 to 2100.

The stroke volume varies from 14 to 347 .4 litres.

The weight varies from 1840 to 43,000 kg.

$60

Baureihe 2000 Baureihe 396

Baureihe 4000 Baureihe 595

Baureihe 8000 ‘ Baureihe 1163
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M 20

Bore

Stroke
Cylinders
Output
Rated speed

CH3

200 mm &

300 mm

6,8 9
1,020-1,710 kW
9001000 rpm

M 25

Bore 255 mm &
Stroke 400 mm
Cylinders 6,89

Output 1,800-2,700 kW
Rated speed 720-750 rpm
M32C

Bore 320 mm @
Stroke 480/420 mm
Cylinders 6,8,9 12 16
Output 2,880-2,000 kW
Rated speed 600750 rpm

M 43

Bore 430 mm &
Stroke 610 mm
Cylinders 6,7,89 12 16,18
Output 5,400-16,200 kW
Rated speed 500-514 rpm

WORKING PRINCIPLES OF DIESEL ENGINES

<4

The engine programme
of manufacturer
Caterpillar-Mak, four-
stroke medium-speed
diesel engines for engines
that use H.F.O.

The engines’ power output
ranges from 1020 to
16,200 kW. RPM varies
from 500 to 1000.
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>

The cylinder bore,

the stroke,

the connecting-rod length
and the crank circle.
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3.6 Important terms and
definitions

3.6.1 The piston stroke (S)

The piston moves between the bottom dead centre
and the top dead centre; one can also say that

the piston is either B.D.C. or T.D.C.. This means
that the crank is positioned vertically upwards or
vertically downwards, respectively.

The length the piston travels is the engine

stroke. This varies in industrial engines from
approximately 60 millimetres to 680 millimetres
(four-stroke trunk piston engines) to about 3200
millimetres (two-stroke crosshead engines).

3.6.2 Cylinder bore (D)

In order to determine the cylinder bore, one takes
the diameter of the cylinder liner. In industrial
engines this ranges from 40 millimetres to 640
millimetres (four-stroke trunk piston engines) to
1080 millimetres (two-stroke crosshead engines).

3.6.3 The stroke/bore ratio (S/D)

The ratio varies from ca. 0.8 to 1.5 for four-stroke
trunk piston engines and 2 to 4 for two-stroke
crosshead engines.




3.6.4 Mean piston speed in metres per
second (C, mean)

This is directly related to the RPM and the stroke.
Mean Cp=2 x § x n.

Two-stroke crosshead engines have a maximum
piston speed of 6 to 8 m/sec. and four-stroke
engines have a maximum piston speed varying
from 8 to 12 m/sec.

This is determined by the acceleration- and
deceleration forces of the gearing and lubrication
of the pistons, rings and cylinder liner.

3.6.5 Crank length of the crank shaft (R)

The crank forms the link between the connecting
rod and the crank shaft and ensures that the

up- and downwards movement of the piston

is converted to crank shaft rotation(R). via the
piston pin, connecting rod and crank pin (four-
stroke) or via the fixed piston rod, cross head,
connecting rod and crank pin ( two-stroke).

3.6.6 Crank circle (S)

In a frontal view of the engine the centre axis
of the crank pin makes a circular movement
with at its centre the centre axis of the crank
shaft, which is denoted by the radius R and the
diameter 2R = S,

3.6.7 Connecting rod length (L)

This is the distance between the centre axes of
the piston pin and the crank pin. This is usually
3.5 to 4.5 times the length of the crank,

so: D = (3.5 —4.5) R.
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3.6.8 Stroke volume (Vs)

This is the cylinder volume displacement between
bottom- and top- dead centre.

n -
VS:ZXD xS

In smaller diesel engines the total cylinder volume
is indicated in cm? (c.c.) or in litres.

This is less common in larger engines. Here one
mentions output per cylinder, total output, the
stroke, cylinder diameter and the number of
cylinders.

3.7 Some engine names

MAN-B&W 12 K 80 ME - C

This is a twelve-cylinder two-stroke crosshead
in-line engine with a cylinder bore of 800
millimetres (or 80 centimetres).

The stroke is 2300 millimetres (or 230 centimetres)
(project guide), the RPM 104 and the maximum
outpur 43,320 kW. Electronic fuel injection.

MAN-B&W 9L 16/24

This is a nine-cylinder four-stroke trunk piston
in-line engine with a cylinder bore of 160
millimetres and a 240 millimetre stroke.

Here the power output is a maximum of 900 k'W
at 1200 RPM (project guide).
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A medium-speed four-stroke
Caterpillar-MAK 43 diesel propulsion
engine in the container-feeder “Elite”
from J.R. Shipping, Harlingen,

the Netherlands. These engines have a
high fuel efficiency of 45%, the fuel used
is H.F.O. Nevertheless, 55% is wasted as
unused warmth in the form of exhaust
gases and engine cooling.

6S60MC-C
SMCR: 13,500 kW and 105.0 r/min
Service point 80% SMCR

Shaft power
output 50.5%

Lubricating
oil cooler
3.3%

Jacket water
cooler
5.8%

Exhaust gas
25.0%

Heat radiation
0.8%

The Sankey diagram of a
two-stroke crosshead
engine. Efficiency is 50.5%.
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The total propulsion
efficiency, from the
engine fuel supply to the
available ship thrust is
approximately a third, or
33 %.

4.1 Efficiency and losses

In diesel engines only a small part of the fuel is

converted into mechanical labour.

The ratio of energy supplied to energy delivered to
the outgoing shaft is referred to as the total engine

output,

Shaft power

Engine Efficiency =

Energy in supplied fuel

| 3

The larger the cylinder bore, the higher the total
efficiency of a diesel engine.

This example by Wartsila shows that the efficiency of an
engine with a cylinder bore of 640 milimetres is 7 % higher
than with an engine with a 200 millimetre cylinder bore.

This is mainly due to the fact that a larger cylinder volume
produces increasingly smaller radiant surfaces, liners,
cylinder heads and piston bottoms, so more heat remains for
power output.
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Formulated form:

Py
M = ﬁ
g ®illp,
.. = efficiency as a ratio of 1
P. = effective or shaft power in MW.

F. = fuel consumption in kg/sec.
H. = calorific value in M]/kg

Small diesel engines have an efficiency of 25%
whereas that of very large engines exceeds 50%.

Efficiency (%)
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All other fuel energy is eventually lost in the form
of heat, namely in:

- the exhaust gases;

- the cooling water;

— the lubricating oil;

- the intercooler or air cooler;

- the heat radiation.

Additionally, energy is used to drive the valves, the
fuel pumps and the engine driven cooling water
pumps.

We will return to this subject later in this chapter
in the thermal energy balance or Sankey diagram.

4.2 Indicator diagram

In order to obtain a good insight into the
workings of the diesel engine, the Pressure—
Volume- or P-V-diagram is fundamental. From
the development of the very first Diesel and Otto
internal combustion engines, the compression

in the engine cylinder has been indicated as a
function of the continuous stroke volume of the
piston.

This can be measured by means of an indicator
gauge. This results in an indicator diagram,
popularly known as the *banana- curve’. This
provides a good insight into the compression in

the cylinder and the work done,

The following pictures show P=V-diagrams for
both two- and four-stroke engines. Below both
diagrams, the most important aspects of the crank
circles are shown, such as the opening and closing
of the inlet- and exhaust valves and the start and

end of the fuel injection,
4.2.1 Four-stroke cycle

Let’s assume that de piston is at bottom dead
centre position (B.D.C.) and commences its
upward stroke. From the moment that the inlet
valves are closed the pressure mounts significantly
from about 2.5 bars over pressure (super
charging with turbo blower) to about 150 bars
(final compression pressure). The internal air
temperature has increased from = 50 °C (super
charged air temperature after cooler) to = 750 °C
(final compression temperature).

Just before the piston reaches top dead centre
position (T.D.C.). the fuel is in a very fine spray
rapidly injected into the cylinder and it then
ignites.
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During combustion the pressure climbs to

= 200 bar (maximum combustion pressure) and
the temperature rises to =+ 1600 °C (maximum
combustion temperature).

In the course of the combustion — or power stroke
the pressure decreases and the exhaust valves
subsequently open at 6 bar, the temperature of the
exhaust gases are now about 700 °C,

At this time the pressure in the exhaust pipe
amounts to = 2 bar and the temperature of the
exhaust gases 450 °C.

Of course each modern four-stroke diesel engine
motor has its own cycle and accompanying
pressures and temperatures that diverge from the
aforementioned.

F2 s

Rudolf Diesel's very first
cycle diagram.

Essentially, very little has
changed over the past

hundred years.

<
The P-V-diagram for a
four-stroke diesel engine.

430
25

B.D.C.

T.D.C. |

250

Fi &

lo

In diagram: starting on the right side
After the inlet valve is closed, the pressure increases (Ic)

Fuel is injected at (F1) until the power stroke commences at (F2)

The exhaust valve opens at (Eo) until the exhaust stroke commences at (Ec)
Exhaust gas scavenging from (Io) to (Ec), followed by the inlet stroke
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The work done is positive power (a clockwise
work cycle) and is the internal power of the
cylinder. (heat engine)

Three strokes in this process use energy from the
crank shaft; the intake stroke, the compression
stroke and the exhaust stroke. This is negative
power.

Only the power stroke supplies energy to the crank
shaft. This is positive power.

4.2.2 Two-stroke process

Let’s assume that the piston is in B.D.C. and
commences its upward stroke. From the moment
the piston passes the intake ports and the central
exhaust valve is shut, compression begins. Pressure
increases to approximately 2 bars over pressure
super charging with turbo blower) to about

100 bar (final compression pressure). The air
temperature has risen from van = 50 °C (scavenge
air temperature after the cooler) to = 650 °C (final
compression temperature).

Right before T.D.C. is reached the fuel is rapidly
and finely distributed and injected into the
cylinder and ignites.

During combustion the pressure climbs to = 150
bar (maximum combustion pressure) and the
temperature to 1300 °C (maximum combustion

temperature).

>

The P-V-diagram

for a two-stroke diesel
engine.

TD.C. B.D.C.

ot
400

El

Ic

Ec
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In the course of the combustion - or power stroke
the pressure further decreases and the exhaust
valves subsequently open at approximately 4 bar.
The exhaust gas temperature is then about 600 °C.
At this time the pressure in the exhaust pipe is = 2
bar and the exhaust gas temperature = 375 °C.

Of course, each modern two-stroke engine
has its own cycle and accompanying pressures
and temperatures that diverge from the
aforementioned.

The work done is positive power (a clockwise
work cycle) and is the internal power of the
cylinder. (heat engine)

[n this process one stroke uses energy (the
compression stroke = negative power) and one
stroke supplies energy (combustion stroke =
positive power/energy) to the crankshaft.

Scavenging process

When the piston releases the intake ports, the
scavenging process takes place at which point the
scavenging air pressure should exceed the pressure
of the exhaust gases in order to prevent reflux of
the exhaust gases.

Note

A diagram of an engine with intake ports and one
central exhaust valve had been made for the two-
stroke process. Two-stroke industrial crosshead
diesel engines with intake and exhaust ports still
exist, but are no longer manufactured.

4.2.3 A comparison of both processes

At an identical RPM of the crank shaft a two-
stroke engine of the same sized cylinder has twice
the power strokes as that of a four-stroke engine.
Theoretically, a two-stroke engine should have
twice the power output of a four-stroke engine at
the same RPM and identical cylinder content.
However scavenging and filling for a two-stroke
engine is less efficient than that of a four-stroke
engine, which means less fuel is burnt. The power
output ratio of four-stroke to two-stroke engines
at the same RPM and cylinder volume lies just
below 2: 1.6 to 1.7.

The thermal load of the material of the
components of the two-stroke engine is higher
than that of the four-stroke engine, so the time
between two power strokes, the hottest part of the
process, is reduced by half.



Cylinder scavenging in a two-stroke engine is
more complex, since it is only the over pressure of
the scavenging air in relation to the exhaust gases
that determines the scavenging, as opposed to the
four-stroke engine where a piston draws in air and
forcibly expels the exhaust gases. Therefore the
mean piston speed for a two-stroke engine is set
slightly lower (6 to 8 m/sec. for two-stroke and

8 to 11 m/sec. for four-stroke) in order to avoid

scavenging problems.

Generally, all medium-and high speed diesel
engines are four-stroke engines. These can effort-

lessly achieve a high mean piston speed as well as
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For each engine this is connected to a maximum
value.
C,mean =2xSxn

C, mean = mean piston speed in m/sec.

D = intake stroke in m
n = number revolutions per second (RPS)
Conclusion

The shorter the stroke of the engine, the higher the
achievable RPM!

4.3.3 Load parameters L, product of
the mean effective pressure and the
mean piston speed

a high mean effective pressure without having the
problems that gas exchange or thermal load of See also 4.3.1 and 4.3.2.
the components can cause. Moreover, the film of

lubrication oil on the piston and the cylinder liner L, =p. x C,

is better maintained in a four-stroke engine.

Example:
For the two-stroke cycle  L,=19x 8.5 =
4.3 Parameters of both working 161.5 bar/m/sec.
principles For the four-stroke cycle: L, =25 x 10 =

250 bar/m/sec.

The parameters of both working principles differ
considerably. 4.3.4 Exhaust gas temperatures

v

4.3.1 Mean effective pressure:

p effective mean - p,

For the two-stroke cycle: Tgas = 325 to 375 °C

Tgas = 400 to 500 °C

A large two-stroke engine
For the four-stroke cycle: and next to it, a four-
stroke trunk piston
For the latest two-stroke-crosshead engines this engine.
is approximately 20 bar and for the latest four-
stroke trunk piston engines about 28 bar. This
disparity is predominantly caused by thar fact
that there is less fresh air for combustion in the
cylinder; as a consequence less fuel can be injected
per combustion stroke. This ultimately results in

a lower mean effective pressure for two-stroke

engines.

4.3.2 Mean piston speed:
C, mean

For large two-stroke engine this is around 8.5 m/
sec. and for the four-stroke engine 10 m/sec. The
mean piston speed is an important factor with
regard to the thermal and mechanical load of the
various engine components.

Due to the fact that the lubrication of, among
other things, the piston rings is slightly lower

in two-stroke engines as they constantly pass

—— -
o, "

the ports which is not conducive to cylinder B s e o AL
lubrication. Therefore the piston speed is lower
and of course in order to obtain optimum

scavenging, the piston speed is also set slightly

lower.
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Set stroke = 0.2 m.

Mean piston speed 10 m/sec.

C, mean = 2xSxn

10 =2x0.2xn

0,4 n = 10

n =25 RPS — 25 x 60 = 1500 RPM

This is a high-speed engine four-stroke cycle.

<
Fast running four-stroke Caterpillar diesel engines

ready to be sent to genset manufacturers or

companies for assembly in propulsion systems.

Example 2
Set stroke = 0.6 m.

Mean piston speed 9.6 RPS

Cp mean = 2xSxn

9.6 =2x0.6xn

1,2 n =9.6

n = 8 RPS — 8 x 60 = 480 RPM

This is a medium-speed engine four-stroke cycle.

<
A medium-speed four-stroke H.F.O. diesel engine
driving a generator on a large container ship.

Set stroke = 2 m.

Mean piston speed 8 m/sec.

Cpomean =2x5xn

8 =2x2xn

4n =8

n =2 RPS — 2 x 60 = 120 RPM

This is a low-speed engine two-stroke cycle.

S
Cylinder heads of a large two-stroke crosshead engine
for ship propulsion.

‘7‘ _; et N % . Note the hydraulically tightened bolts for the exhaust valves
i and the cylinder covers. Here the cylindrical nuts are

b )

covered with protective caps.

54



CH4 > EFFICIENCY AND LOSSES OF DIESEL ENGINES

4.4 Determining cylinder output <

using an indicator diagram
and the mean induced
pressure

An indicator gauge.
1 sleeve nut on indicator
This is still done in the traditional way, but today

usually by means of an electronic pressure gauge

on the cylinder which computes all necessary

values using a dedicated software program.

7 indicator drive belt for

4.4.1 With the indicator gauge

arum

Part of the cylinder cover
of a two-stroke

crosshead engine.

1 cylinder cover

2 one of the two fuel

valves

v

A pressure gauge for
measuring the maximum
combustion pressure in
the cylinder.

B
An indicator.

&

1 pressure-measurng
staffs

2 extra spring
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pressure ———»

ambient
pressure

0

4.4.2 Determining cylinder output using an
indicator diagram

A P-V-diagram represents the working cycle of an
internal combustion engine; in this case a diesel

engine.

Theoretical diagram

adiabatic expansion

pressure ——»
(@]
w]

/

adiabatic compression

volume ——»

A

The extent of the clockwise turning process is
indicative of the amount of positive power exerted on
the piston.

The enclosed surface A-B-C-D-E-A s the resultant positive
energy.

Practical diagram

work

compression
__exhaust

inlet/intake

Ve | stroke

A

The actual pressure development in the cylinder of a
four-stroke engine as measured by an indicator.
Horizontal axis, the piston position and the vertical axis, the
pressure development. Here the exhaust-gas pressure
slightly exceeds the inlet-air pressure at the exhaust and inlet
stroke respectively.

This is a diesel engine without turbo charger.

Theoretical and practical diagram

The mean induced pressure on the piston is
no different from the measured (or calculated)
pressure throughout the entire process.

The 90° shifted diagram

start injection

pressure ——>

| | Il ] ! } — 4

A0 30 20 10 TDC. 10 20 30

degrees crank —
The 90° shifted diagram.

This clearly shows the initial moment of fuel injection.

4.5 Determining the mean
induced pressure

There are three ways in which to determine the
mean induced pressure in a P-V-diagram.

4.5.1 Measure the diagram with a
planimeter

With a measuring instrument, the planimeter, the
diagram surface area is meticulously calculated in
mm? and divided by the length of the diagram in

mm.

Mean height is calculated using the formula below.

surface area diagram in mm?

mean height in mm = - :
length diagram in mm

The calculated mean height in mm is divided by
the linear spring scale and so the mean induced
pressure can calculated.

mean induced ~ mean height in mm

pressure in bar  spring scale mm/bar

To warrant accuracy one takes three planimeter

measurements.



ambient
pressure

4.5.2 Oldest method, division of the
acquired diagram into ten equal
sized sections

The classical method in determining the mean
induced pressure from a P-V-diagram: split

the diagram into ten pieces of the same size.
Determine the height of each part. This is roughly
the height in the middle of one part.

The sum of the average heights (ten parts) and
divided by 10 give the mean height in mm.

By dividing this number by the spring scale the

mean induced pressure in bars is obrained.

pressure ———»

0

Determining the mean induced pressure from a
indicator diagram.

4.5.3 Modern method, electronic

Here a pressure sensor is connected to the
indicator. All cylinder data are passed on to

an engine collecting unit. This collects all
information such as pressure development, crank
shaft position, rpm etc. All data is then processed
by a central computer.

The possibilities are extensive. Here a some
examples of the values that can be established:
- mean induced pressure;

- maximum cylinder pressure;

- induced power output;

- torsional vibration;

— exhaust gas pressure;

- general trends.

In this all important data of the engine are
available at any given moment.

See also Chapter 25, Operational management

and automation.
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4.6 Engine formula

The internal and external power output of the
engine can be calculated with the aid of the engine
formula. The following applies to a combustion

engine:

P :1 DlexExe
=g a P

P, = induced power output in MW (Megawatt)

D = piston bore in m (meters)

S = piston stroke in m (meters)

n = number of revolutions of the crank shaft per
second

a = 1 for two-stroke, a = 2 for four-stroke

Z = number of cylinders

p; = induced mean pressure in MPa

(Megapascal)

As a rule, pressure in engine technology is
expressed in bar: 1 MPa =10 bar.

The engine power output is usually often
expressed in kW: 1 MW =1000 kW.

PMI controller box

Power supply

A4

An overview of a modern

measuring system

mounted on a two-stroke

crosshead engine.

Engine
Control Room

LED indicator

Intermediate or /[
frequency divider box

Pickup mounted on
free end of crankshaft

The PMI System as applied on a two-stroke diesel engine

Transducer
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Example

How to calculate the induced (power) output
of an engine by using an indicator gauge and a
planimeter.

Two-stroke crosshead engine

number of cylinders 8
cylinder bore D = 700 mm
piston stroke S = 2360 mm
number of revolutions

108 per minute = 1.8 RPS
Spring scale 1 bar = (0.3 mm
Surface area diagram = 399 mm?
length diagram = 70 mm

Calculate:

a  The mean effective pressure in bar and MPa.

b The mean piston speed in m/sec.

¢ The mean induced (power) output provided
that the induced mean pressure of all cylinders

is identical.

Solution
a The mean height of the indicator diagram is:

399

=——=35.7mm
70

h

M

For a spring scale of 1 bar = 0.3 mm the

mean induced pressure is now —— = 19 bar
T}

Or 1.9 MPa.
b The mean piston speed is:

Cpmcan:ZXanzle.S{le.S:

8.5 m/sec.

¢ The induced power output:

n
PI=ZxszSx§xep]

; 1.8
Py=7x0.72% 236 x—-x 8x 1.9

P, = 24.840 MW of 24,840 kW

This is an example of a MAN-B&W two-stroke
crosshead engine type 8L.70 ME - C.

Additional information:

length 11.35 meter
height 10.25 meter
width 4 tot 6.5 meter

weight (dry) 642 ton

Fuel consumprion per day 101,350 kg or
101.4 ton weight.

Note

It is not possible to use the indicator gauge for
high-speed diesel engines. It is generally used

for low-speed two-stroke crosshead engines in
order to calculate the output- compression- and
combustion pressures.

For higher rotating four-stroke diesel engines it is/
was merely used to measure the compression- and

combustion pressure.

4.7 Induced thermal efficiency
Induced thermal efficiency is also called ‘the useful
effect’.

The formula in words is:

_ Induced engine output
Induced thermal eff = 8 P

Fuel power input

Induced engine power P, (MW)
F. (kg/sec)

Ho (M]/kg)

Fuel consumption
Fuel energy density

(also heat value)

Fuel power input P, (MW)
: P
P
FoxH,

ni = eta internal = the internal efficiency.

This ranges from about 25 to 55% for a four-
stroke engine and for two-stroke engine is slightly
over 65%. The remainder of the fuel energy is
wasted in the form of heat.

4.8 Mechanical and total
efficiency

In practice we prefer to work with a slightly more
practical efficiency, namely the total efficiency or
shaft efficiency of an engine.

Engine manufacturers always present the
maximum engine power output as the maximum
continuous capacity or shaft power.

A percentage of the induced power is not
transferred to the crank shaft as useful shaft
power, but instead is required to overcome
frictional forces. Naturally, this is just a very
small percentage as a far larger percentage of
the induced power is required to drive the high
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pressure fuel pumps, the intake- and exhaust
valves and the lubricating- and cooling water
pumps.

For a modern diesel engine this amounts to about
§ to 10% of the induced power in total. Therefore
the mechanical efficiency is approximately 90 to
92%.

The mechanical efficiency equals:

the shaft power P

the induced/internal power P,
The mechanical efficiency 1 mech. therefore is:

effective power or

shaft power on the crank shaft

n mech. = _
L induced power
B
By B
T mec P]
Al Py 2’ fne %
Also: ne =1 N=—"——x—ofnt=—-—
O XS H, S P, Fox H

4.9 Specific fuel consumption

This is the amount of fuel consumed per power
unit and per time unit. It is normally indicated in
grams per kilowatt.

The lower the fuel consumption, the less fuel the
engine uses and the higher the engine’s ‘return
efficiency’ is. In this way, one can easily make

comparisons of engines.

Lubricating oil- and fuel consumption constitute
by far the highest costs in ship exploitation.

oS R T I M P e r e g

Of course the measurement of fuel consumption The cylinder and shaft
must take place under the same conditions; these
have been laid down in the ISO norm 3046 - 1 -
1995.

This stipulates amongst others:

power.

1 shaft power-P.
2 cylinder of internal

i i P power-P,
~ the intake air temperature of 25 °C;

—  the temperature after the air cooler of 25 °C;
~  the ambient pressure 1000 millibar;
— relative humidity of 30%;

— the heat value of the fuel.

All engine manufacturers provide these derails
when stating fuel consumption.

The fuel consumption in conjunction with the
lubricaring oil consumption (in grams per kWh)
form a major consideration in decision of which
engine to chose.

The fuel consumption varies from 167 gr/kWh.
to 220 gr/kWh. and depends for instance on the
size of the diesel engine. The larger the engine
the higher the efficiency, so the lower the fuel

consumption.
4.10 Mean effective pressure
We already know:

: . the shaft power
mechanical efficiency =

the induced/internal power

P..
n mech, = £

Py

g b eff. mean
Thus follows: 1 mech. = l‘—;
p ind. mean

! . n = ,
so also: P = Fy x D? x S x —x Z x p eff. mean
' a
This is the more practical formula with regard to
diesel engines.
Engine manufacturers also always provide the
effective power output,
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One of the two Wartsila
9L 46 B four-stroke diesel
engines on the
‘Oranjeborg’ of
Wagenborg Shipping.
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The difference between the induced and the
effective mean pressure is called the mean

frictional pressure p,.

So: Dy =Py~ P

b o o B
Moreover : PFz—xD* xSx—xZxpg
- a

Therefore the frictional work of the engine is also:

Po=P B,

Measurements show that the (frictional) torque
and therefore also the frictional pressure are
barely influenced by the number of revolutions
(RPM) and engine load. Consequently, the mean
frictional pressure for an engine can be taken as a

constant.

Overall, engine load is proportional to P, and so
to the generated power per cycle it follows that
the engine output is only proportional to the load
at a constant rpm.

It is also given that:

P 1
1 mech. = 5 FP N
gtte Pe+Pe 4, Pp
PE

Example
At full load an engine at constant RPM runs with

a mean effective pressure of 25 bar and a mean

induced pressure of 28 bar.

The mean frictional pressure 1s:

Pr= P —Pp=28- 25 =3 bar.

The mechanical efficiency at full load of this

engine is:

1 ;
————=0.8928 of 8%.3%

1+

n mech. =

S8 I
|

The mechanical efficiency drops slowly if this is

calculated for a partial load.

At 75% power output p; is= 0.75 x 25 = 18.75
bar and the mechanical efficiency is 86.2%.

At 50% power output p; is = 0.50 x 25 = 12.0 bar
and the mechanical efficiency 1s 80%.

At 25% power output pg is = 0.25 x 25 = 6.25 bar
and the mechanical efficiency is 67.6%.

So the mechanical efficiency falls slowly at a

reduced engine power output.

4.11 Thermal energy balances or
Sankey-diagrams

An energy balance or Sankey-diagram indicates
how the thermal energy in heat supplied by

the fuel next to the delivered shaft power is
distributed over varied systems.

Exhaust gas loss is always the greatest loss,
followed by the air cooler loss, or jacket coolant
loss and lubricating oil loss. Furthermore, there
is a radiation loss and some residual loss. The
following examples are two overviews of a four-
stroke trunk piston engine and a two-stroke

crosshead engine.

An example of a thermal energy balance |
The Wirtsild 9 L 46 B has the following values as
detailed in the Project Guide Marine Applications:

Four-stroke cylinder bore 460 mm
Stroke 580 mm
Cylinder output at

514 revolutions 975 kW
Mean effective pressure 23.6 bar
Mean piston speed 9.9 m/sec.
Number of revolutions 514 rpm
Shaft power 8775 kW

Amount of combustion air 15.8 kg/sec.
Exhaust gas temperature

3725 T [G.CR)
16.2 kg/sec.
1150 kW
cylinder cooling water cooling 950 kW

after turbocharger
Amount of exhaust gases

lubricating oil cooling

air cooler high temperature

(H.T.) 1500 kW
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air cooler low temperature
(LT}
Radiation heat

The high exhaust gas losses (approximately a
third) is remarkable together with the high total
efficiency of this relatively large four-stroke trunk

990 kW
340 kW
Fuel consumption (C.C.P.) 173 gram per KWh  piston engine.

This engine weighs 134 tons and is 10.3 meter
C.C.P. = conrtrollable pitch propeller installations long, 3.3 meter wide and 4 meter high.

Heat value fuel (calorific value) 42.777 MJ/kg An example of a heat balance |l

(Iso-norm). Intake air temperature to the engine
25 °C (Iso/norm).

Specific heat of exhaust gases  1.04 kJ/Kg. K.
Specific heat of the air 1.0 kJ/Kg. K.
This information enables us to set-up a thermal
energy balance.

Calculation
The fuel consumption is 0.173 x 8,775 =

8 :
3600 - 0.4216 kg/sec.

It follows that the supplied fuel output is:
0.4216 x 42,700 = 18,006 kW. In a thermal
energy balance this normally comprises the total

1,518 kilogram per hour or

energy supply, combustion air thermal energy
supply not included.

The volume flow of the exhaust gasses is

16.2 kg/sec.

The exhaust gas thermal energy after the turbo
blower is m gas (kg/sec.) x q. spec. gas (k].kg.K) x
t gas (°C) and subsequently: 16,2 x 1,04 x 375 =
6318 kW.

The combustion air thermal energy to the engine
is15.8 x 1,0 x 25 = 395 kW.

The net loss with the exhaust gasses is

6318 — 395 = 5923 kW,

In summary
supplied with the fuel 18,006 kW
thermal energy of the combustion air 395 kW
total supplied 18,006 + 395 = 18,401 kW
exhaust gas loss 5923 kW 32,18%
absorbed by lubricating oil 1150 kW 6.24%
absorbed by cylinder

cooling water 950 kW 5.16%
air cooler low temperature 990 kW 5.38%
radiation heat 340 kW 1.84%
effective power 8775 kW 47.68%
residual loss 273 kW 1.48%
total 18,401kW 100%

MAN-B&W-K98 — MC - twelve cylinder

Some data

cylinder bore

stroke MC-version

total power output

number of revolutions

mean effective pressure
mean piston speed

fuel consumption

air cooler

lubricating oil cooler
cylinder cooling water cooler
amount of exhaust gases
754,600 kg/h = 209.6 ke/sec.
amount of combustion air
fuel consumption

exhaust gas temperature after

turbo blower

980 mm
2660 mm
80,080 kW
94 rpm
18.2 bar
8.3 m/sec.
171 g/kWh
19416 kW
6770 kW
11,600 kW

205.8 kg/sec.
3.8 kg/fsec.

245 °C

heat value fuel (calorific value) 42.700 M]/kg

(Iso-norm)

intake air temperature to the engine 25 °C

(Iso-norm)

-

A twelve-cylinder
MAN-B&W-K98 - MC -
Engine.

This is the second largest
two-stroke crosshead
engine in the world; only
the1080 mm bore version is
larger.

The engine is delivered with

six to fourteen cylinders.
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Ship propulsion by diesel
engines has been the
most effective propulsion
method for over a
hundred years.
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specific heat of the exhaust gases  1.04 kJ/kg. K.

specific heat of the air 1,0 k]/kg. K.
With this information we can set up a thermal

energy balance.

Calculation

The fuel consumption per second is:

0.171 x 80,080

- 3.8038 kg/sec.
3600 RS

The supplied fuel output is:
3.8038 x 42,700 = 162,422 kW

In a thermal energy balance this normally
comprises the total energy supply, combustion air
thermal energy supply not included

The volume flow of the exhaust gases is:

205.8 kg/sec.

The heat of the exhaust gases after the turbo

blower is:
m.gas (kg/sec.) x q. spec. gas (k].kg.K) x t gas (° C).

Therefore 205.8 x 1.04 x 245 = 52,437 kW.
The heat in the combustion air to the engine is:

205.8 x 1.0 x 25 = 5145 kW.

So the net loss with the exhaust gases is:
53,406 - 5145 = 48,261 kW.

In Summary:

supplied with the fuel 162,422 kW

heat of the combustion air 5,145 kW
total supplied to the engine 167,567 kW
exhaust gas loss 48.261 kW 28.2 %
absorbed by

lubricating oil 6,770 kW 4.0 %
absorbed by cylinder

cooling water 11,600 kW 6.9 %
air cooler 19,416 kW 12.6 %
radiation heat

(1.1% van Pe) 880 kW 0.5 %
effective power 80,080 kW  47.8 %

560 kW 0.03%

residual loss

total 167,567 kW  100.0%

4.12 Efficiencies of diesel-engine
driven power plants

4.12.1 Ship propulsion

Most ships are propelled by screw propellers. The
propulsion efficiency of a screw propeller is not
100%, as a screw propeller ‘slips’ in water. For
this reason the actual shaft power made available
for ship propulsion amounts to 60 to 70% of the
power supplied to the propeller shaft by the diesel
engine.

Therefore: the power available for ship propulsion
is a part of the power supplied to the engine in the

form of fuel.
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P propeller = P fuel x v engine x m propeller

Let’s assume thar the rotal efficiency of the engine
is 45% and propeller efficiency 60%, than the
propeller output is a mere 27 7% (0.60 times 0.45)

of the fuel power output.

Where are the losses?
| Heat losses in the engine; 55% of P fuel.
2 Screw slippage, 40% of the shaft power

delivered by the engine (P eff.).

4.12.2 Gensets for ships and diesel power

plants
A
Apart from the engine losses, diesel engine power Clearly this is much higher than the ship All types of ships for
plants or as in ordinary diesel gensets, there are propulsion efficiency! container carriage.
generator losses. In general these are very small.
The efficiencies of generators vary from 95 to Where are the losses? The power required for
98% (100 to 10,000 kW), which means: I The total engine losses; 32% of the fuel power  power generation and
output. propulsion is virtually always
P elec.generator = P fuel x m engine x n gen. 2 The copper losses in the generator; these are supplied by diesel engines.
heat losses, a mere 4% of the diesel engine’s
Let’s assume that the total efficiency of a low- shaft power. The losses due to the friction
speed crosshead engine in a diesel power plant of the bearings and the power required
is 48% and the generator efficiency 96%. The for driving the generator’s scavenging air
generated electric efficiency from the supplied fuel ventilator are minor.
18
0.48 x 0.96 = 0.46 or 46%.
-

A modern genset with
a high-speed four-
stroke V-diesel engine,
category Il
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v 4.13 More complex ship

A diagram of diesel- propulsion

electric propulsion with

two rotary driven electric  4.13.1 Diesel-electric propulsion

engines driving the

propeller via the gear Diesel-electric propulsion is a technology that was
box. developed many years ago.

D_/_

Boil-off gas l : m_/"

oxidiser Engine room #1 I:' -D .
=

Engine room #2
A @ 1 Lt
—

—~— Cargo pumps

~~— Accommodation load

back-up fuel

>~ Qther consumers

Diesel power: 33.6 MW GTasMw
GT power: 25.0 MW " |
Total installed power: 58.6 MW Etem T f|

WB8L46C 8.4 MW

18 MW EM

W8L46C 8.4 MW

. W8L46C 8.4 MW
s 88000088 o

The passenger liner is powered by two 3607 rotatable
PODS, each with 18 MW output.
PODS - podded propeller.

The required electric power is generated by four medium-
speed Wartsild 8 L 46 C H.F.O. in-line engines of 8.4 MW
each.

Gas-turbine genset with a 25 MW capacity using M.D.O. fuel
can also be used for the ship's electricity network.
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This technology uses diesel generator sets to
provide electric power to a distributing panel
(rail). The propeller are therefore driven by an
electromotor. These generators often generate
a medium voltage of, for instance, 6.6 kilovolr
which is why the copper diameter or the cable
diameter between the various components is
acceprable.

The total propulsion efficiency from the supplied
fuel is :

7 propulsion = 1) diesel engine x 1 generator x
1 electromotor x 1 propeller

Example
N propulsion = 0.45 x 0.95 % 0.95 x 0.65
v propulsion = 0.2639 or 26.4%

4.13.2 Electric propulsion by means of
‘PODS’ or electric blade propellers

In this case the generator is driven by diesel
engines or dieselengines and gasturbines,
occasionally this includes a steam turbine.

The generated electric power is then made
available to frequency controlled and reversible
rotary current motors which drive the ‘PODS’, the
fixed propeller or propellers, which are attached to
the bottom of the ship. These are for example used
on the latest passenger ships the ‘Jewel of Norway’
and the ‘Queen Mary II'.

v
The passenger liner ‘Queen Mary I’ is a good example
of a diesel-/gas-turbine combination used for electric

propulsion.

Total output 117 MW with four Wartsila 46-V-engines and
one gasturbine. Propulsion by two fixed PODS and two

azimuth thrusters.
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Wartsila 12V50DF 11400 kW | Wirtsila 12V50DF 11400 kW

Wartsila 9L32DF 3150 kW

L} oososoas”

Wartsila 12V50DF 11400 kW

Delivered propulsion power:

_ Nominal Service

Electric pod }15 %W J;: g/’lw |n5taile¢.i engine p|‘)w-er:
Mechanical transmission 0 MW

LIPS CP propeller 25 MW 24 MW 5 .
65 % 62 % Electrical power generation 51.9 MW

Total shaft power 42MW 41 MW Total installed power 51.9 MW

A
Diesel-electric propulsion with four large and two
smaller gensets for a controllable-pitch propeller and a

contra propellor.

."’( )—-7-.“" 4
A diesel-engine and gas-turbine combination used for

electric propulsion.

Diesel Engines «
A propulsion system with three diesel engines and one
gas turbine with two electrically driven propellers.

Biaininimm

The gas-turbine genset has been mounted on the upper

deck, so it can be replaced as a whole by an overhauled set
during major repairs. The elevated position does not pose a
Alternators problem for the ship’s stability, since the gas turbines” weight,

Switch unlike the diesel engines’, is low in relation to the generated

Gear

power output.

Freguency Transformer

Converter

Electric
Propulsion Motors

Propeller
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4.13.3 Propulsion by diesel engine driven
water jets

This allows for several types of propulsion. A fast
running four-stroke diesel engine drives a water
pump which using a nozzle provide the thrust

for the ship propulsion. This nozzle is adjustable
and rotatable. It i1s often used for light ships such
as fast passenger liners , catamarans and motor
yachts.

A water jet with stream
controls.

4.14 Water pumps, dredging
pumps, crude-oil pumps,
compressor drives

The most common drives are used in dredger
pumps and other machines on large dredgers.
They can be diesel-electrical driven- and a diesel
engine driven pump. Since the dredger pump
output varies significantly, the diesel engine load
changes markedly and is often quite low.

B

On dredgers diesel engines are not only used for
propulsion, but also for driving dredging pumps and
water-jet systems for unloading cargo.

A
A fast motor yacht with propeller propulsion.
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5

The propulsion engine on a dredger in the foreground
and back right the gear box for driving the propeller
and the generator.

1 engine

2 gear box

3  propeller shaft
4  generator

<4

The other side of the same propulsion engine with a
manually controlled gear box for driving the dredger
pump on the other side of the engine-room bulkhead,
the pump room.

1 engine
2 manually controlled gear box for on/off two speed
3 engine-room bulkhead
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5.1 Mean effective pressure

P mean effective pressure expressed in bar or in
Megapascal.

This is the pressure which is mathematically
effective throughout the entire process and is
available to the crank shaft. It is, of course

a fictional pressure as in reality when taking

the four-stroke cycle, the pressure fluctuates
considerably from the inlet or intake pressure

to the compression pressure, then to maximum
combustion pressure and subsequently to the
exhaust pressure.

The mean effective pressure is important when
considering the diesel engine’s performance and
has seen a slow and gradual development over the
past hundred years. Often new inventions such as
the turbo charger, lubrication of piston rings under
pressure and the anti-polishing ring have resulted
in an increase of the mean effective pressure.

An improved turbo charger, that is an increased
air supply with a higher filling pressure, allows for
more kilograms of air to flow into the cylinders
during the very brief moment that the inlet valves
are opened. More air means more fuel injection,
thus increasing the combustion pressures. An
augmentation of the compression ratio has a
similar effect. The compression ratio is the ratio
of the volume when the piston is in its bottom
position to the volume when it is in its top

Mk mep Cm
bar m/s
1981 L35MC introduced
1982  Full L-MC programme F 150 72
1984 L-MGC upgraded 2 182
1985 L42MC introduced g2 182 712
1986  K-MC introduced 16.2
S-MC introduced 17.0
L-MC upgraded & 182 T8
1987  S26MC introduced 16.8 8.2
1988  K-MC-C introduced 16.2 8.0
1991 MC programme upgraded 8.0
K and L-MC 5 180
S-MC 6 18.0
1992 526MC and L35MC upgraded 18,5 8.2
1993  S35MC and S90MC introduced
K9OMC/MC-C upgraded 6 18.0 8.0
1994  S42MC introduced 6 185 8.0
1994  K98MC-C introduced 6 182 83
1995 K80OMC-C upgraded 18.0 8.0
1996  L7OMC upgraded 6 180 8.2
1996 S70MC-C, S60MC-C, S50MC-C 19.0 85
and S46MC-C introduced 19.0 83
1996  S80MC upgraded 19.0 8.0
1997  LBOMC upgraded 18.0 8.0
K98MC introduced 182 83
1998 S80MC-C, S90MC-C and
L90OMC-C introduced 19.0 841
S35MC upgraded 7 181 84
1999 S42MC upgraded 7 195 B0
2001 L70MC-C introduced 19.0 85
2001 L60MC-C introduced 19.0 83
mep = mean effectieve pressure  Cm = mean piston speed

A

The development of the mean effective pressure over
twenty years, shown here a two-stroke crosshead
engine by MAN-B&W.

An increase of the mean effective pressure by 3.5 bar and

the mean piston speed by a metre per second.

position.
Bar 26
250 e - ; . . . : TD
Antipolishing ring 210 = o -
200 —— e ] B 180 [ |
Pressure |ubricated 16 i T =t
piston skirt 140 |
150 Piston ring
technology
100 - B |
Piston ring ;
50 ~ technology
Mean Max Turbocharger Fuel NO,
0 effective cylinder efficiency  consumption g/kWh
) - ) 2 pressure pressure (%) a/kWh
1960 1970 1980 1990 2000 (bar) {bar)

A
The development of maximum combustion pressure
during the last forty years.

Shown here medium-speed four-stroke diesel engines
running on H.EO., by Wartsild. At this time the piston rings
packets were improved. The pressure lubricated piston skirt
was introduced and the greatest improvement, the anti-

polishing ring.

A

When the compression rate is increased both the
effective mean pressure and the maximum combustion
pressure increase. The specific fuel consumption
decreases, and the efficiency increases.

Note: In future diesel engines with a compression rate of

18 and a maximum combustion pressure of 250 bars will
have an efficiency in crease of 2,56%. Approximately 1%
higher than those of current engines.




A higher effective mean pressure means that
engines of a certain stroke volume can produce
more power. The so-called power density
increases. Due to severe competition, various
engine manufacturers try to achieve increasingly
more power per engine weight and - volume.
For a certain engine type this can be achieved by
increasing the mean effective pressure and the

number of revolutions.

The mean effective pressure for two-stroke
crosshead diesel engines is slowly but surely
moving towards 20 bars. Most types achieve up
to 18.5-19 bar (2008).

The mean effective pressures for four-stroke
medium-speed diesel engines have reached circa
26 bars. Only a few very heavily loaded diesel
engines achieve up to 28 bar (2008).

For four-stroke high-speed diesel engines these
pressures lie somewhat lower but still easily
exceed the 20 bar limit. Very heavily loaded

engines can register pressures of over 30 bar.

The future: As far as the future development
recarding flow (in m3¥/sec) and suction lift

(in bars or metres water column) of turbo blowers
is concerned, much depends on the development
of turbo blower efficiency.

5.2 Mean piston speed

Cp mean; expressed in metres per second.

When accelerating the mean piston speed there are

two important factors:

1 The amount of the accelerating- and
decelerating forces that affect the up- and
downward moving piston.

2 The degree of lubrication of the piston rings
and cylinder liner.

The amount of the accelerating- and decelerating
forces that affect the up- and downward moving
piston.

When increasing the revolutions of an engine
with the same piston stroke, the accelerating- and
decelerating forces grow steadily, because the
piston mass must accelerate and decelerare in a
shorter period. In T.D.C. and B.D.C. the piston
comes to a brief stop.

The forces on the piston increase according to the
formula F = m x a in which:
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Turbocharger Application Range

Pressure ratio of compressor T1; i

15 20

25 30 35 40 45 50556065

Flow rate of compressor V., in m¥/s

Range of Turbocharger Efficiency

0.80

0.75

0.70

0.65

ETA:

0.60 4

Supercharged engine output [kW]

T T

35 4.0

4.5 5.0

55

Pressure ratio of compressor TT_

TCA 33 2,800 - 4,300

TCA 44 4,100 - 6,200

TCA 55 4,400- 8,200 5,800 - 10,800
TCA 66 6,200 - 11,600 8,200 - 15,200
TCAT7 8,800 - 16,400 11,500 - 21,500
TCA 88 12,400 - 23,300 16,300 - 30,300
TCA 99 18,700 - 31,300

* specific air consumption in kg/kWh

A

Increasing the compression rate and the total

efficiency of the turbo blowers is decisive in improving

the total efficiency of the diesel engine.

An increase in the number of kilograms of air supplied per a

certain time means that more fuel can be combusted, and

therefore more power can be generated.

i
1]

m = piston mass in kg

-+
1

acceleration/deceleration in m/sec.”

the forces exerted on the piston in Newton
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Low mass, especially of
the piston is important in
reducing the
accelerating- and

decelerating forces.

Light metal pistons of a
high-speed four-stroke

diesel engine.

| 2

The piston mass in
medium-speed engines is
reduced by keeping the
skirt a light as possible.

The material surrounding the

piston pin is removed where

possible (1).
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In practice one tries to make the piston mass as
light as possible.

Therefore low weight light metal pistons are used
for high-speed diesel engines. These diesel engines
use Marine Diesel Oil (M.D.Q.) and exert lower
pressures on the piston, which can then withstand

the compression pressures found in the process.

Medium-speed diesel engines often use Heavy Fuel
Oil (H.EO.). The pressures and the temperatures
are higher and light metal pistons are therefore
not suitable.

For this application one uses a piston with a cast
steel piston crown which can withstand the higher
load forces. The piston skirt is manufactured using
a light metal or cast iron.

Since the latter is much heavier, it is often milled

where possible.

Degree of lubrication of piston rings and
cylinder liner

Proper lubrication is of the utmost importance

in maintaining a good spring pack seal, situated
between the piston and the cylinder liner, for

a lengthy time (for instance 15,000 operation
hours). The functions of lubricating oil are among
others, the reduction of friction, assisting the
discharge of combustion by-products and the
discharge of heat which cause problems when a
certain piston speed is exceeded.

Today an average piston speed of 8 to 10 m/sec. is
standard for four-stroke engines. Anything beyond
this poses a potential problem. There are diesel
engines available that have a mean piston speed of
12 m/sec.(2008).

Two-stroke crosshead engines usually have a
slightly lower speed; this is related to the time
required to scavenge with fresh air and the
interruptions in the cylinder liner due to the
surrounding inlet ports: all of which interfere with
lubrication.

Here mean piston speed averages berween the 6
and 8.5 m/sec.

5.3 Load parameters

The product of the mean effective pressure and

the mean piston speed is a measurement of diesel
engine load. Indicated by Lp the load parameter of
the diesel engine.

I

= p mean eff. x Cr (bar/m/sec.)

P mean

The product of this equation gives a good
indication of the degree of engine load.

Examples
Diesel engine I  p mean eff. = 15 bar
p mean = S IT'IJ"SE‘C_

L, =15 x 8 = 120 bar/m/sec.

This is low. Probably from an early diesel engine.

Diesel engine I p mean eff. = 25 bar

- = 10 m/sec.
p mean
L, =25 x 10 = 250 bar/m/sec.
This is high. An ultra-modern diesel engine.
Diesel engine [II p mean eff. = 27 bar
, = 11 m/sec.
p mean
LI, =27 x 11 = 297 bar/m/sec.
This is extremely high and is only achievable
in a few finely tuned engines, The thermal- and
mechanical load in this diesel engine is also very
high.



Rule of thumb

L, = 100-150 low load, earlier models

L, = 150-250 normal load, contemporary
engines

L, = 250-300 heavy load, most modern
engines

5.4 Compression ratio

Also compression rate. This is the ratio of the
cylinder volume above the piston at the beginning
of the compression stroke (so the piston is at
B.D.C.) to the cylinder volume above the piston at
the end of the compression stroke (so the piston is
at TLD.C.).

The compression ratio is indicated by

= epsilon.

So, the theoretical compression ratio is:

V

P + Ve
VC

In which:

V¢ = Volume moved by the piston, the stroke
volume.

V. = Volume above the piston in T.D.C. or volume
compression space. This is the combustion
space above the piston in T.D.C.

In reality, compression only starts when, for a
four-stroke engine the inlet valves and for a two-
stroke engine the exhaust ports or valves, are
closed.

This is called the effective compression ratio.
The distance which the piston has travelled from
B.D.C. prior to the beginning of the effective
compression is denoted by k.

The volume above the piston is then:

Veff=(1-k x V;+V.

The effective compression ratio is indicated by
€ effective.

The formula:

(1-k) Vg + V..

V(Z

¢ effective =

The effective compression ratio varies from
approximately 6 to 20. In Otto-engines where
the compressed mixture is not self igniting the
compression ratio varies from 6 to 15, dependent
on the air volume of the mixture; the higher the
volume the higher the compression ratio.

For diesel engines used in industrial applications,

the compression ratio ranges from 10 to 20. Most
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diesel engines have ratios of between 12 and 16.
This is always the theoretical compression ratio,
because the effective (practical) compression

ratio is difficult to determine. So, the effective
compression ratio is always slightly lower than the
theoretical compression ratio.

Significance of the compression ratio

The compression ratio is of great import for
the final compression pressure and the final
compression temperature in the engine and is
therefore key in the working of the process and
consequently that of the engine.

So, dependent on the inlet air pressure and the
inlet air temperature the compression ratio
determines the pressure and the temperarture at
the end of the compression stroke.

In order to control this somewhat, the
compression ratio is often slightly changed.

In earlier times a compression plate was fitted
berween the connecting rod foot and the top crank
pin bearing cap.

A\

The theoretical
compression rate is the
ratio of the cylinder

volume aver the piston in
B.D.C. to the cylinder

volume over the piston in
T.D.C.
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Compression Temperature: Tc

Charge air Temperature °GC DL DK
0w b =
600°C
60 |———
560°C
Full load 50 —
- 00C
[\ 40 %Y
8 ‘ L ; \\
| Idle load 30 ! — o)
oW, i
‘ ‘
| 20 — . -
10 12 14
Compression ratio £
Tc=T8 x £
Vh + Ve 1%
=T#[ g ]

The final compression
temperature in relation to
the compression rate, the
engine load and the air
temperature after the

inter cooler.

Shown here a Daihatsu
medium-speed four-stroke
engine Type DL en DK.

> 3.0 ‘
The increase in engine ;
efficiency when both 5 /
compression rate and é‘ el - ‘
combustion pressures are ;8 / ‘
=
increased. = "
o 1.0
o
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In small engines the compression ratio can be
increased by slightly milling out the top of the
engine block. Additionally, the piston height above
the piston pin may be adjusted by the placement
of a ‘higher" (higher compression ratio) or a
‘lower” (lower compression ratio) piston. Although
this does not alter the stroke volume, it does

change the final compression space.

Influence of the compression ratio
Theoretically, the thermal efficiency of the
combustion cycle of an internal combustion

engine is:

| k-1
h=1-|—
=i~

The efficiency is therefore solely dependent on

the compression ratio € and the adiabaric
component k.

The k value, for air under standard conditions,

is 1.4. Theoretically, inlet temperature, initial
pressure and the calorific value of the fuel-air
mixture is of no consequence.

At infinitely high compression ratios the efficiency
approximates up to 100%.

The example above shows that the theoretical

process nowhere reflects the actual process.

In approximation the total efficiency of diesel
engines is as follows:

High-speed runners (small diesel engines):
0-100 kW 25 -30%
High-speed runners (larger diesel engines):
100 - 5,000 kW 30 —40%
Medium-speed runners (large diesel engines):
500 - 30,000 kW 40 -45%
Slow-speed runners (very large diesel engines):
1500 - 100,000 kW 48 - 53%

Only the low-speed runners are two-stroke
engines, all others are four-stroke engines.

Compression ratios very seldom exceed = 15 to
20; as the top pressures and the top temperatures
would get to high, including the mechanical and
thermal load on the components. The friction loss
would also rise significantly.

Large medium-speed diesel engines have a
compression ratio of 13 to 15, In smaller diesel
engines sometimes 16 to 24, Large low-speed
engines average around 11.5 to 12.5.

At high compression ratios the final compression
pressures and —temperatures are significantly
higher.

5.5 Power density

The term power density has come into being as a

result of the continual development of industrial

diesel engines and growing competition in the

diesel engine industry.

The engines have become increasingly smaller in

size with a corresponding reduction in weight.

Furthermore, they have had to provide a power

increase for a specific stroke volume.

This is why there are generally three types of

power density:

- the shaft power produced in kW in relation to
the weight of the engine;

— the shaft power produced in kW in relation to
the total stroke volume of the engine ;

— the shaft power produced in kW in relation to
the total volume of the engine.




5.5.1 Shaft power produced in kW in
relation to the weight of the engine

Power density per weight =

Total shaft power

Total engine weight

or: produced kW shaft power per kilogram engine
weight.

P density = kW/kg engine weight.

Examples

Perkins — 1103 C - 33

Propulsion, diesel fuel oil, three cylinder in-line
engine, four-stroke, natural aspiration,

cylinder bore 105 mm, stroke 127 mm,
compression ratio 18.2 : 1, stroke volume 3.3 litre,
maximum continuous power at 2200 revolutions
per minute 41.5 kW.

Weight 249 kg.

Category |

per litre stroke volume 12.6 kW

per kW power 6 kg weight

mean effective pressure 6.9 bar

mean piston speed 7.7 m/sec.

Cummins KT 19 -M

Propulsion, diesel fuel oil, six-cylinder in-line
engine, four-stroke, turbo charger,

cylinder bore 159 mm, stroke 159 mm,
compression ratio 15.5 : 1, stroke volume 19 litres
maximum continuous power at 1800 revolutions
per minute 317 kW,

Weight 1937 kg.

Category Il

per litre stroke volumel6é kW

per kW power 6.1 kg weight

mean effective pressure 11.2 bar

mean piston speed 9.54 m/sec.

Caterpillar-MaK 235

Propulsion, heavy fuel oil, six-cylinder in-line
engine, four-stroke, turbo charger,

cvlinder bore 255 mm, stroke 400 mm, stroke
volume 122.5 litres, maximum continuous power
at 720 revolutions per minute 1800 kW.
Weight 22,000 kg.

Category 11

per litre stroke volume 14.7 kW

per kW power 12.2 kg weight

mean effective pressure 23.7 bar

mean piston speed 9.6 m/sec.
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Wartsila 18 V 32 B2 output

Propulsion, heavy fuel oil, eighteen-cylinder
V-engine, four-stroke, turbo charger,

cylinder bore 320 mm, stroke 400 mm, stroke
volume 578.8 litres, maximum continuous power
at 750 revolutions per minute 9000 kW.
Weight 82,500 kg.

Category 111

per litre stroke volume 15.55 kW

per kW power 9.2 kg weight

mean effective pressure 24.9 bar

mean piston speed 10.0 m/sec.

MAN-B&W 14 K 108 ME - C

Propulsion, heavy fuel oil, fourteen-cylinder in-line
engine, two-stroke, crosshead, turbo charger,
cylinder bore 960 mm, stroke 2500 mm,

stroke volume 25,320 litres, maximum continuous
power at 102 revolutions per minute 80,080 k'W.
Weight 2,300,000 kg.

Cartegory IV

per litre stroke volume 3.16 kW

per kW power 28.7 kg weight

mean effective pressure 18.2 bar

mean piston speed 8.3 m/sec.

Wairtsila RTA 96 C

Propulsion, heavy fuel oil, fourteen-cylinder in-line
engine, two-stroke, crosshead, turbo charger,
cylinder bore 960 mm, stroke 2500 mm,

stroke volume 25,320 litres, maximum continuous
power at 102 revolutions per minute 80,080 kW.
Weight 2,300,000 kg.

Category IV

per litre stroke volume 3.16 kW

per kW power 28.7 kg weight

mean effective pressure 18.6 bar

mean piston speed 8.5 m/sec.

Remarks
Today the total load is often expressed in the load

parameter, L,

L, =mean eff. px C Unit in bars/m/sec.

pmean”

To all five examples applies:
Perkins — 1103 C - 33

L,=6.9x 7.7 = 53.1 bars/m/sec.
Cummins KT 19 - M

L,=11.2%9,5=106.4 bars/m/sec.
Caterpillar—-MaK 25

L, =23.7 % 9.6 = 227.5 bars/m/sec.
Wartsila 18 V 32 B2

L, = 24.9 x 10.0 = 249.0 bars/m/sec.
MAN-B&W 14 K 108 ME - C

L,=18.2x 8.3 =151.1 bars/m/sec.
Wiartsila RTA 96 C

p=18.6 x 8.5 =158.1 bars/m/sec.
75



DIESEL ENGINES

76

> PART |

Clearly, the small Perkins engine has the lowest
load.

The medium speed runners (Caterpillar-MaK and
Wairtsild) have the highest load.

The two-stroke engines by MAN-B&W and Sulzer
have a far lower load.

It is much more practical to compare engines

that have an identical cylinder bore, similar
operating processes and revolutions per minute.
In these cases one often finds small, but significant
differences.

Well-known examples are medium-speed H.E.O.
engines with a cylinder bore of 320 mm.

MAN-B&W L 32/40

1,=249%x10=243 bar/m/sec.
Wartsila 32

[,=233x%x9.6= 223.7 bar/m/sec.
MaK 32 C

L,=249x9.6= 239.0 bar/m/sec.

It is obvious that the differences in engines in the
same category are far smaller.
Caterpillar-Mak for instance, has a stroke — bore

) 480 s o
ratio of 320 while Wartsila and MAN-B&W
) 400
have a stroke - b atio of —.
ave a stroke — bore ratio o =5

When comparing a specific category of engines the
following aspects are important:

~  specific fuel consumption;

- specific lubricating oil consumption;

— the purchase price;

- the delivery time;

— the maximum continuous power output;

— the torque;

—~  the service;

— the warranties.

Past experiences with the engines in
question

For ships, and in particular ships of a certain
design, the propulsion engine of choice is often
pre-determined. Changing the engine often means
additional costs.

5.5.2 Shaft power produced in kW in
relation to the total stroke volume
of the engine

Power density per stroke volume =

Total shaft power

Total stroke volume

Or: kW shaft power produced per litre stroke

volume.

P density = kW/dm? stroke volume

5.5.3 Shaft power produced in kW in
relation to the total volume of the

engine

Power density per total engine volume =

Total shaft power

Total engine volume
P density = kW/dm? engine volume

This is, of course, far more difficult to determine
and, so apparently used less frequently. Even so,
in reality the size of a particular engine type is
certainly taken into account. For example, the
build-in height, the free height required to enable
piston dismount, the width of a V-engine etcetera.
The decision making process in choosing a certain
engine automatically includes choosing the space
in which to fit in the engine. For fast, compact
ships the engine’s measurements most certainly
play an important role. The size of engine space is
often very limited.

For larger engine sizes, this is also of importance.
Often large car ferries have a limited height in
their engine rooms. Sometimes a trap door in

the ferry’s deck needs to be opened in order

to dismount a piston from the engine. (piston
drawing).

In feeder-container ships the engine room is kept
as small as possible in order to load as many
containers as possible in the holds. This means
that the propulsion engine is contained in the little

A

Car ferries require that the entire main is utilized for
rolling material and therefore the engine room height is
limited. In this case, four-stroke engines are the only
option.



space between the propeller shaft and the engine
room bulk head. In this case the gear box which
is used to reduce the engine speed to the most

effective number of revolutions for the propeller

also needs to be as short as possible.
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v
Abundant data is important in running a propulsion
installation.

The shaft power, as well as the number of revolutions ,the

fuel cansumption, the weight and sizes are required to make

an informed decision.

MAN B&W Four-stroke Propulsion Systems

L23/30A-KV
800-1280kW
(1090-1740 BHP)
C 988 . 640
D 370 370, 720
2, Al
|
= T S/« b |
| ‘ | o
&' =
N
b Ll
|
O
o
| e f
e - —
i i < s
= &
5 [ i ; =
g l
-3
|
J F 387 910
K B [ 1090
R S W
T
Standard programme
ENGINE REDUCTION GEAR PROPELLER DIMENSIONS IN MM
Type. Series Type Type Speed Diam A B f D F H J K M Q R W
Output mer pm mm min
BL23/30A-E | AMG 8 31Kv8 VB 560 268 2200 3975 2898 4136 1566 328 1587 770 1077 836 203 553 800
800 kW AMG & | 39KvB VB 640 14 2450 3975 2898 4136 1566 328 1587 770 1077 636 360 595 900
1090 BHP  AMG 8 44KV38 VB 640 190 2600 3975 2898 4136 1566 328 1587 7o 1077 636 360 595 400
AMG 16 | 52KV13 VB 740 150 2850 4550 2898 4660 2090 38 1587 1282 1662 505 445 655 1200
BL23/30A  AMG B 31KV | VB 560 292 2250 3975 2898 4136 1566 328 1587 770 1077 636 293 553 900
960 kW AMG 8 = 39KVB VB 640 233 2450 3975 2838 4136 1566 328 1587 770 1077 636 360 595 900
1305 BHP | AMG 8 | 44KVQ | VB 640 207 2600 3975 2838 4136 1566 328 1587 i 1077 636 360 595 900
AMG 16 | 52KV13 | VB 740 173 2850 4550 2898 4660 2080 318 1587 1282 1662 505 445 855 1200
8L23/30A  AMG 11 | 31KV11 | VB 640 292 2350 4953 3628 5084 1754 318 1587 950 1325 639 415 595 900
1280 KW AMG 11 | 38KV11 | VB 640 233 2600 4963 3628 5064 1754 318 1587 350 1325 639 415 6535 1200
1740 BHP  AMG 11 | 44KV13 | VB 740 207 2800 4953 3628 5064 1754 318 1587 950 13256 639 445 655 1200
AMG 16 | 52KV13 | VB 880 173 3100 5290 3628 5400 2090 318 1587 1282 1662 505 445 745 1350
The propeller is calculated accarding to DnV, No lce with high skew
Main data Weight
PISTON ENGINE GEAR PROP Dry weight in tons (approx)
ENGINE BORE  STROKE ~SPEED ~ MEP  SPEED  OUTPUT/CYLINDER Thoe Tt Tt Ergn/es Proy’
Type mm mm mm bar mis kW BHP BL23/30A-E | 31KVE | VB 560 15,0 27
L23/30A-E 225 300 825 163 825 133 181 39KV8 | VBG40 15,0 34
1 23/30A 225 300 900 179 9,00 160 2175 44KV9 | VB 640 150 35
52KV13 | VB 740 17,6 44
1 ; 6l23/308 | 3IKV8 | VB5GO 15,0 27
Speclflc consumption 39KV | VB BAO 15,0 3.4
44Kv9 | VBB4D 15,0 35
ENGINE FUEL OIL LUBRICA TING DIL 59KV13 | VB 740 17,6 44
Type mer 85% mcr mcr 81.23/30A 31KVI1 | VB 64D 179 34
gWh | gBHPh  okWh | gBHPh | gikWh | g/BHPh 3%V | VB B4D 179 38
L23/30ME | 188 | 138 | 187 | 17 | 10 | 07 gj:m xg ;Zg 1{’]9 g?
L23/30A 19 | 140 | 189 139 10 07 il :

“Weight incf 4.0 m shaft and 2.0 m stem lube
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A medium-speed four-
stroke in-line engine used
for propulsion in a
‘feeder-container ship’.

Shown here an eight-cylin-
der Caterplllar—MaKk M43-C

heavy fuel oil engine.

v

A two-stroke crosshead
engine on a large
container ship, a twelve-
cylinder Wartsila Sulzer
RT - FLEX, with the
common rail system.
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5.6 Number of revolutions of
diesel engines in relation to
the size of the stroke of an
engine

Explanation
Many characteristics of the diesel engine can be
established once the number of revolutions is

determined, for example:

the maximum allowable mean piston speeds:
— = 11 m/sec. for four-stroke trunk piston
engines;

— = 8.5 m/sec. for two-stroke crosshead engines.

The stroke/diameter ratio for four-stroke as well
as two-stroke engines, in practice often lies within

certain values.

Four-stroke  normally 1.1-1.3
long stroke 1.4-1.6

two-stroke  normally 1.8-2.2
long, ultra long stroke 3 -4

In smaller diesel engines one also sees S/D ratios
of 1 or less. This is, for instance, the case in

very small diesel engines with a high number of
revolutions.

A relatively long stroke means that the engine will
be tall with a long cvlinder liner and a crankshaft
with a large turning circle (especially for two-
stroke crosshead engines).

The world’s biggest engine, a fourteen-cylinder
MAN-B&W K 108 ME — C has a 1080 mm bore
with a 2660 mm stroke and has therefore a limited
stroke/diameter ratio of 2.5 ata RPM of 94 and a
shaft power of 97,300 kW.

A Wirtsild Sulzer, the nine-cylinder RTA 84 F - B
has a 840 mm bore at 3150 mm stroke and so a
high stroke/diameter ratio of 3.75 at a RPM of 74
and a shaft power of 34,920 kW.

In the formula Cp mean = 2 x S x n, if the stroke
has been established, the number of revolutions
can also be determined.

Conversely: at a certain number of revolutions the
stroke and, to a lesser extent, the stroke volume

can be established.

A stroke/diameter ratio of 1 can be seen in
category | and II of this subdivision; these are the
relatively smaller engines running on M.D.O..
This relatively short stroke runs at a slightly
higher RPM of often over 1500 revolutions,

for instance, 1800 and 2100 RPM.

5.7 RPM of generators

Diesel engine gensets ought to provide a constant
voltage in conjunction with a constant frequency
under all load variations of the electrical net.

The European net frequency along with most parts
of the world is 50 Hz. The United States and other
countries related to the U.S. have a frequency of
60 Hz. In general the frequency on board of ships
is 60 Hz.

The frequency generated by a rorary generator is
directly dependent on the RPM and the number of
polar pairs (p).

A polar pair consists of a north and a south pole.

Formula
Frequency = number of polar pairs x number of

revolutions

Frequency in Hz (Hertz)
Number of polar pairs is an undefined number.
1 polar pair — bi-polar. A north and a south pole.

Number of revolutions in RPS.



=
=

=
=

Example

Number of revolutions of diesel engines for 50 Hz

gensets.

| polar pair bi-polar 50 RPS =
3000 RPM

2 polar pairs 4-polar 25 RPS =
1500 RPM

3 polar pairs 6-polar  16.67 RPS =
1000 RPM

4 polar pairs 8-polar  12.5RPS =
750 RPM

5 polar Pairs 10-polar 10 RPS =
600 RPM

6 polar pairs 2-polar 8.33 RPS =
500 RPM

At 60 Hz this is then multiplied by 1.2, so 3600,
1800, 1200, 900, 720 and 600 revolutions.

The diesel engines for gensets are frequently
delivered for two different engine revolutions,
for example 1500/1800 revolutions, especially by
American companies that supply markets outside

the Americas.

v

A diesel genset on a large container ship.
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A four-stroke medium-
speed Deutz 640 diesel
engine for H.EOQ. in a
diesel power plant in the
Gambia.

Large power plants predominantly use
3000 RPM generators. These are directly driven

by a gas- and steam turbine-combination.

Extremely small emergency gensets have a RPM
of 3000. The slightly larger ones of 1500 and
diesel power plants with medium-speed diesel
engines using (H.F.O.) often have a RPM of 600,
750 or 1000.

Large two-stroke crosshead engines for diesel
power plants have an even smaller RPM. With
eighteen polar pairs and therefore a 36-polar
generator, the number of revolutions is 166.67.
In order to install a 36-polar generator, a
generator diameter of between 6 to 12 metres is

required. These are the so-called disc generators.
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| 2

A small sound proof

genset for yachts.

3

>

timing belt

heat exchanger
coolant filler cap

oil filler cap

sound damping hous
rubber valves

valve cap
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fuel injector

filter

fuel supply pump
bleeder valve
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glow plug
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A high-speed diesel

power unit.
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A

A floating diesel power plant.

two-stroke crosshead engine
cylinder head plateau

exhaust gas manifold

sound damper

exhaust gas boiler

chimney

disc generator

overhead crane

crane

electric control box

high voltage connection to the shore
ventilation shafts

spare parts and maintenance area

B ey
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The generator poles are
clearly visible. The north
pole is followed by a
south pole, which in turn
is followed by a north

pole and so on.
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Mounting a fast running MTU diesel engine.
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6.1 Category I: Industrial diesel
engines from 0 to 100 kW
shaft power, fuel M.D.O.,
four-stroke, high-speed
engines

>
High-speed four-stroke
diesel engine.

1 cylinder head with two
inlet valves and two
exhaust valves

piston

crankcase or carter
crank web

timing gear between
the crankshaft and
camshaft

7  valve motion

8  high-pressure fuel lines
9 coolant pump

& b LN

£ 6

The relatively small industrial diesel engines are

used in a large number of apllications, among

others:

- propulsion;

- gensets;

—  pump geardrives;

- traction

- and numerous other areas which will not be
discussedany further, such as transportation,
earth moving, cranes etcetera.

Inside the scope of this book, they can be found

mainly:

— in propulsion of smaller ships and yachts;

— for generating electrical energy, such as in
gensets or as back-up generators;

— for driving pumps and other equipment.

In general they are based on the four-stroke
principle, trunk piston type and today increasingly
more often fitted with two inlet- and exhaust
valves.

Here one also finds that the modern systems

such as fuel injection with, among other things, a

common rail system are increasingly applied.

The engine consists of a light metal or cast iron
block which in the smallest types do not have
separate cylinder liners (known as ‘bushes’ in these
small engines).

This means that with excessive wear and tear of
the liner the cylinder bore needs to be rebored and
then fitted with an oversized(larger piston and
piston rings) piston.

See Chapter 26, Overhauling diesel engines and

their parts.

The crank shaft is fixed to the block by means of
bearing caps and vertical tap bolts. In this case

a four-cylinder diesel engine has five bearings
{popularly said: the engine is five times bearinged).
At the bottom of the frame is a freely suspended
oil sump which contains the oil pump,oil filter,
and the lubricating oil among others.

The engine is not directly placed on the sump but
on the engine mountings that are attached to the

block.
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Diesel engine with suspended oil sump (1).

Traditional designs have a closed frame under the

block anto which the engine is mounted.

A diesel engine adapted to maritime use.

Often the original uncooled hot exhaust pipes are water
cooled to reduce the fire risk. The engine is mounted on

vibration dampers.,

Often vibration dampers are placed underneath
the frame or the engine mountings in order to
stop vibrations from the engine being transmitted

to the engine surrounds.

CH&
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A
A small high-speed four-stroke diesel engine for yacht
propulsion.

This so-called ‘z-drive’ is fairly common: there is no need for
a long propeller shaft, so the propulsion space is kept to a
minimum. The propeller is a folding propeller; at sea the two
propeller blades fold back for minimum drag. At the large
horizontal flange the gear drive passes through the ship’s
hull.

1 diesel engine

2 bevel gear in the yacht
bevel gear in the water

4 flange in the hull

5 folding propeller

6 ol sump

The cylinder head mounted on top of the engine
block often already comprises of all the cylinders,
so the engine does not have separate cylinder
heads as is the case in larger engines. Of course
the weight of such a multi-cylinder head in larger

engines is impractical.

Vibration dampers.

A
A complete multi-cylinder head of an full -sized engine.
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A small diesel generator
with a crank handle on
the camshaft.

B

A decompression handle
to keep open the exhaust
valve during cranking.

1 compression handie for
refeasing the exhaust
valve

cviinder head

air fitter

fuel tank

lubricating- ol filler cap
engine block
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Usually one or two inlet- and one or two exhaust
valves are placed in the head for the combustion
air supply and the discharge of exhaust gasses.
These are mechanically opened and shut at the
right time by means of the cam shaft, guide
pulleys, push rods and rockers. Rings around
the valve seal ensure the valves shut swiftly. For
smaller engines which are manually started it
is possible to keep the exhaust valve open with
a decompression handle until a certain number
of revolutions are achieved with the crank
handle. When pulling the handle again the
exhaust valve(s) are closed at the right time and

3

A four-cylinder diesel
genset with an RPM of
1500. The engine is
equipped with a
turbo-charger without

an air cooler.

diesel engine

starter motor
alternator

radiator cooling

three phase generator
generator ventilation
air-inlet filter

turbo blower

inlet manifold

10 oil-filler cap

& W N

© 0 ~N & U

compression, combustion etc. takes place; the

engine is running.

\]\;n see h

engines,

Usually the fuel is injected into the combustion
chamber in the centre of the cylinder head. This is
achieved with a high pressure fuel pump, a high
pressure fuel supply line and a fuel atomiser. Often
a central so-called block fuel pump is installed.
The engine speed is restricted by, for instance, a
mechanical speed regulator, the regulator directly
controls the amount of fuel supplied to the engine
by adjusting the effective capacity of the high-
pressure fuel pumps.

With a regulator it is possible to maintain the
numbet of revolutions and therefore keeping

the frequency and the voltage of the generator
constant during varying generator loads.

Engine lubrication occurs by the use of a gear
pump placed in the crankcase and driven from the
crank shaft. Via a suction filter which protects the
pump the lubricating oil is transported through
lines and bores to the different engine parts that
require lubrication and cooling. A lubricating oil
fine filter ensures that the lubricating oil remains
clean.

An oil cooler keeps the lubricating oil temperature
at a normal operating temperature. For water
cooled engines, the oil is cooled by the coolant
circuit. A thermostatic control valve sends enough
cooling water through the cooler to ensure that
the lubricating oil temperature remains constant.
Most engines are cooled using a closed cooling
water system, an open cooling water system with

for instance canal water, or with the lubricating oil




or air. An increasing number of these engines are
equipped with a turbo charger and an inter cooler

in order to cool the air.

The number of cylinders varies depending on the
cvlinder stroke volume, the number of revolutions
also vary from one to six in in-line-engines or four
to eight in V-engines. Cylinder bore varies from

+ 50 to 150 mm.

The engines are started either manually or
electrically. There are also other types of ignition
systems, hydraulics, spring pressure or compressed

air which drive the ring gear.

The number of manufacturers and types is large

and diverse.

6.2 Category ll: Industrial diesel
engines from 100 to 5000 kW
shaft power, fuel M.D.O.,
four-stroke, high-speed
engines

The shightly larger industrial diesel engines ranging

from 100 to 5000 kW are also used for very

divergent purposes. An 2000 kW engine is a large

propulsion engine for the Rhine-, inland water

and coastal navigation and also has a considerable

capacity for driving the generator. Applications are

among others:

~ propulsion of numerous ships especially in
inland navigation or for private yachrts;

- generation of electricity;

- engines drives for multi-purpose machines

such as pumps and COMPressors.
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A diesel generator.

<

A very small, compact
and silent diesel genset
which can placed in the
most suitable position in
a sailing or motor-yacht.
Manufacturer Mastervolt,
the Netherlands.

A4
A Deutz propulsion engine with reduction drive to the
controllable pitch propeller on a dredger of the Iran

government.
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B

Sailing yachts also have a
diesel engine as auxiliary

propulsion. Larger yachts
also have a diesel genset
on beard to generate the

required electricity.

>

Important points of
interest:

vibration-free set-up

low noise production
compact and lightweight
easy access for repairs
elaborate service network
exhaust-gas emissions
below legal requirements
low fuel consumption
reasonable purchase price
easy to operate

reliable

>

Dredger pumps on
dredgers are usually
driven by diesel engines.

Rhine and (other) inland navigation ships are becoming

increasingly larger in order to be cost-effective.

Ships of 2000 to 8000 tons carrying capacity are no

exception. Propulsion usually occurs with high-speed four-

stroke diesel engines with diesel oil as fuel. Heavy oil is not

allowed in these navigational areas due to the increasingly

strict regulations with regard to exhaust-gas emissions.

The auxiliary genset for generating electricity or direct-pump

propulsion is also becoming considerably larger. Here one

uses a similar engine with a lower capacity.

88




A

One of two propulsion engines on an inland tanker.

Dozens of engine manufacturers are active in this
‘power category’, many of which cover a global
market.

These diesel engines still use M.D.O., because

heavy fuel is not suitable for these fast running

A cross section of the cylinder of a Caterpillar diesel
engine with the mechanically driven fuel injector
centrally positioned.

A
A block fuel pump with six independent high-pressure

in-line plunger pumps.

CH6

engines (over 960 RPM). The number of cylinders
for a V-engine can amount to sixteen, eighteen

or even twenty cylinders. Cylinder bore = 80 tot
200 mm.

Construction

The block or frame is constructed from a
single-piece of cast iron and in smaller engines
sometimes of light metal (a cast alloy with a high
aluminium content) and generally has separate
interchangeable cylinder liners which are usually
cooled on all sides by cooling water(or coolant).
In cases of engines with higher power outputs
each cylinder has its own fuel pump, however,
block fuel pumps are also often used.

Common rail fuel systems are with increasing
frequency for these engines, which considerably
enhance the potential of the diesel engine with
regard to process control, fuel consumption and
toxic emissions.

Normally these engines are cooled by means of a

closed cooling water- or coolant system. Narturally,

An independent fuel pump for larger engines.

v
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A block fuel pump on a

high-speed in-line engine.

N

w

wm

fuel filter
fow-pressure transfer
pump

block fuel pump
propeller shaft from
crankshaft

manual fuel pump for
deaeration
high-pressure pipe to
the cylinder
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A

In smaller engines the
piston is cooled internally
with an oil jet which is
vertically directed through
anozzle.
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light- metal piston

piston rings

scraper and divider ring

gudgeon pin

gudgeon-pin bearing

connecting rod

crankshaft

crank web

main lubricating- oif duct
0 nozzle

the warmth in the cooling water can be lost by
contact of the surface water with air.

The lubrication of theses engines is becoming
increasingly important. The heavy thermal and
mechanical load of these engines require thorough
lubrication and cooling all around the combustion
space (piston, piston rings, cylinder liner and
exhaust valves), but also a proper lubrication of
the highly loaded mechanical parts such as the
piston pin, crank pin and the crank shaft.

What is further noticeable is that the power
density is very high; highly charged with turbo
charger groups, a high compression ratio and
therefore a high mean effective pressure. What is
striking is that the number of V-type versions is
extensive for these engines.

Arranging the cylinders in a V-shape makes the
engine construction short and compact, which

is especially important when there is limited
space. Parts that need to be dismounted when
overhauling the engine, such as the cylinder head,
piston, connecting rod and cylinder liner have
reasonable sizes and weights, thus restricting

the number of hoists and other auxiliary tools
required.

Number of revolutions

The number of revolutions of these diesel engines
is generally over 1000 RPM and they therefore
fall into category II high speed engines (number of
revolutions > 960 RPM).

Almost without exception M.D.O. is used as a
fuel, since the processtime of H.EQ. is too short to
combust properly.

There are, of course, H.F.O. engines on the market
with a RPM of 1000 to 1200, but these are
exceptions. The group of engines we are presently
discussing often has 1500, 1800 or even 2100

revolutions.
Also see Chapter 21, Diesel engine manufacturers.
The mean piston speeds are approximately 10 to

11 m/sec. and the mean effective pressures can go
up to 25 bar.

<4
A twelve-cylinder Caterpillar-diesel engine for gensets.

Note the double electric starter motors in the fly wheel, right.




6.3 Category lll: Industrial diesel
engines from 500 to
30,000 kW shaft power,
fuel H.F.O., four-stroke,
medium-speed engines

Almost all of this relatively large group of
industrial diesel engines use H.F.O.. This also
means that the maximum number of revolutions
is limited to 1000 to 1200 RPM. According to
engine classification, these are really high-speed
engines. Some engine manufacturers call these
engines ‘high-medium speed four stroke diesel
engines’. The cylinder bore varies from 160 to
640 mm. A fair number of engine manufacturers,
about a dozen, manufacture diesel engines which
can run on H.EO. under all loads and under

varying operating conditions.

Definition H.F.O. diesel engine

This is a diesel engine which can start and run
on H.EO. at every load. The heavy oil then has a
viscosity of at least 50 ¢St at 50° C.

Also see Chapter 8, Fuels, fuel-line systems anc
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A

A medium-speed V-engine.

Here a 18 cylinder MAN B&W 48/60 B diesel engine capable
of generating an electrical power output of 18.4 MW

«

A cut-away section of a Caterpillar-MaK-diesel engine
with mechanically adjustable cam shaft. A typical
example of a medium-speed diesel engine running on
heavy oil.
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All cylinder block frames are manufactured out
of a single metal piece. The casting is usually from
grey cast iron, nodular cast iron or cast iron with

different additives used to enhance the material’s

properties. Due to the strong increase in power

densities, the mechanical and thermal loads have

increased considerably.

Where possible, the piping canals for lubricating

oil, cooling water and air are incorporated into the
cast engine block. This way a very robust/whole

is obtained with a minimum of extra piping and
other connectors (potential defects).

The one piece forced steel cast crank shaft is
incorporated into the bottom of the frame and the

bottom bearing caps are fixed with two vertical

bolts and laterally supported by two horizontal

pressure bolts. This way the bottom bearing cap

becomes more or less one with the frame.

& o
A {
LA O N
A A
A modern four-stroke heavy fuel oil engine, a Wartsila 20. Crank shaft with mounted counter weights for correct

balancing.

The engine block of a V-engine with fitted cylinder liner

and cylinder head bolts. In the middle the air inlet
manifold.

The cylinder block of a Caterpillar Mak 43 in-line engine.

1 engine block

2  position of crank shaft
3 scavenge air space
4

The air supply to the cylinders is integrated into the solid "
position cam shaft

block. Here only the crank shaft bearing caps have been
fitted.
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<4
A cylinder block of a
Caterpillar-MakK 25 in-line

The cylinder liners can be fitted level in the

frame, but with the larger engines in this group a
substantial part of these cylinders sticks out of the
block.

In the first instance they are conventionally cooled

engine.
with cooling water, and in the second the liners It is clearly visible how the
have been furnished with bore holes through cylinder liners extend from
which the cooling water flows. This principle is the block.

called ‘bore’cooling.

e

An in-line cylinder block
with mounted fuel pumps,
camshaft and cylinder-
head bolts.

An in-line crankshaft.

The crankshaft at final inspection. Tiny burrs are alsa

manually removed.

A A
The camshaft part of one cylinder. The cylinder liner of a modern highly loaded diesel
engine.

1 upper collar, for absorbing the high compression and
combustion pressures, equipped with bore-cooling

2 grooves for coolant tubes, above these the traditional
coolant areas

3 edge support in engine block

4 ant polishing-ring location

5 top of the engine block
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S
A medium-speed diesel
engine piston skirt.

One can clearly see the
reduction of the material

around the gudgeon pin.

»

A piston in a cylinder
with bore-cooling,

anti polishing ring and a
piston skirt lubricated
under pressure in a
medium-speed diesel
engine.

The piston rings have a

chromium-ceramic coating.

94

Antipolishing
ring

Water distribution
ring

Chrome - ceramic
piston ring

Pressurized skirt
lubrication

Nodular iron skirt,
low friction design

4
The ‘Marinehead’-version of a connecting rod.

By unbolting the eight studs, the piston can be remaoved

without the crankpin bearing via the cylinder liner.

connecting rod

big end bearing box
studs
connecting-rod eye

B W N =

The piston is built from two parts and consists of
a wrought- or cast steel iron piston crown, which
can absorb the high thermal and mechanical loads
and contains the piston rings.

The skirt is made of light metal or cast iron and is
used for the piston conveyance and the absorption
of the lateral forces.

In order to keep the piston as light as possible

due to the acceleration- and deceleration forces
transmitted to the piston, all material not
construction-technically required is removed,
especially when piston skirt is manufactured using
cast iron.

The piston pin needs to have a large diameter in
relation to its length in order for it to be rigid and
barely flexible. The piston ring package for larger
cylinder bores is lubricated under pressure and
also cooling of the piston crown receives special

attention,

The connecting rod has to transfer the extremely
high forces that are transmitted to the piston to
the crank shaft. There are numerous possible

versions to achieve this.
Also see Chapter 13, Driving gears

In the upper part of the cylinder liner special rings,
the so-called anti-polish rings are placed ensuring
that the mean effective pressures are considerably
increased and the sealing properties of the piston,
piston rings and cylinder liner is gradually

diminished.

Also see Chaprter 13, Driving gears.
v

An anti polishing ring.

This can be easily removed and plays no part in the

construction or sealing of the combustion chamber.
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The cylinder heads are made of cast iron in which
alloys are increasingly added in order to improve
thermal and mechanical properties.

The gas exchange occurs with two inlet valves
and two exhaust valves where the exhaust valves
in larger engines are placed in an interchangeable
housing,.

0 @- &
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Four- valve cylinder
heads in a medium-speed
Caterpillar-MaK 43 in-line

diesel engine on the
feeder-container ship
‘Endurance’ of

JR Shipping.

In the foreground three high-
pressure fuel pumps with

fuel-supply lines.

1 high-pressure fuel pump
fuel supply line

fuel discharge line

3 cylinder head

4  cylinder- head bolt
5 safety valve

6 indicator cock

7 valve cover

8 pushrod

9 rocker

rocker shaft

11 exhaust valve

The exhaust- valves and valve seats are
manufactured using a special high performance
alloyed steel to ensure that wear and tear are

reduced to the minimum.

inlet valve

set screw valve
clearance
exhaust-gas manifold

) |
Rounded off
A
f ]
[ —] A N
Sectional view of a cylinder head with in the centre the
injector.
[‘J i <
] [ A camshaft-driven high- 1 ‘hotbox’ cover
il
/ pressure pump and the 2 camshaft
2 fs 3 rol
i injector. g
I 4  roller guide
| 5  high- pressure fuel
i Notice the so-called 'hotbox’ pump
for maintaining the 6  lubricating-oil supply
(& temperature of the fuel ¥ ety .
| ) 8  high-pressure delivery
section. pipe to injector
~ 9 infector
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>
View of a cylinder head
with the fuel pump (1).

b

Sectional view of a
modern MAN-B&W four-
stroke diesel engine with
required details.
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The centrally placed fuel atomiser in smaller
engines often has its own double-walled fuel line
to prevent fuel leakage, the larger engines have a
fuel supply through the cylinder head itself.

The high fuel pressure pump, a very important part of
the diesel engine.

All engines, without exception, are equipped with
a turbo charger by means of (a) turbo charger
group(s) and fitted with an air cooler which
ensure that the compressed air is adequately
cooled, thus increasing the specific mass of the
air and consequently the number of kilograms of
air per time unit which are added to the engine.
This allows for more fuel to be combusted in the

cylinder and therefore extra power generation.

Main particulars
Cycle ' 4-stroke
Configuration In-line
Cyl. Nos. available 5-6-7-8-9
Power range 950-1935 kW
Speed 900/1000 rpm
Bore - 210 mm
Stroke 310 mm
Stroke/bore ratio 1.48:1
Swept volume per cyl. 10.7 Itr.
Compression ratio 15.5:1
Max. combustion pressure 210 bar
Turbocharging principle Constant pressure system
and intercooling
Fuel quality acceptance HFO up to 700 cSt/50° C
(BSMA 100-M9)
Power lay-out MCR version
Speed pm 900 1000
Mean piston speed m/sec. 9.3 10.3
Mean effective pressure:
5 cylinder engine bar 236 224
6, 7, 8, 9 cylinder engine bar 24.8 24.0
Power per cylinder:
5 cylinder engine kWicyl. 190 200
6,7, 8, 9 cylinder engine  kWicyl. 200 215
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|

In large four-stroke
engines the turbo-charger
groups with the air
coolers placed below

take up much space.

Especially in V-engines the
overall width exceeds the
total height of the engine.
The exhaust-gas manifold

can be seen in the

background.
1 air-infet manifold
2 cylihder- head cover
3 exhaust- gas manifold
4 turbo- blower
5 air coolers
6 central exhaust-gas
manifold
Lubrication is taken care of by the displacement “ H H I «
pump, which is driven by the engine. Prior to the o = A basic lubricating-oil
initial start, the engine can be pre-lubricated by an i Il allo system.
external, electrically driven pre-lube pump. There i o
are also electrically driven main lubricating oil
pumps. o DBDDDD
The lubricating oil is not only purified in fine
filters on the feed side of the lubricating oil system
but also in centrifuges or separators that clean the
oil thouroughly by removing water and regular B
contaminants such as metal particles, combustion e = s ®
products and dust. She ‘ @ W
=T Lubeciitank - G—re————
Also see Chapt 11.1% LT
v
Cooling takes place by an engine driven cooling An overview of a coolant system with a high- and
water pump in a standard closed system with low- temperature section.
pressure build up obtained using a buffertank or
an open expansion tank. G =
The temperature of the cooling water lies between b ] -
80 and 90° C. t : _
L =

<
HTC

see Chapter 10, Cooling diesel engines. o1’ : e T

a]_]
This group is very frequently used on various Bj“,; 4 B D D D B
ships for propulsion, either as an auxiliary engine - T :

{ nerating electric e irec i
for generating electrical energy or for directly or 4«

driving the pumps.
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i -
A

Building a diesel
generator set at
Caterpillar—MaK in Kiel,

Germany.

A

Fourteen eighteen-
cylinder MAN-B&W —
V-48/60 type A&B
diesel engines in a
diesel-electric power
plant in San Pedro Sula,
Honduras, Central
America.

>

A modern fuel-injection
system, the Common-Rail
System for Wartsila four-

stroke engines.
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A Caterpillar-MaK four-
stroke diesel engine for
the genset in the engine
room of a large container

ship.

In the merchant navy with a total line- up capacity
from approxiametely 15 MW, the main engines as
well as the auxiliary engines use the same heavy

fuel. This cuts the fuel costs considerably.

These engines are very often used in diesel plants.
The latest developments (2008) show that in
particular the fuel injection systems continue to be
further optimised with among others common rail
injection systems, in which the injection period,
the moment of injection and the amount of fuel

are electronically regulated.




6.4 Category IV: Industrial diesel
engines of 1500 to
100,000 kW shaft power,
fuel H.F.O., two-stroke with
crosshead, low-speed

>

All tankers, bulk carriers and large container ships use
the bulky low-speed two-stroke crosshead engine on
heavy fuel oil for propulsion.

These are the immensely large and also
remarkably high (due to the crosshead
construction) diesel engines also referred to as the
Cathedrals among engines. They can get as high
as 14 metres at a length of 30 metres and and

weighing 2300 tons.

A
On the cylinder-head mounting floor.

The curved lines show the lubricating-oil supply ducting for
for the operation of the exhaust valves. The exhaust valves

(1) with valve casing are exceed two metres.
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v
Two-stroke crosshead 1

crankcase bedplate 4
crankcase

fuel- and lubricating-oil
pumps for exhaust-
valve actuation

cylinder block

cylinder liners

cylinder covers
exhaust-gas manifold
scavenging-air manifold

engine construction. 2

3 A-frame

W o N v

-
Large high-speed

These very large, low speed engines with the
number of revolutions from 60 to 250 RPM at a container ships are
cylinder bore of 260 to 1080 mm and are mainly equipped with the largest
used for propulsion of very large container ships, two-stroke crosshead
oil- and ore tankers and sporadically in diesel engines in the world with
a shaft power of up to

100,000 kW.

powerplants for the generation of electricity.
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A large container ship
leaves the port of
Rotterdam.

v

Globally, there are a
considerable number of
engine factories which
build engines of a certain

design ‘under license'.

VY INDUSTRIE
TORYD, JAPAF

H
ENGINE 7
NO, ¢
CYLIN
STR
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They always directly drive a propeller or

generator, so the number of revolutions is always
equal to that of the propeller or the generator.
This makes their installation transparent and
straightforward.

All these engines run on H.EQ. and are for the

most part built by licence holders in South Korea,

Japan and China, as the shipbuilding industry is

situated in this region. The dry weight of these

engines range from 100 tot 2300 tonnes.

Engine builders
There are only three manufacturers that build
these big two-stroke crosshead engines:

MAN-B&W

Wartsila—Sulzer Finnish factory which

a German-Danish factory;

manufactures the traditional
Swiss two-stroke engines;

Mitsubishi a Japanese factory.

Low Speed Marine Propulsion

Worldwide market shares - Deliveries

% BHP '
80% i
70%
MAN B&W Diesel No.1
60% ﬂ —
50%
40%
Wiartsila Sulzer
| 30% - |
No.2
20%
1 Mitsubishi
10%
No.3
0% \ T i
1996 1997 1998 1899 2000
A
There are only three two-stroke crosshead-engine
manufacturers.
v

The engine program of the Wartsila-Sulzer-RTA
two-stroke crosshead engines with a cylinder bore of
380 to 960 millimetres. The number of revolutions
varies from approximately 50 to 200 per minute.

Power and speed ranges of Sulzer RTA-series engines
Output Output
bhp kW
100 000 | — ‘ | ‘ Be.00
80 000 | RTA96C i | gg ggg
Il AB4M n RTAB4AC | |
GoRde 5L e | | 40 000
RTA84T ‘
40 000+ |t - 30000 |
e RTA72 |
- : 20 000
20 000 - ‘
RTA52U ‘
- 10 000
10000 | | e
8 000 - =t 6 000
6000 e 4000
4 000 RTA48T
A S NS i R e : 2000
2 000 W \
|
I I T it
50 60 70 80 90 100 120 140 160180200 rev/min
Engine speed ,
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Construction

These engines are entirely manufactured from a
partially welded construction, such as the engine
foundation and the A-columns including cast parts
such as the cylinder beam and cylinder liners. The
cylinder head is made using forged steel as is the
crank shaft.

v
A cylinder block with liners.

A
The engine program of the MAN-B&W ME-series.

The ME is the version with the electronically controlled fuel
injection. Today even smaller cylinder beres are delivered in
the ME-version.

v
The welded A-frame.
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>

Building a crosshead
engine.

1 crankshaft with flywheel
2 A-frame

3 cylinder block

4 cylinder liners

5 cylinder-head bolts

6 crankshaft location

A4

The camshaft.

cylinder block

cylinder liner
cvlinder-lubricating point
cylinder-head bolt
camshaft

cam

camshaft bearing
sleeve-coupling bearing,
hydraulic

o N O ;oA W N -
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On the specially adjusted ship foundation plate
the engine bedplate is atfixed by means of many
holding down bolts. The forged crank shaft is
situated inside the engine bedplate. It can be as
long as 25 metres with a weight of 150 tons!
The welded steel plate A-columns for example
wo, EhrEC or f()ur Cyhﬂdﬁ'fs,ﬁfc [hffl'] plﬂCf.'CE on t()p
of the bedplate.

These are joined together with tie bolts. The cast
iron cylinder beams are placed on the columns
with very long drawing rods/pull rods which join
the three parts together.

A large crankshaft in a two-stroke crosshead engine

with a turning circle of 1680 mm.



CH6 > CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES

The forged steel cylinder heads are attached to the
cylinder beam and they contain the hydraulically
driven central exhaust valve, two or three fuel
valves, a relief valve, an indicator cock and a 1 crosshead pin
starter air valve. 2  crosshead-guide shoe
The driving gear comprises a piston to which a
piston rod is connected, a crosshead with guide
shoes attached to it which transfer the lateral

forces of the crank shaft mechanism to the

crosshead guide fixed to the A-frame.

1! The combustion chamber.

- 1 piston rod
7 @ 1 2 piston
l‘/‘ / / 3 coolinlet drillings for
& A g lubricating oil
/ 4  honeycomb holes
5 guide ring
6 cylinder liner
7  bore cooling
8 8 coolant circulation
: 9 cylinder head
i 4 10 exhaust valve
6 11 exhaust-valve manifold v
‘ 3 % viledeal The crosshead.
2 13 valve rotator
l 14 fuel injector
i 1 crosshead
i blue: coolant 2 crosshead pin
i yellow: lubricating-oil for & Gpmer bearlmg b
| ] / : : 4 lower bearing cap
| - piston cooling 5 crosshead guide shoe
/ / red: exhaust gases 6 crosshead guide
! l 7 piston rod
8 connecting rod
9 A-frame

(12}

-
o

tie bolt

piston-rod stuffing box
scavenging- air space
inlet port

A
A piston with piston rod.

The flanged piston rod has almost the same diameter as the

piston.
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&
A piston-rod stuffing box
for the separation
between the scavenging-
air space above the
sealing rings and the
crankcase below the
sealing rings.

v
Exhaust-valves at the
factory for repair.

The forged connecting rod is fixed to the
crosshead and forms the link to the crank shaft
with a crank pin. The piston rod-stuffing box

ensures a excellent seal between the scavenging

space surrounding the inlet ports in the cylinder

liner and the crank case.

High-pressure fuel pumps (1).

104

A
A cylinder liner.

inlet ports

support collar with the cylinder block
cviinder lubricating-oill inlet holes
hickened upper collar

bore cooling

(5 B ¥ S\

For most existing engines the cam shaft for driving
the fuel pump and the hydraulic pump driving

the exhaust valves are driven from the crank shaft
either using cogwheels or a chain.

The latest types have a very advanced fuel system
such as the common rail system and no longer

have their own cam shaft.

Also see Chapter 9, Fuel-injection stems

The lubrication of these crosshead engines consists
of two separate systems:
— the cylinder lubrication system;

— the crank case lubrication system.
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Cylinder lubrication system

A series of small plunger pumps driven either
indepently by the engine itself, or by a frequency
controled electro motor which forces special
cylinder lubricant through the drillings in the liner
and is spread around the cylinder via grooves
machined in the cylinder liners. This is done to
ensure that the lubricant is injected art the right
time and at the most effective piston height. The
cylinder lubricant lubricates the piston, the piston
rings and the cylinder liner. A certain amount of
the lubricating-oil should combust odourlessly and
ashlessly, another part seeps along the liner and
drips to the bottom of the scavenging air space

from which it is manually tapped.

B
A cylinder lubrication unit for a cylinder with eight small
independent plunger pumps.

Crank case lubricating system

This system is operated by electro motor driven
displacement pumps.

The lubricating-oil is pumped past the main- and
crank pin bearings, the crosshead and the cam
shaft. Also, the piston is often internally cooled
using this circuit. Furthermore the exhaust valve

drive and the reserve gear use this system,

| 2

A main lubricating oil pump.

Cooling system

Large two-stroke engines have two cooling water
systems with two temperature levels, the H.T.-
(high temperature) and the L.T.-(low temperature)
system.

The high temperature system is used to cool the
cylinder liner, the cylinder head and the exhaust
valve housing. Pistons were also sometimes cooled

using this system.

The low temperature system cools the scavenging

air and the lubricating oil.

>

Two plate heat exchangers.
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Air supply
The air supply is usually provided by several turbo
charger groups wich compress the combustion

v air; the air is subsequently cooled and led to

An overview of the the scavenge air pipe which runs along the
turbocharger of a length of the engine. Via the scavenging air space
two-stroke crosshead surrounding the cylinder liner the air flows into
engine. the cylinder when the piston is in B.D.C. and

releases the inlet ports.

Also see Chapter 12, Air supply. Fuel

1 exhaust-gas ducts
2 exhaust-gas turbine In case of a low load the turbo charger groups
3 airfilter . . s . .
: provide too little air for an optimal combustion
4  aircompressor space . i - )
8  comprossed ai cycle and an electrically driven auxiliary bloweris  »
6 air cooler automatically switched on. A cut-away diagram of a turbocharger group.
7 air infet
8  auxillary blower
9

mist catcher

For conventional fuel pumps the fuel supply is
provided by a cam shaft driven plunger pump.
The cylinders are fitted with two or three fuel

atomisers surronding the centrally positioned

exhaust valve and injecting the fuel almost

horizontally into the cylinder.

Both plunger- as well as valve-controlled fuel
pumps are used. The recently (2008) marketed
electronically controlled common rail systems
have numerous advantages and are increasingly
applied.

Also see ( h.lDlL'l' 9. Fuel-injection systems.

v

The gear drives from the camshaft of:

1 the fuel pump;
2 the hydraulic-oil pump for the exhaust valve.

A
One of the fuel injectors.

There are usually two or three assembled around the central
exhaust valve.
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Reversing the revolution direction

Two-stroke engines up to a cylinder bore of about
600 mm are often equipped with an adjustable
pitch propeller which allows for the engine to
operate in only one direction of rotation.

For larger engines and therefore larger propellers
one opts for a fixed pitch propeller, which requires
the rotation direction to be reversible. This is
made possible by moving or turning the cam

shaft under a lubricating oil pressure causing the
air start valves and fuel injection on the various

cylinders in order to obtain a different operating

order.
Also see Chapter 14, Starting systems of diesel
engines.

Number of cylinders

This can vary from four to fourteen cylinders
and the capacity from approximately 1500 to
100,000 kW. All engines have in-line cylinders.

Marine Diesel Orders
(number of units) 3431 (MW)
Diesel Auxiliary
Generation
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Comment

The capacity of the small two-stroke crosshead
engines overlaps the power supply of the ‘larger’
four-stroke trunk piston engines. For the latrer the
power can reach approximately 30,000 kW.

The choice of a two-stroke crosshead engine or a
four-stroke trunk piston engine depends on many
factors such as:

— desired power output;

—  desired number of revolutions;

— available space;

— weight of the engine;

— specific fuel consumption;

— specific lubricating oil consumption;

—  economic aspects;

— ship yard lay-out for certain type ships;

— delivery time

— service package.

The client’s preference for, for instance, other
shipping companies and/or investors often plays

an important role as well.

propulsion

25424 MW of
Marine Diesel Power

-«

The ‘Berlin Express’ of
Hapag-Lloyd has a
capacity of 8600 TEU and
an engine output of
68,000 kW. It is one of the
largest container ships
launched in 2004.

A overview of the orders per year for diesel engines
with a shaft power exceeding one Megawatt.

blue: left — the number of propulsion installations
green: left — the number of generator sets

yellow: left — the number of engines used for diesel-electric

blue: right — the total power output
green: right — the total power output

yellow: right — the total power output
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Every engine's basis since they first came

onto the market in the nineteenth century is
a top-quality cast engine block.

Apart from cast iron, steel and light metals
are the most important materials used in

engines.

A cast engine block aligned for
the initial machining process.
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The casting of a large block for a four-stroke diesel
engine.

The casting time is very important for the mould quality.

A large block with a weight of 115 tons must be cast within
100 seconds. If this time is exceeded, the quality is such that
the block is rejected. The costs, approximately € 100,000.-
for manufacturing the mould and the melting down of the

base materials are lost.

7.3 Steel

This is an iron-carbon alloy with a maximum

carbon content of 1.7%.

Properties:

- malleable (+);

- ductile (+);

- weldable (+);

- light in welded constructions (+), for example
the A-frame for crosshead engines;

- good machinability, such as planing, milling,
drilling, grinding and polishing (+);

- high melting point of approximartely 1450° C
(+);

- over 0.3% carbon hardness, surface hardening
possible (+);

- soft (-).

Steel in a steel plate form is often used in welded
constructions such as bedplates, crosshead engine
A- frames, air inlets found in crosshead engines,

air cooler housings, various supports and exhaust

gases manifolds.

A
A cast engine block just out of the mould.

The deburring and cleaning of the rough block must take place.

A
The manufacture of two-stroke crosshead engines at
MAN-B&W, Frederikshavn, Denmark.

foreground: a welded steel crankshaft bedding or lower
crankcase of a two-stroke crosshead engine

background: a welded steel A-frame

<4
A cast block of an in-line

engine in manufacture.
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v
A cast-steel cylinder head
of a two-stroke

crosshead engine.
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7.4 Cast steel

This is an iron-carbon alloy with a carbon content
of between 0,5 and 2%. The base material is
white pig iron.

Properties:

— can be cast in crude moulds(+);

— extremely high tensile strength (+);

— malleable (+);

—  high melting point (+);

— possibility of strong vet light constructions (+);

—  wviscous (—);

— shrinkage is twice as high as that of cast iron (-);

— due to its viscosity, only used in simple casting
moulds (=);

— requires annealing to resist high casting
pressures (—).

Casting properties are improved by adding
manganese and silicon. By adding 0.5 to 1.0%
molybdenum, a higher tensile strength at higher
temperatures is achieved. In older, still existing and
larger crosshead engines, it is among other things
used in cylinder heads, high pressure shut- off
valve housing, piston crowns and cylinder heads in
four-stroke engines.

7.5 Forged steel

This is an iron-carbon alloy with 0,15 to 0,5%
carbon content.

Properties:
— malleable (+);
- high tensile strength also at high temperatures

(+);

- duetile (+);

— machine able (+);

— coarse moulding which requires machining
operation after casting ().

Today, generally used for the cylinder heads of
crosshead engines due to the mechanical and
thermal load increases.

Crankshafts for all types of engines, connecting
rods, piston rods and cam shaft components also

are made of this material.

7.6 Steel alloys

Alloys are added to steel, an iron-carbon alloy, in
order to enhance certain physical properties, or for
instance to create new properties.

Alloy elements are metals such as chromium,
nickel, molybdenum, tungsten, manganese and

vanadium.

Various alloy elements provide steel with

particular properties, for example:

chromium - increases the hardness and
increases toughness
nickel — increases the tensile strength and

Is anticorrosive
molybdenum - increases the tensile strength
and maintains the hardness up

to 600 °C

tungsten — makes steel heat resistant
manganese — increases the tensile strength and

decreases wear and tear
vanadium - increases ductility

The shaft and the blades in the exhaust-gas turbine of

the turbo blower are manufactured from high-alloyed
steel for resistance to high temperatures and corrosion
caused by chemicals.



The crankshafts of high load fast running engines
are often made of chromium nickel- or chromium
molybdenum steel.

The bearing surface of the crank pins and journal
bearings are then hardened, thus increasing their
wearability.

Steel used in exhaust valves are often alloyed
with 8 to 12% chromium and for example
silicon. ‘Nimonac 80A’, an alloy of 80% nickel,
chromium, titanium and aluminium is resistant to
the high temperatures and the corrosive products
contained in exhaust gases. This is, however, an
expensive material and today frequently used in
the exhaust valves of two-stroke engines. The
cost of the material has decreased considerably in

recent years.

Steel Alloys are, used in a large number of diesel

engine parts, such as toothed wheels, fuel pumps,
shafts, cams, atomisers, valve springs and valves.
Each component has different material
requirements, which is the reason that there are
many different alloyed steel types.

7.7 Aluminium

Properties:

—  high fatigue resistance (+);

good bearing properties (+);

— light weight (+);

- good heat conductor (+);

- good strength properties at high temperatures
(+);

- high wear rate (-);

— high coefficient of expansion (-).
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Steel Alloys.

These are used for the
manufacture of parts for
diesel engines, for example:

1 exhaust valves
2  exhaust-valve seats

Crankshafts are the most
heavily loaded parts in a
diesel engine; they are
manufactured from high-
alloy forged steels.

By forming alloys with aluminium certain
properties are enhanced.

Copper, nickel and magnesium ensure good heat
conduction and favourable strength properties at
high temperatures, the so-called Y-gamma alloy.
This is called an aluminium-copper alloy.

With silicon, copper, nickel and magnesium

this ‘light metal’-alloy has a low coefficient of
expansion and a reasonable wear rate. This is

called an aluminium-silicon alloy.

Use

‘Light metals’ with aluminium as the main
component are used for engine blocks of small
diesel engines, the pistons of fast-running diesel
engines, the piston skirts of medium-speed diesel
engines, tri-metal axle bearings in all engines
and, for example, for impellers in the air inlets
of the turbo charger groups. Today, many crank
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The impeller of the air
blower in a turbo blower
is manufactured from an
aluminium alloy, the

so-called light metal.

v

Light-metal pistons
are generally used in
high-speed diesel
engines.

The main advantage is their
light weight, granted the
acceleration and
deceleration forces of the
piston remain within the

maximum limits.

case- and cam shaft covers are also made of a light
metal. The ‘hot box” of Wirtsild-engines, which
maintains the high temperature found in the

common rail fuel injection system is made entirely

of light metals.

7.8 Ceramic materials

Physically, ceramic has unique properties such as

great hardness and high wear rates. It can consist

of the following compounds:

AlLO,, Zr0,, TiC, Si;N, en ALTiO,

These are:

— oxide-based aluminium, silicon, zirconium,
titanium, beryllium en magnesium;

— nitride-based silicon, boron, titanium en
aluminium;

— carbide-based silicon, boron en titanium;

— composites.

It is easily applied as a thin coating on, for

instance, piston rings.

7.9 Specific materials for engine
parts; engine classification
according to the four
categories

7.9.1 Engines from 0 to 100 kW,
high-speed, four-stroke, fuel oil,
M.D.O. - Category I: Small industrial
diesel engines

The engine blocks are often constructed of cast
light metal or cast iron. An added advantage of a
light metal is, of course, its weight.

The cylinder liners or bushings of a light metal
block need to be fitted separately, while a cast
iron block does not require an independent
cylinder liner. Moreover, a separate cylinder liner
or ‘bushing’ is regularly applied to the somewhat
larger engines of this category.

The pistons are often made of light metal and the
entire cylinder head can be constructed from both

light metal and cast iron.

The crankshaft of high load engines is often made
of high alloyed forged steel, but for standard
engines normal unalloyed carbon steel suffices.
However, the crank pin and the shaft journals are
especially hardened.

v
A diesel-engine series for pleasure yachts with from
front to back increasing power outputs.

All diesel engines are standard diesel engines and later

modified for shipping. This is known as ‘marinisation’.




7.9.2 Engines of 100 to 5000 kW,
high-speed, four-stroke, fuel M.D.O.
- Category IlI: Larger industrial diesel
engines

The greater the output/power the more often

cast iron is used for the block. In this case the
crankshaft is also made of forged iron, which,
dependant on the load may or may not be alloyed.
The cylinder heads are usually manufactured of
cast iron. Pistons are often made of light metal.
The piston mass is very important if there is

a high number of revolutions, because of the
acceleration- and deceleration forces working on
the moving parts. The lighter the piston mass, the
lower the acceleration- and deceleration forces.
The piston of high load high-speed engines is often
constructed from two components, the cast iron
piston crown because of the high thermal and
mechanical load, and the light metal piston skirt
enabling a good piston conduction and absorption
of the lateral forces exerted on the piston by the

crank/connecting rod mechanism.

With a large power output cylinder liners are of

cast iron and water cooled.

7.9.3 Engines of 500 to 30,000 kW,
medium-speed, four-stroke,
fuel H.F.O. - Category lll: Large
industrial diesel engines

Generally, these engines are highly powered

and are both mechanically and thermally highly
loaded. H.E.O. is also paramount in the decisions
taken in, for instance, the choice of material for
the exhaust valves.

The engine block is made of alloyed cast iron.
This is often nodular cast iron compounded with
magnesium creating a structure with a high tensile

strength.

Cylinder liners are made of special cast iron with
superior running properties and often have a
built-up upper collar for the absorption of the
high compression- and combustion pressures. The
upper collar contains bore-cooling and protrudes
from the engine block. This has the added
advantage of reducing the size and weight of the

engine block.
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A diesel engine with a large power output such as this
sixteen cylinder MTU-engine which has a high thermal
and mechanical load uses many high-alloyed parts,
for example, the crankshaft, the cylinder block and the
exhaust valves.

v
A block in an in-line engine rotated 180" for the
mounting of the underslung crankshaft.

A high-speed Caterpillar
diesel engine for the
propulsion of an inland

navigation tanker.

engine block

crankpin
counterweight

fower bearing cap
bearing-cap boits
hydraulic nuts

Joint interface between
bearing cap and block

N OO B W =
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A cylinder liner with a
built-up top collar

containing drilled-out

cooling ducts.

The liner is conserved after
repair and wrapped partially

to prevent corrosion

Assembling of the forged-steel crankshaft must be
done precisely and carefully.

The engine block is rotated 1807 for the assembling of the

crankshaft with bearings and bearing caps

Kb

A
Cylinder heads during maintenance at engine works
Bolier, Dordrecht, The Netherlands.
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The crankshaft is of forged steel and as in all four-
stroke engines underslung. The piston consists of
a cast iron crown and a cast iron skirt. Tri-mertal
bearings are used for the crankshaft and the crank
pin bearings. Today, this is the case in virtually all

engines.

The cylinder heads are made of cast iron or cast
steel. Especially if the exhaust valves are heavily
loaded. Sodium and vanadium compounds in

the fuel can create a sticky deposit on the valve
seat which is a very aggressive corrosive. This is
called high temperature corrosion, or abbreviated,
H.T.C.. In contrast to low temperature corrosion,
or abbreviated, L.T.C., caused by sulphur in the
fuel found at much lower temperatures. This
occurs, for instance, on the cylinder liners at

extremely low engine loads.

Inlet valves are often made of high quality carbon

steel. This certainly does not suffice for the

exhaust valves and therefore high chromium stee
with, for example, 8 to 12% chromium content
and also silicon is used.

The exhaust valve is often rewelded with so-called
armour steel, stellite. This is a very hard and wear-
resistant alloy containing chromium, tungsten,
cobalt and carbon.

Sometimes the entire valve or the valve disc and
part of the valve stem are made of ‘Nimonac 80A’,
an alloy with 80% nickel, chromium, titanium
and aluminium. This material is costly, but gives

a tremendous increase in the operating lifetime of

the valve.

The exhaust-valve seat is ground.

To improve the resistance of exhaust valves against high
temperature corrosion, they are often completely or partially

manufactured from a high-alloyed steel type, Nimonac.



7.9.4 Engines of 1500 to 100,000 kW,
low-speed, two-stroke crosshead
engines, fuel H.F.O. - Category IV:
Extremely large industrial diesel
engines

These are exceptionally large and heavy engines.
Today, they are the only engines that are

constructed from parts.

A large number of these engines are built from
welded steel plate constructions and a smaller
number from castings.

The crankshaft of these large engines rests on
the engine bedplate, a welded construction with
incorporated crossbeams in which the forged steel
supports are integrated beneath the crankshaft
bearings.

The A-shaped engine frame constructed from
welded steel plates is mounted on the bedplate.
The crosshead guides, used to convey the
crosshead and absorb the shearing forces of

the crosshead, are welded or bolted against the

columns found in the A-frame.

A

The welded steel crankshaft bed of a crosshead
engine; it is of utmost importance that the crankshaft
is placed in line.
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The cylinder head of a crosshead engine with in the
background the turbo blower.

P

The welded A- frame of a crosshead engine under con-

struction at MAN-B&W, Frederikshavn, Denmark.

The cylinder beam rests on the columns which in
larger crosshead type engines consist of different
parts bolted together.

Bedplates, columns and the cylinder beam are
linked by very long vertical alloyed steel tension
bolts, which run through the columns in ducts.
The bolts in the ducts are fastened in some places
with stay-bolts in order to prevent shearing
vibrations of the tie rods. These vibrations could
cause cracks in the long term. These are as in all

other large linkages hydraulically pre-stressed.

v

Parts of crosshead
engines under
construction.

1 forged crankshaft

2  cylinder block with
cylinder finers and
camshaft

3 crankshaft bedplate
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AA
The scavenging-air space
at the cylinder liner with

the inlet ports.

A

Forged steel connecting
rods with mounted
crankpin bearings and
crosshead-pin bearings
of a two-stroke
crosshead engine.
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The manufacture of a

crosshead engine.

The cylinder beams are made of cast iron.

The bottom part of the cast iron cylinder liners
is situated in the cylinder beam. The forged steel
cylinder heads are fixed to the cylinder beam by

means of long bolts.

The cooling of the cylinder liner and cylinder
heads occurs through drilled canals, the so-called

‘bore-cooling’.

>

The forged crankshaft;
manufactured in sections,
and fixed together using

shrinkage joints.

crankshaft
crankweb
crankpin

weight economy
roundings

A W N =

camshaft cviinder-head bolts
cyvlinder liners exhaust-valve casing
cylinder head bolts

exhaust-valve casing fuel infector

The pistons are made of forged steel or cast steel
in view of their high thermal and mechanical

loads.

The piston rod, connecting rod and the crankshaft
are made of top quality malleable steel; special
attention is paid to the crankshaft.

For crosshead engines unalloyed carbon steel
usually provides sufficient strength, which is in
contrast to engines with a higher load, such as
medium- and high-speed engines.




Lubrication here requires special attention. Unlike
four-stroke engines, two-stroke engines have no
‘rest’ revolution. Therefore the crosshead bearings
are always subjected to great forces from the
piston. Without a lubricating oil film, wear and
tear of the bearings increases.

One of the measures taken to prevent premature
wear and tear at the boundary lubrication
conditions is a surface treatment of the steel
crosshead pin.

Hard chromium plating, a grind or super finishes
are often applied.

\lso see Chapter 13, Driving gears

Piston rings

These usually consist of fine grained perlitic
cast iron with flake graphite which has excellent
running properties in the cast iron cylinder liner.
The piston ring hardness lies between the 2000
and 2400 N/mm?2, hardness Brinell.

v
The finished surface of a cylinder liner. Shown here is a
special finishing that deviates from the normal honing

cross-hatching, the ‘ribbed’ surface of diesel engines
of MAN-B&W.

.? Wil ‘
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<4
The mounted crosshead,
seen from above.

1 crosshead

2 guide shoes — four
pieces

3 crosshead guides — four
pieces

4  place for the fixed
piston rod; not mounted

here
5 A-frame
6 stlep

The cylinder liners are also made of perlitic cast
iron with flake graphite and therefore also have
good running properties. Often alloys are added
in order to improve wear and tear resistance. The
hardness is considerably lower than thart of the
piston rings, namely 800 N/mm? hardness Brinell.

Exhaust valve

All modern crosshead engines are equipped with
one centrally placed hydraulically controlled
exhaust valve. In large engines the valve diameter
is approximately 40 centimetres.

All material consists of a high alloy type of steel
usually covered with a rewelded stellite layer.
Alloys such as ‘Nimonac 80A’ are also often used.

v

A series of exhaust valves
manufactured from
Nimonac, a high-grade

material.

The total life of these valves
given by the factory is up to
96,000 hours!
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3

A complete exhaust
valve (1) right and two
spare cylinder liners (2).
Far left cylinder-head
bolts (3).
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A

The cast iron exhaust-valve casing.

The exhaust valve housing is made of high quality

cast iron and is today the only remaining engine

component with cooling water ducting in the cast.

The remainder of the cooled components such as
the cylinder liner, piston and the cylinder head are

of course cooled using “bore-cooling” technology.

Bearing materials

Due to the heavy load exerted on the bearings
today one often uses tri-metal types. These can
bear high loads and do not require being custom
manufactured unlike the previously used ‘soft’

white-meral bearings.

Corrosion Protection

Running Layer

Intermediate Layer

Bearing Metal

Steelback

A
The manufacture of a tri-metal bearing.

Most of the layers are very thin.

They generally consist of a steel bearing cap with
a lead-bronze layer, a very thin nickel barrier and
the actual sliding material, a ‘white metal’. “The
white metal often comprises of mainly aluminium
and tin in an 80% aluminium and 20% tin ratio.
This material has excellent properties, such as
high fatigue strength and good running properties.
High loading can be achieved with an aluminium
alloy where either a zinc or silicon component is

added.




7.10 Special finishes and heat
treatments

7.10.1 Nitration

Nitration is thermal treatment in which the
surface layer of virtually all iron parts can be
nitrogen enriched at temperature ranges of 500 °C
to 600 °C. The nitrogen enrichment increases the
surface tensile strength thus achieving a higher
corrosion- and wear resistance as well as a higher
oscillatory resistance.

The nitrate layer consists of a very thin outer
layer of some thousandths of a millimetre

(micro millimetre) with a hardness of about

800 to 1200 N/mm?2, hardness Brinell.

Application
It is often applied when overhauling cylinder liners
and crankshafts.

7.10.2 Annealing

This occurs in temperature ranges of 450 °C
and 650 °C. It reduces the internal stresses in
the constructions caused by the electric welding
p[’()CCSSBS.

After a certain ‘glow’ time the work piece or the

construction needs to be cooled slowly in order to

prevent development of new stresses.
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Application

Welded steel constructions in engines such as
bedplates, A-frames and air inlet manifolds.
Overhauled engine parts such as welded cylinder

covers, pistons and exhaust valves.
7.10.3 Surface hardening

During this process the parts are only heated and
hardened at the surface, thus causing only minor
shape- and size changes. Heating takes place by
means of induction or with a gas jet, the so-called
‘flame hardening’. The latter is sometimes applied
when overhauling small crankshafts and after the
grinding of the valves to a smaller size, the ground
surfaces must be hardened.

There are many other surface treatments. Surface
hardening causes tensile stress on the surface,
which subsequently enables a higher load.

Application

Crankshafts, piston pins and crosshead pins. Steel
crankshafts of a 0.5 to 0.6% carbon content

are heated to approximately 720 °C and then
subsequently water cooled. The core of the
crankshaft remains fairly soft, but on the outside
a hard layer of approximately = 0.9 to 2.0 mm is

formed.
7.10.4 Applying surface layers

Some engine components’ surfaces run either
continuously or discontinuously across another
surface, such as:

1 piston rings on the cylinder liner; <
2 the stuffing box on the connecting rod of two-  The honing pattern on

crosshead engines; the running surface of a

3 the bearings of crankshafts, cam shafts and cylinder liner.
piston pins.
v
Shown is a very hard, wear-resistant layer sprayed on
the valve stem, followed by very fine sandpapering.
<

A cylinder cover in
an electric oven for

annealing.
The temperature and the

timing of this treatment are

very important.

121



DIESEL ENGINES > PART |

Forged steel connecting
rods with above the
crosshead and guide
shoes, left and right are
the crosshead guides.

1 A-frame

2 -step

3 crosshead guides
4 guide shoes

5 crosshead

6 connecting rod

v

This cylinder head is
waiting outside for repair.

The high-grade material is
clearly seen near the injector
nozzle; shown here a very
strong welded layer of
material that is resistant to
the high temperature at the

injector nozzle.
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Chromium

In order to make the surfaces harder and more
wear resistant they are often furnished with a thin
chromium coating which increases the operating

life of the components considerably. There are, for

instance, chromium plated piston rings, connecting

rods and crosshead pins.

Chromium has also good resistance properties
with respect to the corrosive substances in the
combustion products found on the piston rings.
Furthermore, chromium has an extremely low
friction coefficient on the generally cast iron

cylinder liners.

Hard chromium plating or chromium hardening
is the electrolytic plating of chromium on the
components. The so-called plating is done with a
chromium- salt solution.

>

Reconditioning the
injector nozzle by
rewelding.

In a later phase, the liner is
machined resulting in the
original dimensions and the

injector nozzle is drilled out

and finished.

A chromed valve stem that is very wear-resistant and

resistant to chemical corrosion.

Plasma layer

A ceramic coating is applied to chromium plated
parts such as, the top piston rings. Ceramic has
very good wear resistance properties under heavy
operating conditions.

Both the running in of a piston in the cylinder
liner, as well as the great many operating hours
that follow, show that the wear and tear of the

cylinder liner and the rings is much lower.

The rewelding of special material that has good
corrosion- and erosion resistance; so-called
component cladding. This is mainly applied

in combustion areas with excessively high
temperatures such as those found in RTA - C
Wartsild Sulzer crosshead engines. Here the
material is attached to the inner wall of the
cylinder head, in the direction of the fuel jet. In
the latest designs the material temperature of the
cylinder head has be reduced to such an extent
that this surface treatment method is no longer

required.
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The honing of a
cylinder liner.

honing machine
cylinder liner
honing-stone holder
honing stone
driving shaft

oil supply

clamping strips
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7.10.5 Grinding, polishing and lapping
A worn cylinder liner after
Grinding, polishing and lapping are standard thousands of operating
expressions used in the finishing of metal surfaces. hours.
They are general terms which give an impression
of the surface finishes, however, they do not Stop shoulder for the upper

rovide a surface roughness value. iston ring is clearly seen.
P

A ground and polished crankshaft journal can
have a very smooth surface.

Polishing is usually a finish which removes the
final roughness.

Lapping involves the use of two surfaces which
are rubbed together such as seal surfaces of the

different parts of a fuel atomiser.
7.10.6 Honing

This surface finish is applied to the running
surface of cylinder liners in various engines. The

objective of honing is to improve the running

v
Honing.

The use of the correct honing stones, turning tension on the
stones, the number of revolutions and the horizontal
movement of the stones through the liner are important

points of interest. The choice of honing oil also plays a rale.

surface for the reciprocating piston. The honing
cross hatch pattern is used to retain a certain
amount of lubricating oil which reduces the wear
and tear of piston rings, piston and liner.

Honing is done with a pivot shaft head on which
four honing stones are held under pressure against
the cylinder liner using springs. With a specified
pressure, peripheral speed and longitudinal
movement of the liner a rough kind of cross
hatch pattern is applied to the liner in which the
scratches are at an angle of about 60 °. There
are a great many types of honing stones with a
specified roughness. The honi