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People and engines 

For engineering, operating, and 

maintenance of diesel engines, 

enthusiastic, motivated, and well-trained 

technicians are essential for manufacturers, 

proprietors, and users of diesel engines. 



> Introduction 

Diesel engines play an important role in today's 

society: we a re quite dependent on them. 

Over I 00 years a fter 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, o il and gas industry and 

various other industries. \'Kie have chosen to make 

use o f many pictures accompanied by a written 

explanation. 
Much highly in-depth technical theory has been 

omitted as these copies are covered by specia list 

books available on the market; these copies 

include thermodynamics, vibrations, materials, 

and electronics. 
We, at Ta rget Globa l Energy Training have opted 
for a more practical approach. This includes ample 

in formation with respect to the construction 

of engines, use o f materials, va rious engine 

categories, maintenance, repa irs, and the use of 

engines. 
Much attention has been paid co the choice of 

proper graphic material. This, in our opinion, is 

helpful for the reader to gain insight in the va rious 

subjects. This publica tion is indispensable for 

every person who has dealings with the diesel 

engine industry, from the sma llest engine to 

'The Cathedrals of the Oceans' . 

Kees Kuiken, Onnen, The Netherlands, July 2008. 

& 

At the special general meeting of the 60th anniversary 
of the VIV, de Vereniging van lmporteurs van 

Verbrandingsmotoren (Association of Importers of 
Combustion Engines) at the 'Theater aan het Vrijthof' in 

Maastricht, author Kees Kuiken presents the first proof 

print to the chairman of the Association FME-CWM, 

Mr. Jan Kamminga. 

FME-CWM is the employers' organization and trade 

association for the technological and industrial sector. The 

activities in the sector cover engineering, manufacturing, 

trade, industrial maintenance, and industrial automation. 

Some 2,750 organizations (metal, plastics, electronics and 

electro-technology), employing some 260,000 people, are 

members of FME. 
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~ibrations and 



applications. 

Propulsion and generator sets for yachts. 

Generating electricity in the tropics. 

C Propulsion of sea going ships. 

D Propulsion of inland shipping. 

E Generating the electric energy required on 

large passenger ships. 

F Generating electrical energy on board ships. 
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.. 
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 1n-hne and 

the engine is equipped with 

a supercharger . 

.. 
A twelve-cylinder four­

stroke piston engine with 

supercharger, and 

cylinders in V-position . 

.... 
A six-cylinder in-line 

engine for the generation 

of electrical energy on 

board a ship. 

14 

1.1 Introduction 

Throughout the last century the internal 

combustion engine has become 111creasingl) 

important in a society that now relies heavily on 

machinery. The engine is the elementary chain 

in, for instance, the transportation of goods and 

persons by road and water, propelling various 

machines and generating electrical energy. The use 

of combustion engine equipment such as chain 

saws, water pumps, concrete mixers and lawn 

mowers has seen an e,plosive increase. 

.\lodern agriculture i completely dcpendenr on 

internal combustion engines for propulsion of 

tracwrs, combines, and other farming equipment. 

The industrial diesel engines mennoned in this 

book are almost all used for propelling an 

enormous diverslt}' of ships. Also 111 generating 

electricity the diesel power plant plays an 

important role. 

In the internal combustion engine one 

distinguishes two principles: namely: the Orto 

process and the Diesel process . 

... 
A harbour tow boat needs 

power of several 

thousands kilowatts to 

tow large sea vessels. 



/ 

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 thi~ 

hook. 

CH1 THE USE OF INDUSTRIAL DIESEL ENGINES 

1.3 Diesel-process 

In 1897 Rudolf Diesel markets the fi rst 

diesel engine. In these diesel engines the air is 

compressed to such a degree chM the hig h end 

temperature of the ai r effects a very swift ignition 

and combustion of the injected fuel. The efficiency 

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 rhe produced shaft power and the 

supplied fuel power. This ranges from between 

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

~ 

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 d iesel power 

plant in the tropics with 

diesel engine driven 

electric generators. 

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 bar1 Rudolf Diesel 

nearly got killed when one of 

his testmodels exploded. 

• 
Rudolf Diesel's first diesel engine at the test bed of the 

Augsburg Machine factory; MAN. 

Exhaust gases 35% 

Cooling water 11 % 

Diesel engine • 

16 

Shaft powe 

Shaft power 50% 

• Shaft power 

• 
Diesel engine losses. 

left figure: The fuel supply o1 a line engine. This IS always set Far right figure: in order to use at least part of the 35% 

at 100%. exhaust gas losses, steam 1s generated 1n an exhaust gas 

Right figure: Shaft pawer of 50%. So half of the supplied boiler. This steam drives a steam turbine which subsequently 

energy(fuel) 1s converted into mechanical power on the generates electricity. 

crankshaft 

The remainder of the supplied energy 1s waste, such as 

cooling water- and exhaust gases losses. 

1.4 The use of Otto-engines 

They arc often used in: 

(Hand) rools; 

garden equipment; 

automotive industry 

outboard engine 

gas engines; 

small aviation. 

1.5 The use of Diesel-engines 

They often used in: 

ship propulsion; 

diesel power plants; 

agriculture; 

back up generator sets 

lorries; 

earth moving machines; 

military vehicles such as ranks. 



Generally, diesel engines are used more often when 

the operation hours increase and fuel co~ts become 

important. The required shaft power is often much 

higher than in Orto engines. 

1.6 Properties of both principles 

I Otto-engine 

Princ iple mixture compression 

Ignition 
with spark plug 

ignition spark 

Fuels gases and petrol 

Motor weight light 

Efficiency low: 15-45% 

Capacity maximum 10 MW (gas engines) 

In chis 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 

Durch and English available. 

~ 

A small three-cylinder Volvo Penta diesel engine for 

yachts. 

I 

CH1 THE USE OF INDUSTRIAL DIESEL ENGINES 

Diesel engine 

air compression 

~ 

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. 

by hot air combustion 

diesel oil, heavy oil and bio-fuels 

heavier 

high: 25-55% 

maximum 100 MW (ship engines) 

~ 

The properties of both 

principles. 

17 





:E' 
a. 
!!. 
Q) 

:i 
C: .E .. 
Q) 
C. 

"' C: 
0 ; 
0 
> 
Q) .. 

3000 

2100 

1500 

960 

400 

250 

50 

0 

C1 
0-100 kW 
4 stroke 
M.D.O. 

::;; 
a. a: 

§ 
M 

8i 
~~ 

I 

100 

Classification of engines 

~ 

C2 ::;; 
100 • 5000 kW a. 

a: 

4 stroke 8 
MD.O ~g 

g a, 
a, .!1 

C3 ::;; 
a. 

500 - 30,000 kW a: 

4 stroke ~i 
M.D.O I H.F.O. 8~ ... ~ 

- -
I 

C4 
1500 - 100.000 kW 50 - 250 RPM 

2 stroke (0- 240) 

H.F.O. 

500 1500 5000 30,000 100,000 

o~p~~kW -----• 

II 



DIESEL ENGINES PART I 

... 
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 arrangement 

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 ro small and 

very large sized diesel engines. Small diesel engines 

arc 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 arc 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 

outnumber those of two-stroke engines. 



CH2 CLASSIFICATION OF DIESEL ENGINES 

2.3 Design ===~1 ... 

Differences between trunk piston engines and 

crosshead engines. 

Trunk piston engines 
In these four-stroke engines the connecting rod 

is hinged on the piston by a gudgeon pin. The 

engine is low in comparison to crosshead engines. 

The pistons have ro absorb the lateral forces and 

transfer them to the cylinder liner and engine 

frame. 

Crosshead engines 
In these engines the piston rod is bolted to the 

piston. The crosshead is situated below the piston 
rod wirh which it is hinged to the shaft. The lateral 

forces of the cranks ha ft mechanism arc transferred 

ro guide shoes which are fixed rigidly ro the motor 

frame via crosshead guides . 

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

piston engine. engine. 

1 piston 

2 fixed piston rod 

3 crosshead 

4 gwdeshoes 

5 crosshead guides 

6 connecting rod 

7 crank shaft 

8 crank web 

9 crank prn 

10 A-frame 

0 t, 
• r . . 

... _ .. _ • -· :..____ - ,._,....__i 

Cross view of an in-line 

engine; the cylinders are 

positioned upright and in 

a straight row. This is a 

typical trunk piston 

engine. 

piston 

2 piston pm 
3 connecting rod 

4 crank pin 

5 crank web 

6 counter weight 

21 
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... 
Cross section of a 

two-stroke crosshead 

engine which is built 

in-line. 

red: exhaust gases 

grey: scavenge- cooling 

and combustion air 

yellow. lubricant 

blue: jacket water 

22 



2.4 Speed of rotation 

In the engine industry one still often speaks in 

term of revolutions per minute, while in roday'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 co 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 ro 1080 

millimetre. For the largest diameter and a 

fourteen-cylinder version the shaft power 

constitutes 97,300 kW. The pisron stroke for this 

engine is 2660 millimetre. 

This MAN-B&W-diesel engine has a dry weight of 

2300 cons and is 28 merer long and 14 meter high. 

I 
l 

CH2 CLASSIFICATION OF DIESEL ENGINES 

View from above of part of a two-stroke crosshead 

engine. The diameter of the exhaust gases lead is 

approximately 3.5 meters! 

... • 
View of a small 

two-stroke crosshead 

engine. 

A directly driven propeller 

is the standard 

arrangement for 
two-stroke crosshead 

engines in ship 

propulsion. 

23 



DIESEL ENGINES PART I 

~ 

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 (H z) . 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. 

1 oilsump 
2 stay bolt/ lubricant supply pipe 

3 lower bearing cap of the crankshaft beanng 

4 vertical bolt tor the lower beanng cap of the crankshaft 
bearing 

5 honzontal bolt for the lower bearing cap of the 

crankshaft bearing 

6 crankshaft web 

7 counter weight 

a counter weight bolts 

9 crankpin 
1 o engine block 

11 crankcase relief value 

12 crankcase cover 

13 lower cap of the crank pm bearing 

14 upper cap of the crank pin bearing 

15 crank pin beanng boll 
16 connecting rod type 'marine' 

17 connecting rod bolt 

18 scavenging air space 

19 cylinder liner 

20 gudgeon pin 

21 piston 

22 piston gasket with piston nngs 

23 piston skirt 

24 coolant supply 

25 cam shaft 

26 cam 

27 cam box 

28 cam shaft cover 
29 guide sleeve 

30 push rod 
31 fuel pump 

32 fuel rack 

33 high pressure fuel pipe 
34 hot box lid 

35 rocker arm 
36 spreaderlbndge 

37 valve spring 

38 exhaust valve 

39 inlet valve 

40 cylinder head 

41 cylinder cover 

42 exhaustgaseslead 

43 turbo blower frame 

yellow: lubricating oil 

light blue: jacket water 

brown: fuel 

white: air 

pink: exhaust gases 

24 

one occasionally finds small crosshead engines 

(older existing designs). 

The medium-speed eng ines are employed in 

very divergent applications; for ship propulsion, 

generating e lectricity and driving various kinds of 

machinery. 



.\ledium-speed engines are manufactured by a 
limiced number of engine builders. There arc a 

large number of types when taking into account 

che cyl111der bore, rhe piston stroke and rhc 

number of cylinders. The cylinder bore varies 

from approximately 200 to 640 millimccres. 

The \haft 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 I 6 revolutions per 

~ccond (Hz). Industrial engines often have a RPM 
of just over 2000. 

High-speed engines are builc by many engine 

m,mufaccurers and there are a large number of 

cypcs when raking into account the cylinder 

bore, rhe piston stroke and che number of 

possible cylinders. The cylinder bore varies from 

40 millimetres co approximately 200 to 300 
m1ll1metres. 

The shaft power varies up ro a maximum of about 

5000 kW. 

• 
A high-speed four-stroke 

V-engine for a generator. 

... 
Of course, iris possible ro have engines delivered A high-speed four-stroke 
wich a divergent rpm, which are on che fringe of in-line engine with 

these categories. They are then usua lly placed into radiator cooling for a 

a higher RPM category. generator. 

CH2 CLASSIFICATION OF DIESEL ENGINES 
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26 

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 

11 100 - 5,000 kW, fuel M.D.0., 

four-stroke high-speed 

IlI 500 - 30,000 kW, fuel H.F.O., 

four-stroke medium-speed 

IV 1500-100,000 kW, fuel H.F.O., 

two-stroke low-speed 

r hl ,c ,ubd1\ h1011, .irt· dtscu,,ed , I 1bor,1tdy 111 

( h,1ptt r 'i, ',r,111Jard figure, ot v,l!"H>II~ types ot 

dK·sel 1:ng111e,. 

2.6 Fuel used 

Use of a parcicular type of fuel is related to the 
fuel costs, which is often expressed in dollars per 

metric ton. 

" C 

380 CST Fuel oil 
200 

I ,so 
" " &. 

100 ..L 

M A M J 

Marine Diesel Oil 
350 

A 

Houston 380 
Singapore 380 
Fuiairah 380 
Rotterdam 380 

A S O N D J F 

Houston MOO 
Singapore MOO 
Fuia,rah MOO 
Rot1erdam MOO 

S O N D J F 

The price of heavy fuel oil is about half of that of diesel 

oil. 

The price of heavy-oil ranged from 150 ro 200 

dollars per metric ton in March 2007. 
ln 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 

cow,mmptiofl and a hi.gh fuel eHici.rncy, is a key 

factor in the running of a ship. Diesel engines that 

arc suitable for Heavy Fuel Oil (H.F.0. ), 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.F.O .. 

~ 

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 3?0 millimetres. far left: a very large medium-speed 

engine with a cylinder bore of 640 millimetres and 111 the 

background the only two-stroke crosshead engine with a 

cylinder bore of 960 millimetres; they are all Wartsila-engines. 

The only diesel engine-type missing here ,s a small high­

speed engine suitable for, for instance. yachts. 



Fuel Costs 72.2% 

Spare Parts 12.8% 

Lubricants 2. 7% 

Chemicals etc. O. 7% 

• 
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%. 

Chem1cas and other materials 0.7%. 

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

Considerations for the use of M.D.0./H.F.O. 
This is a complex matter. Imcstmenr and 

exploication begin to p lay an importanr role in the 

developmenr of a diesel engine that can use both 

kinds of fuel. H eavy fuel oil requires an expensive 

purifying- and trearmenr equipment, which has co 

be recouped within a reasonable time. Furthermore, 

legislation on toxic emissions such as n itrogen, 

sulphur dioxides and carbon dust particles is 

becoming increasingly imporranr. 

"f 

Almost all large ships with a lot of propulsion power 

use HFO. This is less suitable from an environmental 

viewpoint. 
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3801FO I 
Feb-04 

23-27 I 
Mar-04 

2-6 9-13 16-20 1-5 8-12 15-19 22-26 

Rotterdam d 135 134 142 144 149' 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 163 163 162 158 161 161 157 150 

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 

1801FO I 
Feb-04 

23-271 

Mar-04 
2-6 9-13 16-20 1-5 8-12 15-19 22-26 

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 171 170 167 165 166 164 165 165 

MOO I 
Feb-04 

22-261 

Mar-04 
1-5 8-12 15-19 5-9 12-16 19-23 26-30 

Rotterdam d 243 236 242 238 254 253 268 266 
Gibraltar d 284 281 300 306 322 319 328 327 
Piraeus d 264 261 277 282 300 298 307 307 

Suez d 321 321 321 321 325 336 335 335 
Fujairah d 310 310 310 310 309 309 309 309 
Durban w 267 263 274 285 301 299 308 311 

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 317 317 318 321 321 323 326 327 
Santos d 350 343 342 344 347 350 345 344 
Buenos Aires d 317 311 302 306 295 303 303 302 

j,_ 

Generally, a ll large two-stroke crosshead engines, Fuel prices of diesel oil 

as well as the large four-stroke trunk piston engines (M.0.O.), heavy oil (H.F.O.) 

use H.F.O .. T he decision point between the use 

of M.D.O. and H.F.O. 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 w ith H.F.O. 

engmes. 

with a viscosity of 

180 est and heavy oil 

with a viscosity of 

380 est. 

M.D.O.: Manne diesel 011; 

I.F.0 .: Intermediate Fuel Oil/ 

Heavy Fuel Oil. 
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... 
An off-shore supply ship . 

...... 
A floating diesel power 

plant in a port. 

An ore mine far from 

civilisation. 

The required electrical power 

1s 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.F.O .. 

A decisive factor is the high number of operation 

hours per year. Then fuel costs arc therefore 

exorbitant. 

H.F.0. is seldom used for high-speed diesel 

engmes. 

In the main, because the real combustion time is 

roo short ro fully com bust the fuel. 

'-,ec 11,P Ch 1pter s, I uc s, tue lin~ ,1 sh.ms rnd 

fuel de 11111g 

2. 7 Use of engines 

The distinguishing characteristics are: 

the drive type , such as propulsion, generatio n, 

pumps, compressors, traction or different tool 

a pplica rions; 

the number of operation hours on a yearly 

basis; 

the degree of load and such variation~; 

the atmospheric conditions such as air 

pressure, humidity, air pollmion, minimum and 

maximum air temperatures . 

A 

,,~ 
I 

. _, .v.-. 

Fast marine ships require 

a great deal of power; a 

high-speed four-stroke 

V-engine using diesel oil 

(M.D.O.) is most 

common. 

'.9 II ,, r.\_;_ ll 9 • 

-~!..LllW.LL--EZ.J!J_f;. 
II ~ 

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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~ -

2.8 Other characteristics of 
diesel engines 

In-line- and V-engines 

ln in-line engines rhe cylinder axis lines arc planar. 

The maximum number of cylinders in a rwo­

srroke crosshead engine is usually twelve. As 

rhe size of conrainer ships increases fourrecn- or 

sixteen-cylinder in-line engines are also possible. 

The roral length of the engine increases to 25 to 

~ 

A large four-stroke 

medium-speed diesel 

engine with cylinders in 

V-arrangement. Make 

MAN-B&W. 

35 meters! The number of cylinders on four-s rroke 

trunk piston engines does nor normally exceed ren 

to rwelve; nine cylinders being rhe common in-line 

engrne. 

In V-engines rhe cylinder axis lines are bi planar at 

an angle of 45° to 120° from each other. 

They normal ly have a maximum of twenry 

cylinders wirh one often seeing sixteen to eighteen 

cylinders in V- designs in large diese l power planes. 

... 
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. 

~~ 

A nine cylinder four­

stroke in line engine with 

turbocharger. 

~ 

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: cooling 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 coses of V-engines are 

considerably lower when raking into account the 

same number of cylinders in-line. 

V-engines are often used in diesel power plants. I 

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 dismountablc 

and mountable parts, such as the cylinder head, 

piston, connecting rod and cylinder liner. for 

V-engincs with a somewhat larger cylinder bore 

auxiliary tools and adapted hoisting machinery 

arc indispensable. 



V-engines and in- line engines seem idcnrical when 

considering their components. Cylinder heads, 

pisrons and liners arc often rhe same. The pisron 

stroke o f some V- type engines is shorter rhan that 

of in-l ine engines; as there is nor enough space in 

the V-cngine block to make the same stroke as in 

the in-line engine. Since the stroke is shorter, t he 

number o f revolutions can be increased; rhe mean 

piston speed will then remain the same. 

2.10 Direction of rotation of the 
diesel engine 

If one w ere to rand at the far end of the crank 

shaft where the po wer output is delivered and 

looked at the engine, it turns clockwise. A large 

number of eng ines turn clockwise. In large in-line 

engines the exhaust gases leads are situated on 

the right hand side, seen from the outgoing engine 

, ha fr. 

T 

A regular clockwise turning engine. 

This picture shows a large two-stroke crosshead engine with 

a cylinder bore of 960 millimetres 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 ex1t1ng crankshaft. So, 111 this twelve­

cylinder 111-hne engine cylinder 12 is closest to the ex1t1ng 

crankshaft. 

CH2 CLASSIFICATION OF DIESEL EN GINES 

The cenrral exhaust gases lead of a rwo-srrok e 

crosshead engine is located on rhe right hand side 

o f rhe ship (starboard) with rhe turbo blo wers, air 

coolers, exhaust gas boi ler, si lencers and finally the 

exhaust. 

Because of th is, there is enough space at the left 

hand side o f the ship (port) fo r the propulsion 

gear o f rhe exhaust valves, the fuel supply, a 

noor for ship repairs and a hoisting space for an 

overhead crane. 

T 

Description of the direction of rotation and cylinder 

numbering. 

Driving end: The part of the engine where the exiting crank 

shaft is located. 

Free end: The 'blind' part of the engine, so without exiting 

crank shaft. 

Control side: This 1s 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. 

Exhaust side 

Driving end 

.... 
The revolution direction of 

a diesel engine. 

Clockwise, , on the side of 

the engine where a screw 

propeller or generator 1s 

driven. 

Free 
end 

Control side 

Clockwise 

Counter­
clockwise 
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... 
Cylinder numbering and 

direction of rotation. For the 

in-line engine of this engine 

manufacturer numbering of 

the cylinders starts at the 

driving end. For V-engines 

one speaks of banks, the left 

bank ranging from A 1 up to 

and including AS and the 

nght bank ranging from B 1 

up to and including 88. 

V-engine numbering with 

a left- and right bank. 

1 drivmg end 

2 vibration damper 
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operating 
side 

driving end 

rear 
side 

clockwise 

free end 

driving end 

2.11 Cylinder number 

Cylinder l 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 cowards the rear end of the ship. 

Note 
It is recommended chat the manual be consulted 

in o rder co check the correct numbering; this also 

applied to Y-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 ai r supply to the cylinder rakes 

place under pressure which is higher than the 

atmospheric pressure, it is called turbo or super­

cha rging. H ere air is compressed and transported 

co the engine by means of an exhaust gas driven 

turbo blower . 

... 
Virtually every sizeable industrial diesel engine is 

equipped with a turbocharger. 

turbob/ower 

2 exhaust gases manifold 

3 inlet air manifold 

4 cylinders 



T 

The turbo charger principle. 

... 
The principal of natural 

aspiration and turbo 

charging 

The turbo blower, driven by exhaust gases draws in ambient 

air 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 fiows into the 

combustion chamber. Of course the downward piston 

movement also has an inductive effect on the airfiow. 

turbo blower, air section with a centrifugal pump 
2 turbo blower, exhaust gases section with an impeller for 

a gas turbine 
3 air inlet channel 
4 exhaust gases manifold 

CH2 CLASSIFICATION OF DIESEL ENGINES 

F 

Six-cylinder engine - natural aspiration 
F - air filter 

Six-cylinder engine - turbo charging 
F - air filter 
P - turbo-blower - air section 
T - turbo-blower - exhaust gas section 
C - air-cooler 

C 

Today many engines are equipped with rnrbo 

chargers; one of tbe advantages is tha t 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. 

exhaust gases 

p 
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... 
Cross view of a 

turbocharger group . 

impeller blower 

2 exhaust gas turbine 

3 beanngs 
4 turbmeshaft 

5 lubncating o// 111/et 

6 lubncatmg oil outlet 

7 housrng 
8 exhaust gas gasket 

9 air gasket 

... 
An exhaust gas turbine of 

a large two-stroke 

crosshead engine . 

1 cyhnder 
2 cyhnder head 

3 exhaust valve 

4 exhaustgases,nan1fold 

of the cylinder 

5 central exhaust gases 

manifold 

6 auxiliary blowers 

7 gas turbrne 

8 exhaust lead towards 

exhaust gas bo//er and 

outside air 
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cross 

cross 
section 

2-stroke cycle diesel engine 
2 piston strokes 
1 revolution of the crankshaft (360°) 
1 power stroke 

-- ----- ------------- ;--r--

a = air receiver 
e = exhaust gas manifold 

lo = inlet ports open 
le = inlet ports closed 
Eo = exhaust valve opens 
Ee = 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. 

• 
The two-stroke cycle. 

38 

3.1 Working principles 

In the internal combustion engine there a rc rwo 

combustion cycles, namel)1 : 

the four-stroke cycle, which is four piston 

strokes during two crank shafr revolutions; 

2 the two-stroke cycle, which is rwo p iston 

strokes during one cran k shaft revolutio ns. 

Four-stroke engine 

A four-stroke engine requires at least o ne inlet 

\'a Ive and one exhaust va lve in the cylinder; roday 

mmr 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 vah cs are less far in the cyl inder, 

thus allowing fo r a higher compression ratio. 

4-stroke cycle diesel engine 
4 piston strokes 
2 revolutions of the crankshaft (720°) 

1 power stroke 

A B 

Inlet Compression 

C 

Power 

3.2 Two-stroke engine build 

Since industrial two-stroke diesel cngmes of the 

trunk piston type arc ver) rare roda), we will only 

discuss the two-stroke crosshcad cngme principle. 

in a two-stro ke-diesel engine there arc 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 uniAow scavenging. 

D 

Exhaust 

T.D.C. 

S=2R 

B.D.C. 

S:0=7:5 
L = 2.4 x R 
S=2xR 

2-stroke cycle diesel engine 
2 piston strokes 

cross 
section 

cross 
section 

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

a = air receiver 
e = exhaust gas manifold 

lo = inlet ports open 
le = inlet ports c losed 
Eo = exhaust valve opens 
Ee = exhaust valve closed 

i = injector 



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

This is o ften the case w ith sma ll engines such as 

hand tools, outboard engines etc . These have the 

advantage o f having a simple and lightweight 

construction . Most of these engines work 

according to the Otto-process. Po rt type diesel 

engines a rc now only produced by some American 

manufacture rs. Trad itio na lly, the old two-stroke 

crosshead engines were a lso equipped w ith ports. 

These engines a rc still in use, but are no lo nger 

build. 
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... 

~ 

Sectional view of a cylinder head of a four-stroke 

engine. 

cylinder head 

2. intake valves (behrnd which are the exhaust valves. 

not visible) 

3. valve seats 

4 coolant passages 

s valve guides 

6. valve springs 
7 valve disc/rotor caps 

a spreader/bridge 

9. valve /ever/rocker arm 

1 o second adjustrng bolt 

11 push rod 

12 valve cap 

13. 1ntake-a1r manifold 
14. exhaust manifold 

15. first ad1usting bolt/clearance of the valve 

A cylinder liner of an early type two-stroke crosshead 

engine. 

1. intake port 
2. exhaust port 

3. grooves for the sealing O-nngs of the coolant passages 

above and below the ports 

4. holes for cylinder lubrication 

5. liner w!lh bore cooling 

~ 

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. 

--------------------------------------------------· -
-------------------------, 

• • • • pmax = 190 bar 

- LOHR = 35 degrees 
pmax = 21 0 bar 

• • • • pmax = 190 bar 

- LOHR = 40 degrees 
pmax = 210 bar 
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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 th is configuration. 

~ 

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 

marnfold, 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 

C r e 

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

Below: two-stroke crosshead engine with a direct-driven 

controllable-pitch propeller. 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 

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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I I I 
I 

1 I 

Note 
The two-stroke cycle is character ised by one 

rotation of the crank shaft and two p iston stro k es 

in one combustion cycle. Inlet- and exhaust ports 

arc located in the cy linder l iner (small two-strok e 

diesel engines) o r the inlet po res are si tuated 

around the cylinder liner w ith there being one 

central ex haust valve (la rge t wo-st rok e 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 morion. By means 

of a gudgeon pin rhe piston is hinged to the 

connecting rod which is fixed rotationally to the 

crank pin of the crank shaft. 

When the piston has reached its highest point it 

scops for a moment: this is called 'top dead centre' 

(T.D.C.). 

The bottom dead point is called 'bottom dead 

centre' (B.D.C.). 

Intake stroke 
During the downward stroke of the piston both 

inlet valves are open and the air flows into rhe 

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 pisron 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 hoc air and 

the fuel/air mixture subsequently combusts swiftly. 

This is called rhe 'self combustion' of the diesel 

engine. 

The fuel/air mixture combusts rapidly, causing an 

increase in pressure and remperarure. 

During the downward piston stroke the gases 

formed in che cylinder expand and exerr force on 

the piston. This force is transferred co the crank 

shaft via the pisron 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, che four-stroke cycle starts a new 

with the intake stroke. 

At the cop 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 va lves 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. 

1 . crankshaft 

2. connecting rod 

3. piston 

4. cylinder liner 

5. cylinder head 

6. camshaft 

7. fuel pump 

8. flywheel and turning 

wheel 
9. tuming gear 

1 o. turbo charger 

11 lubncating-oil pump 
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... 
The four-stroke cycle, 

The continual valve 

diagram. 
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The fouHrroke cycle is characrerise<l by rhe facr 

thar one combusrion cycle is comrlcted in rwo 

re, olurions of rhe crankshaft and therefore four 

pi~ron srrokes. 

There are two inlet- and rwo exhaust valves in the 

cyl111der hca<l. 

The four-stroke cycle is ofrcn applied to small , 

medium and large diesel engines. So rhese arc the 

high-speed and medium-speed engine~. 

Ir is only cases requiring very high power outputs 

that one resorts ro engines wirh rhe two-stroke 

principle. These are without exccrrion crmshead 

engines that directly drive ~hip rrorellcrs or 

generators. These are alway~ low-speed engines. 

In crosshcad engines rhe forces moving rhc pistons 

are transferred to rhe crosshead , ia a piston 

rod rhat is fixed co rhe piston. The crosshc.1d 

fun<.:rions as a pivotal poinc between the fixed 

piston rod and rhe connecting rod fixed to the 

crank; lateral forces are absorbed in rhe crosshead 

and are transferred to the crosshead guide via the 

crosshead guides, which arc fixed to the frame. 

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

Tn the two-stroke cycle there is a combustion 

process for e\'ery revolution, whereas in the four­

stroke cycle there 1s one for ever)' two revolutions. 

T.D.C. 

B.D.C. 

Theoretically, a cwo-stroke engine wirh a similar 

cylinder capacity and rpm should h,Hc twice the 

power ourpur. 

In the two-stroke cycle the e,haust g,1,es flow our 

of cylinder un<ler an over-pressure, ar rhe same 

moment that the piston relc:.hes the inlet port, 

the air supplie<l must have an o, er-rressure 111 

relation to the exhauc,t gas pressure, otherwise 

the e,haust gases will flow back into the cylmdcr! 

The rwo-stroke engine requires an air suppl; that 

has a pressure exceeding thar of the exhaust gas 

pressure and therefore far higher than atmospheric 

pressure (over-pressure). 

In very small two-stroke engines the hortom part 

of the piston in con Junction with rhc smallcq 

possible crank case functions a~ a ~cavenge pump. 

In slightly larger mo-stroke engines .i sca,enge 

pump for the air supply is driven by the crank 

shaft. In industrial engines the sca,·enging air 1s 

always supplied by a turbo blower. 

In the four-stroke cycle all stages arc executed b) 

the piston: 

intake; 

compres,ion; 

power; 

exhaust. 

This 1s a simpler process. Additionally, the e,haust 

gases are far better expelled; the process is cleaner! 

No separate air supply system is required (o,er­

pressure); abo in four-stroke engines without a 

turbo charger the charg111g of the fresh air q lmder 

is good . 

T.D.C. 

fuel in1ect1on 

I 
B.D.C. 

I 

' 

, , , 

,,-

-stroke inlet stroke compression stroke power stroke exhaust-

Inlet stroke 
Compression stroke 
Power stroke 
Exhaust stroke 
Fuel injection 
Exhaust gas scavenging 

70+ 180+25 = 275° Low pressures: long processes (inleVexhaust) 

65+90 = 155° High pressures: short processes (compression/power) 

90+38 = 128° 
52+ 180+43 = 275° 
15+15 = 30° 
70+43 = 113° 
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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. 

r,m1n 
250 c::J S26MC 
210 c:::=:i L35MC 

173 c:=::::::::J S35MC 

176 

136 

129 
148 

127 

127 

123 
105 
105 

108 

' 

91 
91 

104 

93 
79 

76 ~ 

L42MC 

S42MC 

S46MC-C 

L50MC 

S50MC 

S50MC C 
L60MC 

c:=:::;:::::::::i S60MC 

S60MC-C 

L70MC 

S70MC 

[¢;;;;;:::=:::;:::::::i S70MC-C 

SOOMC 
S80MC-C 

K80MC-C 

L80MC 

Noe 

.... 
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 Nedlloyd, 

now part of Maersk. 

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 docs one use two-stroke 

trunk piston engines. Also in case of a very high 

output one generally uses two-stroke crosshcad 

engines. ln the latter case, ship propellers or 

generators are directly driven by the engine and 

therefore have the same RPYI. 

104 
94 . c::=::;:::=:=::;:::=:=:=:=:~~ K90MC 

83 
76 

104 

94 

• 

0 

S90MC C 

10.000 20,000 30.000 40.000 50.000 60,000 70,000 kW 

.... 
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 vanes from 298 to 8200 kW. 

RPM varies from 1150 to 2100. 

The stroke volume varies from 14 to 34 7.4 litres. 

The weight varies from 1840 to 43,000 kg. 

Baureihe 2000 

Baureihe 4000 

Baureihe 8000 
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S60 

Baureihe 396 

Baureihe 595 

Baureihe 1163 



Mrf+W 

16EfJI 

M&UM 

M20 
Bore 
Stroke 
Cylinders 
Output 
Rated speed 

M25 
Bore 
Stroke 
Cylinders 
Output 
Rated speed 

M32C 
Bore 
Stroke 
Cylinders 
Output 
Rated speed 

M43 
Bore 
Stroke 
Cylinders 
Output 
Rated speed 

CH3 WORKING PRINCIPL ES OF DIESEL ENGINES 

200 mm 0 
300 mm 
6, 8, 9 
1,020- 1,710 kW 
900- 1000 rpm 

255 mm 0 
400mm 
6,8, 9 
1,800 - 2,700 kW 
720-750 rpm 

320 mm 0 
480/ 420 mm 
6, 8, 9, 12, 16 
2,880- 2,000 kW 
600-750 rpm 

430 mm 0 
610 mm 
6, 7, 8, 9, 12, 16, 18 
5,400-16,200 kW 
500-514 rpm 

... 
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 vanes 

from 500 to 1000. 
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... 
The cylinder bore, 

the stroke, 

the connecting-rod length 

and the crank circle. 

46 

3.6 Important terms and 
definitions 

3.6.2 Cylinder bore (D) 

ln order to determine the cylinder bore, one takes 

3.6.1 The piston stroke (S) rhe diameter of the cylinder liner. In industrial 

engines this ranges from 40 millimetres to 640 

The piston moves between the bottom dead centre millimetres (four-stroke trunk piston engines) to 

and the top dead centre; one can also say that 1080 millimetres (two-stroke crosshead engines). 

the piston is either B.D.C. or T.D.C.. This means 

that the crank is positioned vertically upwards or 3.6.3 The stroke/ bore ratio (S/ 0) 

vertically downwards, respectively. 

The length the piston travels is the engine The rano varies from ca. 0.8 to 1.5 for fouMtroke 

stroke. This varies in industrial engines from trunk piston engines and 2 to 4 for two-stroke 

approximately 60 millimetres to 680 millimetres crosshead engines. 

(four-stroke trunk piston engines) to about 3200 

millimetres (two-stroke crosshead engines) . 

T.D.C. 

[:0:1 
B.D.C. 



3.6.4 Mean piston speed in metres per 
second (Cp mean) 

This is directly related to the RPM and the stroke. 

\lean Cp = 2 x S 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 rhe 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 che 

up- and downwards movement of the piston 

is convened 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 che engine the centre axis 

of che 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 2 R = S. 

3.6.7 Connecting rod length (Le) 

This is the distance between the centre axes of 
rhe piston pin and the crank pin. This is usually 

3.5 ro 4.5 times the length of the crank, 

so: D = (3.5 - 4.5) R. 

CH3 ' WORKING PRINCIPLES OF DIESEL ENGINES 

3.6.8 Stroke volume (Vs) 

This is the cylinder volume displacement between 

bottom- and rop- dead centre. 

TT > vs= - X D- X s 
4 

Jn smaller diesel engines the total cylinder volume 

is indicated in cm3 (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 

output 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 kW 
at 1200 RPM (project guide). 
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Classification 

Construction of 

Vibrations ana 



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 

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

Fuel 
100% 

Shaft power 
output 50.5% 

Lubricating 
oil cooler 

3.3% 

Jacket water 
cooler 
5.8% 

Exhaust gas 
25.0% 

A coo 

Heat radiation 
0.8% 
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... 
The total propulsion 

efficiency, from the 

engine fuel supply to the 

available ship thrust is 

approximately a third, or 

33 % . 
F!.1.::11 ·l!JU¾ 

4.1 Efficiency and losses 

In diesel engines only a small parr of rhe fuel is 

converted inro 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 

... 
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 millimetres 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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Small diesel engines have an efficiency of 25% 

whereas that of very large engines exceeds 50% . 
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All other fuel energy is eventually lost in the form 

of heat, namely in: 

rhe exhaust gases; 

rhe cooling water; 

rhe 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. 

\Y/e 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. t-:rom 

the development of the very first Diesel and Otto 

internal combustion engines, the compression 

in the engine cylinder has been indicated as a 

function oi 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- cu rve'. 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 arc closed the pressure mounts sigmficantly 

from about 2.5 bars over pressure (super 

charging with turbo blower) ro abou t J50 bars 

(final compression pressure) . The internal air 

temperature has increased from :!: 50 °C (super 

charged air remperarurc 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 ir then 

ignites. 

CH4 EFFICIENCY AND LOSSES OF DIESEL ENGINES 

·-

•., -. ... 

I 

-····------ - - -

During combustion the pressure climbs to 

:!: 200 bar (maximum combustion pressure) and 

the temperature rises to:!: l 600 °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. 

Ar 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 

F1 

le 

Ee 

F2 

T.D.C. 

F1 

le 

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

~4-~ 
, ?; , /I . 

f-. - 1,7, 

A 

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. 

B.D.C. 

Fuel is injected at (F1) until the power stroke commences at (F2) 
The exhaust valve opens at (Eo) until the exhaust stroke commences at (Ee) 
Exhaust gas scavenging from (lo) to (Ee), followed by the inlet stroke 
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... 
The P-V-diagram 

for a two-stroke diesel 

engine. 
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The work done is positive power (a clockwise 

work cycle) and is the internal power of the 

cylinder. (heat engine) 

In the course of the com bustion - 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. 

Three strokes in this process use energy from the At this time the pressure in the exhaust pipe is :t 2 

T.D.C. 

crank shaft; the intake stroke, the compression bar and the exhaust gas temperature :t 375 °C. 

stroke and the exhaust stroke. This is negative 
power. Of course, each modern two-stroke engine 

Only the power stroke supplies energy to the crank has its own cycle and accompanying pressures 

shaft. This is positive power. and temperatures that diverge from the 

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 pisron passes the intake ports and the central 

exhaust valve is shut, compression begins. Pressure 

increases ro approximately 2 bars over pressure 

super charging with turbo blower) ro about 

100 bar (final compression pressure). The air 

temperature has risen from van :t 50 °C (scavenge 

air temperature after the cooler) ro :t 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 :t 150 

bar (maximum combustion pressure) and the 

temperamre to 1500 °C (maximum combustion 

temperature). 

B.D.C. 

Ee 

aforementioned. 

The work done is positive power (a clockwise 

work cycle) and is the internal power of the 

cylinder. (heat engine) 

In 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 cakes place at which point the 

scavenging air pressure should exceed the pressure 

of the exhaust gases in order to prevent reflux o f 

the exhaust gases. 

Note 
A diagram of an engine with intake pores 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 nvo­
scroke 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 ro 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 co 1 I 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 

a high mean effective pressure without having the 

problems chat gas exchange or thermal load of 

the components can cause. 1\lloreover, the film of 

lubrication oil on the piston and the cylinder liner 

is better maintained in a four-stroke engine. 

4.3 Parameters of both working 
principles 

The parameters of both working principles differ 

considerably. 

4.3.1 Mean effective pressure: 
p effective mean - PE 

For the latest two-stroke-crosshead engines this 

is approximately 20 bar and for the latest four­

stroke trunk piston engines about 28 bar. This 

disparity is predominantly caused by that 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 rwo-stroke 

engines. 

4.3.2 Mean piston speed: 

CP 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 face chat the lubrication of, among 

ocher things, the piston rings is slightly lower 

in two-stroke engines as they constantly pass 

the ports which is not conducive to cylinder 

lubrication. Therefore the piston speed is lower 

and of course in order to obtain optimum 

scavenging, the piston speed is also set slightly 
lower. 

CH4 > EFFICIENCY AND LOSSES OF DIESEL ENGINES 

For each engine chis is connected to a maximum 

value. 

CP mean = 2 x S x n 

C1, 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 Lp, product of 
the mean effective pressure and the 
mean piston speed 

See also 4.3. I and 4.3.2. 

Example: 

For the two-stroke cycle Lp = 19 x 8.5 = 

161.5 bar/m/sec. 

For the four-stroke cycle: Lr= 25 x 10 = 
250 bar/m/sec. 

4.3.4 Exhaust gas temperatures 

For the two-stroke cycle: Tgas = 325 to 375 cc 
For the four-stroke cycle: Tgas = 400 to 500 cc 

I 
7 

T 

A large two-stroke engine 

and next to it, a four­

stroke trunk piston 

engine. 
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[ ( 

Set ~croke = 0.2 m. 

Mean pisron \peed IO m/sec. 

Cr mean = 2 x S x n 

10 =2x0.2xn 

0,4 11 = 10 

n = 25 RPS~ 25 x 60 = I mo RPM 

Thi, 1s 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. 

Set stroke = 0.6 m. 

Mean pisron speed 9.6 RPS 

Cr mean = 2 x S x 11 

9.6 =2x0.6,n 

1,211 =9.6 

n = 8 RPS~ 8 x 60 = 480 RP\l 

Thi , is a med1um-,pecd engine four-,rroke cycle . 

• 
A medium-speed four-stroke H.F.O. diesel engine 

driving a generator on a large container ship. 

Ser ,trokc = 2 m. 

,\ttcan piston speed 8 m/sec. 

Cp mean = 2 XS X 11 

8 =2x2xn 

4 11 = 8 

n = 2 RPS ~ 2 x 60 = 120 RPM 

This is a low-~pecd engine two-stroke cycle . 

• 
Cylinder heads of a large two-stroke crosshead engine 

for ship propulsion. 

Note the hydraulically tightened bolts for the exhaust valves 

and the cylinder covers Here the cylindrical nuts are 

covered with protective caps. 



4.4 Determining cylinder output 
using an indicator diagram 
and the mean induced 
pressure 

This is still done in the traditional way, bur roday 

usually by means of an electronic pressure gauge 

on rhe cylinder which computes all necessary 

1·alues using a dedicated software program. 

4.4.1 With the indicator gauge 

... 
An indicator. 

pressure-measuring 

staffs 

2 extra spnng 

CH4 EFFICIENCY AND LOSSES OF DIESEL ENGINES 

... 
Part of the cylinder cover 

of a two-stroke 

crosshead engine. 

1 cylinder cover 

2 one of the two fuel 

valves 
3 indicator cock for 

makmga 

P-V-diagram 

4 safety valve 

5 exhaust-valve casing 

... 
An indicator gauge. 

sleeve nut on indicator 

cock 

2 piston casing 

3 indicator spring 

(pressure spnng) 

4 lock pin 

5 lever system with needle 

6 indicator drum with 

indicator paper 

7 indicator dnve belt for 

drum 

A pressure gauge for 

measuring the maximum 

combustion pressure in 

the cylinder . 
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4.4.2 Determining cylinder output using an Theoretical and practical diagram 

indicator diagram The mean induced pressure on the piston is 

no differ ent from the measured (or calculated) 

A P- V-diagram represents the working cycle of an pres,ure throughout the enti re proce~,. 

internal combustion engine; in this case a diesel 

eng ine. 

Theoretical diagram 

1 
C D 

~ 
adiabatic expansion 

::, 
rJ) 
rJ) 

~ 
a. 

8 
E 

adiabatic compression 
_____ __, A 

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-8-C-D-E-A is the resultant positive 

energy. 

Practical diagram 

The 90° shifted diagram 

1 start in1ect1on 

~ 
::, 
rJ) 
rJ) 

~ 
a. 

40 30 20 10 T.D.C. 10 20 

degrees crank 

A 

The 90° shifted diagram. 

This clearly shows !he initial moment of fuel inJect1on. 

4.5 Determining the mean 
induced pressure 

There arc three w ays in which to determ ine the 

mean induced pressure in a P-V-diagram. 

4.5.1 Measure the diagram with a 

planimeter 

With a measur ing instrument, the planimeter, t he 

diagram sur face area is meticulously calculared in 

mm2 and d ivided by the length of the d iagram in 

mm. 

M ean height is calcu lated using the formula below. 

ambient ~-*====~~~~~=~~~~~~~~~ pressure 
h 

. h . surface area diagram in m m2 

1nleVintake 
01---+---------------- --- ---1 

Ve stroke 

A 

The actual pressure development in the cylinder of a 

four-stroke engine as measured by an indicator. 

Horizontal axis, the piston posIt1on 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. 

mean eIg t 111 mm = 
length diagram in m m 

The calculated m ean height in mm is divided by 

the l inear spring scale and so the mean induced 

pressure can calcula ted . 

m ean induced mean height in mm 

pressure in bar spring sca le mm/bar 

To warrant accuracy one rakes three planimecer 

measurements. 
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4.5.2 Oldest method, division of the 

acquired diagram into ten equal 

sized sections 

The classical method in determining the mean 

tnduccJ prcs,ure from a P-V-diagram: ,plit 

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 JO give the mean height Ill 111111. 

By diviJing this number by the spring scale the 

mean induced prc,surc m bar, is obtained. 

a'llb,ent 
pressure t 

i i t 

I I I 

.. + t 

l 

i 

t o~-------~------~-~ 
2 3 4 5 6 7 8 9 10 

A 

Determining the mean induced pressure from a 

indicator diagram. 

4.5.3 Modern method, electronic 

Here a pressure ,ensor 1s connected to the 

indicator. All cylinder data are passed on tO 

an engine collecting unit. This collects all 

information .,uch as pressure development, crank 

shaft posnton, rpm ere. All data is then processed 

by a central computer. 

The possibilities arc extensive. Herc a some 

examples of the values that can be established: 

- mean induceJ pressure; 

- maximum cyl111dcr pressure; 

- induced power output; 

- torsional vibration; 

- cxhamt gas pressure; 

- general trends. 

In this all important dara of the engine arc 

available at any given moment. 

\c:-e .ti o l h.1ptl r l ~, Opl r,1t1011.1l 111,1n.1gt 11•rnr 

n urom t1nn. 

CH4 EFFICIENCY AND LOSSES OF DIESEL ENGINES 

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, 
D 

s 
n 

a 

z 
P1 

il ., 11 
p = - X D- X s X - X z X p 

I 4 a I 

= 
= 
= 
= 

= 
= 
= 

indut:ed power output in MW (Megawatt) 

piston bore in m (meters) 

piston stroke in m (meters) 

number of revolutiom of the crank shaft per 

second 

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

number of cylinders 

induced mean pressure in MPa 

( Meg,1 pa~ca I) 

As a rule, pressure in engine technology i~ 

expressed Ill bar: 1 M Pa =1 0 bar. 

The engine power outpur is usually often 

expressed in kW: 1 MW =1000 kW. 

Power supply 

Engine 
Control Room 

LED indicator 

Intermediate or ___.L 
frequency divider box 

Pickup mounted on 
free end of crankshaft -+ - - - • 

An overview of a modern 

measuring system 

mounted on a two-stroke 

crosshead engine. 

Transducer 

The PM/ System as applied on a two-stroke diesel engine 
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E<~mple 
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 

I 08 per minute 

Spring scale l bar 

Surface area diagram 

length diagram 

Calculate: 

= 1.8 RPS 

= 0.3 mm 

= 399 mm2 

= 70 mm 

a The mean effective pressure in bar and MPa. 

b The mean piston speed in m/sec. 

c The mean induced (power) output provided 

that the induced mean pressure of all cylinders 

is identical. 

Solution 
a The mean height of the indicaror diagram is: 

399 
h~1 = 7()= 5.7 111111 

For a spring scale of I bar= 0.3 mm the 

5.7 
mean induced pressure is now - = 1.9 bar 

0.3 

Or 1.9 MPa. 

b The mean piston speed is: 

cp mean = 2 x S x n = 2 x 2.36 x I .8 = 

8.5 m/sec. 

c The induced power output: 

TT 11 
pl = - X D2 

X s X - X z X P1 
4 a 

p TT Q 72 2 '6 I.S 8 I. 9 
1 = 4 x . X .J x 1 x X 

P1 = 24.840 MW of 24,840 kW 

This is an example of a MAN-B&W two-stroke 

crosshead engine type 8L70 ME - C. 

Additional information: 

length 11.35 merer 

height 10.25 meter 

widrl, 4 rot 6.5 merer 

weight (dry) 642 ton 

Fuel consumption per day l 0 1,350 kg or 

IO 1.4 ton weighr. 

iot 

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 co calculate the output- compression- and 

combustion pressures. 

For higher rotating four-stroke diesel engines it is/ 

was merely used co measure the compression- and 

combustion pressure. 

4. 7 Induced thermal efficiency 

Induced thermal efficiency is abo called 'the useful 

effect'. 

The formula in words is: 

cl d I 1 
'f Jnduced engine output 

ln uce t ,erma ct = I 
Fue power input 

Induced engine power 

Fuel consumption 

Fuel energy density 

(also heat value) 

Fuel power input 

P
1

(MW) 

l-\ (kg/sec) 

H0 (MJ/kg) 

T7i = 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 beat. 

4.8 Mechanical and total 
efficiency 

In practice we prefer t0 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 rhe 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 rhe high 



CH4 EFFICIENCY AND LOSSES OF DIESEL ENGINES 

pressure fuel pumps, the intake- and exhaust 

valves and the luhric::ning- and cooling water 

pumps. 

Of course the measurement of fuel consumption 

must rake place under rhe same conditions; rhese 

have been laid down in rhe ISO norm 3046 - l -

For a modern diesel engine this amounts to about 1995. 
8 ro l 0'1/c, of the induced power in rota I. Therefore This stipulates amongst others: 

rhe mechanical efficiency is approximately 90 ro rhe inrake air temperature of 25 °C; 

92%. 

The mechanical efficicney equals: 

the shaft power P 
----- --'------or --1. 
rhc 111duced/inrerna I power P1 

The mechanica l efficiency Tl mecl1. therefore is: 

effective power or 

h 
shaft power on rhe crank shaft 

11 mec . = . 
111duced power 

p 
11 mech. = _t 

pl 

4.9 Specific fuel consumption 

This is the amount of fue l consumed per power 

unit and per rime unit. It is normally indicated in 

grams per kilowatt. 

The lower the fuel consumption, rhe less fuel the 

engine uses and the higher the engine\ ' return 

effic1enc( is . In this way, one can easily make 

comparisom of engine;. 

Lubricating o il- and fuel consu mption con stitute 

by far the h ighest costs in ship explo itation . 

rhe tempe rature after the air cooler of 25 °C; 

the a mbie nt pressure 1000 millibar; 

relative humidity of 30%; 

the hear va lue of rhe fuel. 

All engine manufacturer; provide these derail; 

when stating fuel consumption. 

T he fuel consumption in conjunction w ith rhe 

lubricating oil consumption (in grams per kWh) 

form a major consideration in decision of which 

engine ro chose. 

The fuel con;umption varies from 167 g r/kWh. 

to 220 gr/kWh . and depends for instance on the 

size of rhe d iesel engine . The larger the engine 

the higher the efficiency, so the lower the fuel 

consumption. 

4.10 Mean effective pressure 

We a lready know: 

. . the shaft power 
mechanical effic iency = ----------­

the induced/internal power 

pl· 
1l mecl1. = -

P1 
p eff. mean 

Thus follows: Tl mech. = . d ; 
p 111 • mean 

I Tt 1 11 ff so a so: 1\ = - x D- x S x - x Z x p e . mean 
4 a 

This is the mo re practical form ula w ith regard to 

d iesel engines. 

Engine m a nufacturers also a lways provide the 

effective power output. 

.& 

The cylinder and shaft 

power. 

shaft power-PE 
2 cylinder of mternal 

power-P, 
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~ 

One of the two Wartsila 

9L 46 8 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 

fr ictional pressure Pp 

So: 

rr n 
Moreover : P ~ = - x D2 x S x - x Z x p~ 

4 a 

Therefore the frictional work of the engine is also: 

PF=PI-Pf. 

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 PE 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: 

PF PE l 17 mech. = --'-- = ---= ---
p E + pf 

Example 

Pr l+-
P[ 

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 is: 

Pr = p1 - p~ = 28 - 25 = 3 bar. 

The mechanical efficiency at full load of this 

engine is: 

l 
TJ mech. = --

3
- = 0 .8928 of 89.3 % 

l+-
25 

The mechanical efficiency drops slowly if this is 

calculated for a partial load. 

At 75% power output p 1• 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 is 80%. 

At 25% power output pF 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 jacker 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 I 

The Warrsila 9 L 46 B has the fo llowing values as 

detailed in the Project Guide Marine Applications: 

Four-stroke cylinder bore 460 mm 

Stroke 580 mm 

Cylinder output at 

5 L 4 revolutions 

Mean effective pressure 

Mean piston speed 

Number of revolutions 

Shaft power 

Amount of combustion air 

Exhaust gas temperature 

after turbocharger 

Amount of exhaust gases 

lubricating oil cooling 

975 kW 

23.6 bar 

9.9 rn/sec. 

514 rpm 

8775 kW 

15.8 kg/sec. 

375 °C (C.C.P.) 

16.2 kg/sec. 

l 150 kW 

cylinder cooling water cooling 950 kW 

air cooler high temperature 

(H .T.) 1500 kW 
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air cooler low temperature The high exhaust gas losses (approximately a 

(LT.) 

Radiation hear 

990 kW third ) is remarkable together with the high total 

340 kW efficiency of this relatively large four-stroke trunk 

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

C.C.P. = controllable pitch propeller installations 

Hear value fuel (ca lorific value) 42.777 MJ/kg 

(!so-norm). Intake air temperature to the engine 

25 °( (Im/norm). 

Specific heat of exhaust gases 

Specific heat of the air 

1.04 kJ/Kg. K. 

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 = 

1518 
1,518 kilogram per hour or 

3600 
= 0.4216 kg/sec. 

It follows that the supplied fuel output is: 

0.4216 x 42,700 = 18,006 kW. ln a thermal 

energ)' balance this normally comprises rhe total 

energy supply, combustion air thermal energy 

supply nor included. 

The volume flow of the exhaust gasses is 

16.2 kg/sec. 

The exhaust gas therma l energy after rhe rurbo 

blower ism gas (kg/sec. ) x q. spec. gas (kj.kg.K) x 

rgas (0 C) and subsequently: 16,2 x 1,04 x 375 = 

6318 kW. 

The combustion air thermal energy to the engine 

is 15.8 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 

thermal energy of the combustion air 

roral supplied J 8,006 + 395 = 

exhaust gas loss 5':123 kW 

absorbed by lubricating oil 1 l50 kW 

absorbed by cylinder 

cooling water 950 kW 

air cooler low tcmperarnre 990 kW 

radiation heat 340 kW 

effective power 8775 kW 

residual loss 273 kW 

total l8,401kW 

18,006 kW 

395 kW 

18,40l kW 

32, 18% 

6.24% 

5.16% 

5.38% 

1.84% 

47.68% 

1.48 % 

100% 

This engine weighs 134 tons and is I 0 .3 meter 

long, 3.3 merer wide and 4 meter high. 

An example of a heat balance II 

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 kg/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 rn/sec. 

17 1 g/kWh 

19,416 kW 

6770 kW 

11,600 kW 

205 .8 kg/sec. 

3.8 kg/sec. 

245 °C 

heat value fuel (calorific value) 42.700 MJ/kg 

(!so-norm) 

intake air temperature to the engine 25 °C 

(!so-norm) 

... 
A twelve-cylinder 

MAN-B&W-K98- MC -

Engine. 

This is the second largest 

two-stroke crosshead 

engine In the worlo; 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. 

62 

specific heat of the exhaust gases 

specific heat of the air 

l.04 kj/kg. K. 

l,0 k1fkg. K. 

With thi~ information we can set up a thermal 

energy balance. 

Calculation 

The fuel consumption per second is: 

0.171 X 80,080 

3600 
= 3.8038 kg/sec. 

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 vo lume flow of the exhaust gases is: 

205.8 kg/~ec. 

The heat of the exhaust gases after the turbo 

blower is: 

m.gas (kg/sec.) x q. spec. gas (kj.kg.K) x r gas(° C). 

Therefore 205.8 x 1.04 x 245 = 52,437 kW. 

The hear in the combustion air to the engine is: 

205.8 x 1.0 x 25 = 5 145 kW. 

So the net loss with the exhaust gases is: 

53,406 - 5 145 = 48,261 kW. 

ln Summary: 

supplied with the fuel \62,422 kW 

heat of the combustion air 5,145 kW 

rota! supplied to the engine 167,567 kW 

exhaust gas loss 48,26 l 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 hear 

(1.1%vanPe) 880 kW 0.5 % 

effective power 80,080 kW 47.8 % 

residual loss 560 kW 0.03% 

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 nor 

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 co the propeller shaft by the diesel 

engme. 

Therefore: the power available for ship propulsion 

is a part of the power supplied to the engine in the 

form of fuel. 

·-
.J!.. 



P propeller= P fuel x YJ engine x 'll propeller 

Ler's assume that the roral efficiency of rhe engine 

is 45% and propeller efficiency 60%, than the 

propeller output is a mere 27% (0.60 times 0.45) 

of rhe fuel power output. 

Where arc the losses? 

I I teat losses in the engine; 55% of P fuel. 

2 Screw slippage, 40% of the shaft power 

delivered by the engine (P eff.). 

.., l ( t r I I. I p I' d,1 lll<.l1p1 ll 

4.12.2 Gensets for ships and diesel power 
plants 

Apart from the engine losses, diesel engine power 

plants or as in ordinary diesel gensers, there are 

generaror losses. In general these are very small. 

The efficiencies of generators vary from 95 to 

98°/c., ( I 00 to I 0,000 kW), which means: 

P elcc.gencra to r = P fuel x YJ engine x 'll gen. 

Let's assume rhat the roral efficiency of a low­

speed crosshead engine in a diesel power plant 

is 48% and the generator efficiency 96%. The 

generated electric efficiency from the supplied fuel 

1s: 

0.48 x 0.96 = 0.46 or 46%. 

CH4 EFFICIENCY AND LOSSES OF DIESEL ENGINES 

• 
Clearly this is much higher than the ship All types of ships for 

propulsion efficiency! container carriage. 

Where arc the losses? The power required for 

The total engine losses; 52 % of the fuel power power generation and 

output. propulsion is virtually always 

2 The copper losses in the generaror; these are supplied by diesel engines. 

hear losses, a mere 4% of the diesel engine's 

shaft power. The losses due to the fricrion 

of the bearings and the power required 

for driving rhe generaror's scavenging air 

vcnrilator arc minor. 

~ 

A modern genset with 

a high-speed four­

stroke V-diesel engine, 

category II. 
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• 
A diagram of diesel-

electric propulsion with 

two rotary driven electric 

engines driving the 

propeller via the gear 

box. 

4.13 More complex ship 
propulsion 

4.13.1 Diesel-electric propulsion 

Diesel-electric propulsion is a technology that was 

developed many years ago. 

MOO pilot and 
MOO / HFO 
back-up fuel 

'- Accommodation load 

'- Other consumers 

Diesel power: 

GT power: 
Total installed power: 

18MW 

18 MW 

• 

33.6 MW 

25.0 MW 

58.6 MW 

The passenger liner is powered by two 360° rotatable 

PODS, each with 18 MW output. 

PODS - podded propeller. 

The required electric power is generated by four medium­

speed Wartsila 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.0.O. fuel 

can also be used for the ship's electricity network. 

64 

This technology uses diesel generator sets ro 

provide electric power to a distributing panel 

(rail) . The propeller are therefore driven by an 

elecrromotor. These generators often generate 

a medium voltage of, for instance, 6.6 kilovolt 

which is why the copper diameter or the cable 

diameter berween the various components is 

acceptable. 

The coral propulsion efficiency from the supplied 

fuel is : 

Tl propulsion = Tl diesel engine x Tl generator x 

ri elccrromotor x 11 propeller 

ExamplP 
Tl propulsion = 0.45 x 0.95 x 0.9 • x 0.65 

YJ 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 dieselengincs and gasturbincs, 

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 ro 

the bottom of the ship. These arc for example used 

on the latest passenger ships the 'Jewel o f orway' 

and the 'Queen Mary Il ' . 

• 
The passenger liner 'Queen Mary II' 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 . 

•Ii•••••• •••••••••••• 1111 •••••••• 



Delivered propulsion power: 
Nominal Service 

Electric pod 17MW 17MW Installed engine power: 
40 % 41 % 

LIPS CP propeller 25MW 24MW Mechanical transmission 
65 % 62 % Electrical power generation 

Tot al shaft power 42 MW 41 MW Total installed power 

• 
Diesel-electric propulsion with four large and two 

smaller gensets for a controllable-pitch propeller and a 

contra propellor. 

Gos Turbine Diesel Engines 

0MW 
51.9MW 

51.9MW 

Altem ators 

Sw itch 
Gear 

CH4 EFFICIENCY AND LOSS ES OF DIE SEL ENGINES 

Wartsila 12V50OF 11400 kW Wartsila 12V50DF 11400 kW 

Wartsila 9L32DF 3150 kW Wartsila 9L32DF 3150 kW 

Wartsila 12V50DF 11400 kW Wartsila 12V50DF 11400 kW 

... 
A diesel-engine and gas-turbine combination used for 

electric propulsion. 

... 
A propulsion system with three diesel engines and one 

gas turbine with two electrically driven propellers. 

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 

problem for the ship's stability, since the gas turbines' weight, 

unlike the diesel engines', is low in relation to the generated 

power output. 

Freque ncy 
Conve rter 

Transfo rme r 

Ele ctric 
Propulsion M otors 

Pro p e ller 
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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 is often used for light ships. uch 

as fast passenger liners , catamarans and motor 

yachts. 

h lt,d•non I forn .. 11111n 1hum p npdkr, 

( h IJ'Ctr 1°, ',111p pr >r iJqon nd (. hJptLr ) I. 

P OpLllt ,. 

~ 

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 rhe dredger pump 

output varies significantly, the diesel engine load 

changes markedly and is often quite low. 

~ 

On dredgers diesel engines are not only used for 

propulsion, but also for driving dredging pumps and 

water-jet systems for unloading cargo. 

• 
A fast motor yacht with propeller propulsion. 
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... 
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 gearbox 

3 propeller shaft 

4 generator 

... 
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. 

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 

Mega pascal. 

This is the pressure which is mathematically 

effective throughout the entire process and is 

available co 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 com press ion pressure, then to maximum 

combustion pressure and subsequently ro rhe 

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, luhrication of pisron rings under 

pressure and the anti-polishing ring have resulted 

in an increase of the mean effective pressure. 

An improved turho 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 

a rc opened. More air means more fuel injection, 

thus increasing the combustion pressures. An 

augmentation of rhe 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 ir is in its top 

posmon. 

Bar 

250 
Antipolishing ring 

200 
Pressure lubricated 
piston skirt 

150 Piston ring 
technology 

100 

Piston ring 

50 technology 

0 
1960 1970 1980 1990 2000 

... 
The development of maximum combustion pressure 

during the last forty years. 

Shown here medium-speed four-stroke diesel engines 

runrnng on H.FO., by Wartsila. At this time the piston nngs 

packets were improved. The pressure lubricated piston skirt 

was introduced and the greatest improvement, the anti­

polishing ring. 

Mk mep Cm 
bar m/s 

1981 L35MC introduced 
1982 Full L-MC programme 1 15.0 7.2 
1984 L-MC upgraded 2 16.2 
1985 L42MC introduced 2 16.2 7.2 
1986 K-MC introduced 16.2 

S-MC introduced 17.0 
L-MC upgraded 3 16.2 7.6 

1987 S26MC introduced 16.8 8.2 
1988 K-MC-C introduced 16.2 8.0 
1991 MC programme upgraded 8.0 

Kand L-MC 5 18.0 
S-MC 6 18.0 

1992 S26MC and L35MC upgraded 18,5 8.2 
1993 S35MC and S90MC introduced 

K90MC/MC-C upgraded 6 18.0 8.0 
1994 S42MC introduced 6 18.5 8.0 
1994 K98MC-C introduced 6 18.2 8.3 
1995 K80MC-C upgraded 18.0 8.0 
1996 L70MC upgraded 6 18.0 8.2 
1996 S70MC-C, S60MC-C, S50MC-C 19.0 8.5 

and S46MC-C introduced 19.0 8.3 
1996 S80MC upgraded 19.0 8.0 
1997 L80MC upgraded 18.0 8.0 

K98MC introduced 18.2 8.3 
1998 S80MC-C, S90MC-C and 

L90MC-C introduced 19.0 8.1 
S35MC upgraded 7 19.1 8.1 

1999 S42MC upgraded 7 19.5 8.0 
2001 L70MC-C introduced 19.0 8.5 
2001 L60MC-C introduced 19.0 8.3 
mep = mean effectieve pressure Cm = mean piston speed 

... 
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. 

26 -
70 

210 -
- 60 200 20 - - 180 -

16 -·-·-··· - 140 
-

10 -

Mean Max Turbocharger Fuel NO, 
effective cylinder efficiency consumption g/kWh 
pressure pressure (%) g/kWh 

(bar) (bar) 

... 
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 2,5%. Approximately 1 % 

higher than those of current engines. 



CHS STANDARD FIGURES OF VARIOUS TYPES OF DIESEL ENGINES 

A higher effective mean pressure means tha t Turbocharger Application Range 

engines of a certain stroke volume can produce 

more power. The so-called power density 

increases. Due ro severe competition, various 

engine manufacturers cry to achieve increasing!)' 

more power per engine weight and - volume. 

For a certain engine type this can be achieved by 

increasing the mean effective pressure and the 

numher of revolutions. 

T he mean effective p ressure for two-stroke 

crosshead diesel engines is slowly but surely 

moving towards 20 bars. M ost types achieve up 

to 18.5-19 b ar (2008). 

T he mean effective pressures for four-s troke 

medium-sp eed diesel engines have reached circa 

26 bar s. O nly a few very heavily loaded d iesel 

engines achieve up to 28 bar (2008). 

For four-stroke high-speed diesel engines these 

pressures lie somewhat lower bur still easily 

exceed rhc 20 bar limit. Very heavily loaded 

engines can register pressures of over 30 bar. 

The furure: As far as the future development 

regarding Aow (in 111 3/sec) and suction lift 

(in bars or metres water column) of turbo blowers 

is concerned, much depends on rhe development 

of turbo blower efficiency. 

5.2 Mean piston speed 

Cp mean; expressed in metres per second. 

When accelerating rhe mean piston speed there are 

rwo important factors: 

L T he a mount of the accelerating- and 

decelerating forces tha t a ffect the up- and 

downward moving piston. 

2 The degree o f lubricat io n of the piston rings 

and cylinder liner. 

The amounr of the accelerating- and decelerating 

forces rhar affect the up- and downward moving 

p1sron. 

When increasing the revolutions of an engine 

with rhe same pisron stroke, rhe accelerating- and 

decelerating forces grow steadily, because rhe 

pisron mass must accelerate and decelerate in a 

shorter period. In T.D.C. and B.D.C. rhe piston 

comes to a brief stop. 

The fo rces on rhe piston increase accord ing ro the 

formula F = m x a in which: 
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Flow rate of compressor V " '' in m3/s 

Range of Turbocharger Efficiency 

0.80 

0.75 l 

0.70 
2 stroke 

le 
<( 
I- 0.65 
w 4 stroke 

0.60 

0.55 l-

0.50 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Pressure ratio of compressor TT, tot 

Supercharged engine output [kW] 

Type/size I 
2-stroke engines 

I (le=8.5") 

TCA33 2,800 - 4,300 

TCA44 4,100 - 6,200 

TCA55 4,400 - 8,200 

TCA66 6,200 - 11,600 

TCA 77 8,800 - 16,400 

TCA88 12,400 - 23,300 

TCA99 18,700-31,300 

• specific atr consumption in kg/kWh 

~ 

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. 

F = rhe forces exerted on the piston in Newton 

m = piston mass in kg 

a = acceleration/deceleration in m/sec.2 

4-stroke engines 

(le = 6.5") 

5,800 - 10,800 

8,200 - 15,200 

11,500 - 21,500 

16,300 - 30,300 
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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. 

... 
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 arc used 

for high-speed diesel engines. These diesel engines 

use Marine Diesel Oil (M.D.O.) and exert lower 

pressures on the piston, which can then withstand 

the compression pressures found in the process. 

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 L5,000 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 problem~ when a 

cerrain 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 between the 6 

and 8.5 m/sec. 

Medium-speed diesel engines often use Heavy fuel 5.3 Load parameters 
Oil {H.F.O.). The pressures and the temperatures 

are higher and light metal pistons are therefore 

nor 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. 

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. 

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

The product of this equation gives a good 

indication of the degree of engine load. 

Examples 

Diesel engine l p mean eff. = 15 bar 

Cr mean = 8 m/sec. 

LP= 15 x 8 = 120 bar/m/sec. 

This is low. Probably from an early diesel engine. 

Diesel engine II p mean eff. = 25 bar 

C = 10 m/sec. p mean 

LP= 25 x 10 = 250 bar/m/sec. 

This is high. An ultra-modern diesel engine. 

Diesel engine lll p mean eff. = 27 bar 

CP mean = I I m/sec. 

Lr= 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. 
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9ule of hu 'T b 

LP = 100 - 150 low load, earlier models 

Lr = 150 - 250 normal load, contemporary 

engines 

LP = 250 - 300 heavy load, most mo dern 

engines 

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 
5.4 Compression ratio The compression ratio is of great import for 

the final compression pressure and the final 

Also compression rate. This is the ratio of the compression temperature in the engine and is 

cylinder volume ahove the piston at the beginning therefore key in the working of the process and 

of the compression stroke (so the piston is at consequently that of the engine. 

B.D.C.) to the cylinder volume above the piston at So, dependent on the inlet air pressure and the 

the end of rhe compression stroke (so the piston is 

atT.D.C.). 

The compression ratio is indicated by 

f = epsilon. 

So, the theoretical compression ratio is: 

In which: 

V5 = Volume moved by the piston, the stroke 

volume. 

Ve= 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: 

V eff = (1 - k) x Vs + V C' 

The effective compression ratio is indicated by 

E effective. 

The formula: 

( l - k) V + V 
E effective = ' < v( 
The effective compression ratio varies from 

approximately 6 to 20. ln 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 mixwre; 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 

inlet air temperature the compression ratio 

determines the pressure and the temperature at 

the end of the compression stroke. 

Tn order co control this somewhat, the 

compression ratio is often slightly changed. 

[n earlier rimes a compression place was fitted 

between the connecting rod foot and the top crank 

pin bearing cap. 

,. 
The theoretical 

compression rate is the 

ratio of the cylinder 

volume over 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 'C 

70 
DL DK 

~ 60 

sso·c 
Full load 50 

40 

c' ~'V. 
Idle load 30 

w • 
-"''=' """.,,,;;"""--.:;';,; 20 10 12 14 

• V Compression ratio E 

Tc =TB x E' 

[
Vh + V: ]'-' 

= TB X ~ 

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. 

The increase in engine 

efficiency when both 

compression rate and 
combustion pressures are 

increased. 
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In small engines the compression ratio can be 

increased by slightly milling our the top of the 

engine block. Additionally, the piston height above 

rhc piston pin may be adjusted by the placement 

of a 'higher' (h igher compression ratio) or a 
'lower' (lower compression ratio} piston. Although 

this does not airer the stroke volume, ir does 

change the final compression space. 

I ntluence of the u1mpre~,1011 r.1tio 

Theoretica ll y, rhe rhermal efficiency of the 

combustion cycle of an inrernal combustion 

engine is: 

( ) 

k - 1 
11 th = I - ¾ 

The efficiency is rherefore solely dependenr on 

rhe compression ra rio £ and rhe adiabaric 

componenr k. 

The k value, for air under standard conditions, 

is 1.4. Theoretically, inlet temperature, initial 

pressure and the calorific va lue of the fuel-air 
mixture is of no consequence. 

Ar infinitely high compression ratios the efficiency 

approximates up to LOO%. 

3.0 

i 
~ 2.0 
C 
Q) 

·13 

~ 
-~ 
a, 1.0 
0) 
C 
C1l 
.<: 
u 

0.0 
12 13 14 15 16 17 18 

Compression ratio(-) 

- PMAX = 180 bar - 210 bar - 250 bar 

The example above shows rhar rhe rheoretical 

process nowhere reflects the actual process. 

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

High-speed runners (small diesel engines): 

0 - LOO kW 25 - 30% 

High-speed runners (larger diesel engines}: 

J 00 - 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 arc rwo-strokc 

engines, all others arc four-stroke engines. 

Compression ratios very seldom exceed :!: 15 to 

20; as the top pressures and the top temperatures 
would get ro high, induding 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 J 5. In smaller diesel 

engines sometimes 16 ro 24. Large low-speed 

engines average around I 1.5 to 12.5. 

At high compression ratios the final compression 
pressures and -temperatures arc significanrly 

higher. 

5.5 Power density 

The term power density has come inro being as a 

result of the continual development of industrial 

diesel engines and growing competition in rhe 

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 rhree types of 

power density: 

the shaft power produced in kW in relarion to 

the weight of the engine; 

the shaft power produced in kW in relation ro 

the total stroke volume of the engine; 

the shaft power produced in kW in relation ro 

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= 

Tora! shaft power 

Total engine weight 

or: produced kW shaft power per kilogram engine 

weight. 

P density= kW/kg engine weight. 

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: l, stroke volume 3.3 litre, 

maximum continuous power at 2200 revolutions 

per minute 41.5 kW. 

Weight 249 kg. 

Category J 

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, si,x-cylinder in-line 

engine, four-stroke, turbo charger, 

cylinder bore 159 mm, stroke 159 mm, 

compression ratio 15.5: l, stroke volume 19 litres 

maximum continuous power at 1800 revolutions 

per minute 317 kW. 

Weight 1937 kg. 

Category ll 

per litre stroke volume16 kW 

per kW power 6.1 kg weight 

mean effective pressure 11.2 bar 

mean piston speed 9.54 m/sec. 

Caterpillar- M aK 25 

Propulsion, heavy fuel oil, six-cylinder in-line 

engine, four-stroke, turbo charger, 

cylinder bore 255 111111, stroke 400 mm, stroke 

volume 122.5 litres, maximum continuous power 

at 720 revolutions per minute 1800 kW. 

Weight 22,000 kg. 

Category Ill 

per litre stroke volume 14.7 kW 

per kW power l 2.2 kg weight 

mean effective pressure 23.7 bar 

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

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 lll 

per litre stroke volume 15.55 kW 

per kW power 9.2 kg weight 

mean effective pressure 24.9 bar 

mean piston speed J 0.0 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 111111, 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 18.2 bar 

mean piston speed 8.3 m/sec. 

Wartsila 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 lV 

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. 

Rer1,1rh.s 

Today the total load is often expressed in the load 

parameter, LP" 

Lp = mean eff. PX cpmc,10· Unit in bars/m/scc. 

To all five examples applies: 

Perkins - 1103 C - 33 

LP= 6 .9 x 7.7 = 53.l bars/m/sec. 

Cummins KT 19- M 

Lr = I 1.2 x 9 ,5 = 106.4 hars/m/sec. 

Carerpilla r- M a K 25 

LP= 23.7 x 9.6 = 227.5 bars/m/sec. 

Warcsila 18 v 3 2 8 2 

LP= 24.9 x 10.0 = 249 .0 bars/111/sec. 

MAN-B&W 14 K 108 ME- C 

LP= 18.2 x 8.3 = 151.1 bars/m/sec. 

Wartsila RTA 96 C 

LP= 18 .6 x 8 .5 = 158. l bars/m/sec. 
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Clearly, the small Perkins engine has the lowest 

load. 

The medium speed runners (Caterpillar-MaK and 

Wiirtsilii) have the highest load. 

The two-stroke engines by MAN-B&W and Sulzer 

ha\'e a far lower load. 

It is much more practical co 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.F.O. 

engines with a cylinder bore of 320 mm. 

.\11.AN-B&W L 32/40 

L" = 24.9 x 10 = 249 bar/111/sec. 

Wartsilii 32 

Lr= 23.3 x 9.6 = 223.7 bar/m/sec. 

MaK 32 C 

Lr= 24.9 x 9.6 = 239.0 bar/m/sec. 

Lr is obvious that the differences in engines in the 

same category are far smaller. 

Caterpillar-Mak for instance, has a stroke - bore 

480 
ratio of 

320
, while Wartsila and MA1 -B&W 

have a stroke - bore ratio of 
4

00 . 
320 

When comparing a specific category of engines the 

following aspects are important: 

specific fuel consumption; 

specific lubricating o il consumption; 

the purchase price; 

the delivery time; 

the maximum continuous power o utput; 

the torque; 

the service; 

the warranties. 

Past experiences with the engines in 

question 

For ships, and in particular ships of a certa in 

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/dm3 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/dm3 engine volume 

This is, of course, far more difficult to determine 

and, so apparently used less frequently. Even so, 

in rea lity the si,e of a particular engine type 1s 

certainly taken into account. For example, the 

build-in height, rhe free height required to enable 

piston dismount, the width of a V-cngine etcetera. 

The decision making process in choosing a certain 

engine auromarically includes choosing the space 

in which to fit m 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, rhis is also of importance. 

Often large car ferries ha\e a limited height 111 

their engine rooms. Sometimes a tr,lp door in 

the ferry's deck needs to be opened in order 

to dismount a pi~ton from the engine. (pisron 

drawing). 

In feeder-container ships the engine room is kept 

as small as possible in order to load as man) 

containers as possible in rhe holds. This means 

that rhe propulsion engine is con tamed in rhe little 

• 
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. 
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space between the propeller shaft and the engine 

room bulk head. In thi s case the gear box which 

is used ro reduce the engine speed to the most 

effective number of revolutions for the propeller 

also needs to be as short as possible. 

Abundant data is important in running a propulsion 

installation. 

The shaft power, as well as the nu'Tlber of revolutions , the 

fuel consumption, 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) 

E 
"' c5 

Standard programme 

ENGINE REDUCTION GEAR 

f)pe Senes T;pe 

Outpul ,ro 

6l23130A E AMG 8 31KVB 
800 k.W AMG 8 39KV8 

1090 BHP AMG 8 44KV9 
AMG16 52KV13 

6L23130A AMG 8 31KV8 
960kW AMG 8 39KV8 

1305 BHP AMG 8 44KV9 
AMG16 52KV13 

BL23/30A AMG 11 31~V11 
1280 kW AMG 11 39,(1/11 
1740 BHP AMG 11 44KV13 

AMG16 52KV13 

PROPELLER 

T)lle Speed Dia'll 

rpm 

VB 560 268 2200 
VB 640 214 2450 
VB 640 190 2600 
VB 740 159 2850 
VB 560 292 2250 
VB 640 233 2450 
VB 640 207 2600 
Vil 740 173 2850 
VB 640 292 2350 
VB 640 233 2600 
VB 740 207 2800 
VB 860 173 3100 

The propeller is ca1cu1a1ed accordmg to OnV No Ice with hl/lh skew 

Main data 

DIMENSIONS IN MM 

A B C D H J M 

mm 
3975 2898 4136 1566 328 1587 170 1077 636 
3915 2898 4136 1566 328 1587 770 1077 636 
3975 2898 4136 1566 328 1587 770 1077 636 
4550 2898 4660 2090 318 1587 1282 1662 505 
3975 2898 4136 1566 328 1587 770 1077 636 
3975 2898 4136 1566 328 1587 770 1077 636 
3975 2898 4136 1566 328 1587 770 1077 636 
4550 2898 4660 2090 318 1587 1282 1662 505 
4953 3628 5064 1754 318 1587 950 1325 639 
4953 3628 5064 1754 318 1587 950 1325 639 
4953 3628 5064 1754 318 1587 950 1325 639 
5290 3628 5400 2090 318 1587 1282 1662 505 

Weight 

a ,'I 

mn 

293 553 900 
360 595 900 
360 595 900 
445 655 1200 
293 553 900 
360 595 900 
360 595 900 
445 655 1200 
415 595 900 
415 655 1200 
445 655 , 200 
445 745 1350 

PISTON ENGINE GEAR PROP Ory weigh! in toos (approx) 
ENGINE BORE STROKE SPEED MEP SPEED OlfTPtJT/CYUNOER Type Tyoe Type Eng oe/Gear Prop· 

T\pe mm mm !pm bar mis kW BHP 6L23/30A·E 31KV8 1/8560 15,0 2,7 

L23/30A-E 225 300 825 16.3 8.25 133 181 39KV8 VB640 15,0 3.4 

L23130A 225 300 900 179 9.00 160 217.5 44K\/9 1/8640 15,0 3,5 
52KVl 3 1/8 740 17,6 4,4 

6L23/30A 31KV8 1/8 560 15,0 2.7 
Specific consumption 39KV8 V6640 15,0 3,4 

44KV9 VB 640 15,0 3,5 
ENGINE FUEL OIL LUBRICA TING OIL 52KV13 VB 740 17,6 4,4 

Type mer 85%mcr mer 8L23130A 31KV11 VB640 17,9 3,4 

g.,l<Wh !)IBHPh g.,l<Wh !)IBHPh g,l<l'lh !)IBHPh 39KV1 1 VB640 17,9 3,8 

L23130A-E 188 138 187 137 1,0 0.7 
44KVI 3 VB 740 17.9 4,5 

L23/30A 190 140 189 139 1.0 0.7 
52KV13 VB860 20,1 6,1 

• Weight incl 4.0 m shaff and 2.0 m stem tu/Je 

"' 0 
N 
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... 
A medium-speed four- 5.6 Number of revolutions of 
stroke in-line engine used diesel engines in relation to 
tor propulsion in a the size of the stroke of an 
'feeder-container ship'. 

Shown here an eight-cylin­

der Caterpillar-MaK M43-C 

heavy fuel oil engine. 

A two-stroke crosshead 

engine on a large 

container ship, a twelve­

cylinder Wii.rtsilii. Sulzer 

RT - FLEX, with the 

common rail system. 

78 

engine 

E<p n. .. 01 

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 rwo-stroke crosshead engines. 

T he stroke/diameter ratio for four-stroke as well 

as two-stroke engines, in practice often lies within 

certain values. 

Four-stroke normally 
long stroke 

two-stroke normally 

long, ultra long stroke 

1. 1 - 1.3 

1.4 - 1.6 

1.8 - 2.2 

3-4 

In smaller diesel engines one also sees SID ratios 

of I or less. This is, for instance, the case in 

very small diesel engines with a high number of 

revolurions. 
A relatively long stroke means that the engine will 

be tall with a long cylinder liner and a crankshaft 

with a large rurning circle (especially for two­

stroke crosshead engines). 
The world's biggest engine, a fourteen-cylinder 

MAN-B&W K 108 ME - Chas a I 080 mm bore 

with a 2660 mm stroke and has therefore a limited 

stroke/diameter ratio of 2.5 at a RPM of 94 and a 

shaft power of 97,300 kW. 
A Wartsila Sulzer, the nine-cylinder RTA 84 F - B 

has a 840 mm bore at 3150 111111 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 I and II of this subdivision; these are the 
relatively smaller engines running on l\1.D.0 .. 

This relatively short stroke runs at a slightly 

higher RPM of often over 1500 revolutions, 

for instance, 1800 and 2 I 00 RPM. 

5.7 RPM of generators 

Diesel engine gensets ought to provide :1 comtant 

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 rotary 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. 

For 1ula 
Frequency= number of polar pairs x number of 

revolutions 

Frequency in HL (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. 



E:.xc. rle 
umber of revolutions of diesel engines for 50 Hz 

gensets. 

1 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 l2.5 RPS 

750 RPM 

5 polar Pairs 10-polar 10 RPS = 

600 RPM 

6 polar pairs 12-polar 8.33 RPS = 
500 RPM 

Ar 60 Hz rhis i~ then multiplied by 1.2, so 3600, 

1800, 1200, 900, 720 and 600 revolutions . 

The diesel engines for gensets are frequently 

delivered for two differenr engine revolutions, 

for example 1500/1800 revolutions, especially by 

American companies rhar supply markers outside 

rhe Americas. 

T 

A diesel genset on a large container ship. 
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~ 

A four-stroke medium-­

speed Deutz 640 diesel 

engine for H.F.O. in a 

diesel power plant in the 

Gambia. 

Large power plants predominantly use 

3000 RPM generators. These are d irectl y 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 (1-f.F.0. ) 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. 

ln order to install a 36-polar generator, a 

generaror diameter of between 6 ro 12 metres is 

required. These are the so-ca lled disc generators. 
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... 
A small sound proof 

genset for yachts. 

1 timing belt 

2 heat exchanger 

3 coolant filler cap 

4 otl filler cap 

5 sound damping housing 

6 rubber valves 

7 valve cap 

8 cam shaft 

9 fuel inJector 

10 air filter 

11 fuel supply pump 

12 bleeder valve 

13 sound insulation 

14 glow plug 

15 electric junction box 

16 coupling for fuel line 

17 outer water inlet 

18 multi connector for 

remote control 

19 remote control panel 

20 generator Jacket 

21 generator 

22 oil cooler 

23 external v1brat1on 

dampers 

24 sump part1t1on wall 

25 internal vibration 

dampers 

26 dipstick 

27 cooling element of the 

heat exchanger 

28 water cooled exhaust 

manifold 

29 thermostat 

... 
A high-speed diesel 

power unit. 

1 air filter 

2 turbo blower air section 

3 turbo blower exhaust 

gas section 

4 compressed air to wr 

cooled intercooler 

5 radiator ventilator 

6 radiator with cooling 

section for combustion 

air, fresh water coolant 

and lubricating oil 

7 engine block 

8 lubricating oil filter 

9 crank pan 
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• 
A floating diesel power plant. 

1 two-stroke crosshead engine 

2 cylinder head plateau 

3 exhaust gas manifold 

4 sound damper 

5 exhaust gas boiler 

6 chimney 

7 disc generator 

8 overhead crane 

9 crane 

10 electric control box 

11 high voltage connection to the shore 

12 ventilation shafts 

13 spare parts and maintenance area 

CHS STANDARD FIGURES OF VARIOUS TYPES OF DIESEL ENGINES 

~---~-----i 

~ 

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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time-consuming, slow process requiring much 

research. Due to strict consumer requirements 

with regards to diesel engines, such as a high 

power density, low oil- and fuel consumption, 

low toxic emissions, long standing time of 
the components and simple mounting and 

dismounting methods. These factors make it 

difficult for engine manufacturers to continue 

to compete in this market segment. 
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6.1 Category I: Industrial diesel 
engines from 0 to 100 kW 
shaft power, fuel M.0.0., 
four-stroke, high-speed 
engines 

... 
High-speed four-stroke 

diesel engine. 

cylinder head with two 

inlet valves and two 

exhaust valves 

2 piston 

3 crankcase or carter 

4 crank web 

6 timing gear between 

the crankshaft and 

camshaft 

7 valve motion 

8 high-pressure fuel lines 

9 coolant pump 

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 arc 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. 

'-.t·e Cl,;iptt r 26, Ovcrh rnling ,t1e,c.l eng ncs .111d 

thur p.1rt,. 

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 ). 

Traditiona l des igns have a closed frame under the 
@ 

block o nto which the engine is mounted . • 

• 
A diesel engine adapted to maritime use. 

Otten the original uncooled hot exhaust pipes are water 

cooled to reduce the fire risk. The engine is mounted on 

vibration dampers. 

Often vibra tion dampers are placed underneath 

the frame o r the engine mountings in order to 

stop vibra tions from the engine being transmitted 

to the eng ine surrounds. 

• 
Vibration dampers. 

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. 

, diesel engine 
2 bevel gear in the yacht 
3 bevel gear 1n the water 
4 flange m the hull 
5 folding propeller 
6 01/sump 

The cylinder head mounted on top of the engine 

block often a lready comprises of al l the cylinders, 

so the engine does nor have separate cylinder 

heads as is the case in larger engines. Of course 

the weight o f such a multi-cylinder head in larger 

engines is impractical. 

• 
A complete mult i-cylinder head of an full -sized engine. 
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A small diesel generator 

with a crank handle on 

the camshaft. 

... 
A decompression handle 

to keep open the exhaust 

valve during cranking. 

compression handle for 
releasing the exhaust 
valve 

2 cylinder head 
3 a,r filter 
4 fuel tank 
5 lubricating- oil filler cap 
6 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 suppl}' and the discharge of exhaust gasses. 

These are mechanically opened and shut at the 

right time by means of the cam shaft, gu ide 

pulleys, push rods and rockers. Rings around 

the valve seal ensure the valves shu t swiftly. For 

smaller engines which are manually started it 

is possible tO keep the exhaust valve open with 

a decompression handle until a certa in 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 

... 
A four-cylinder diesel 

genset with an RPM of 

1500. The engine is 

equipped with a 

turbo-charger without 

an air cooler. 

diesel engine 
2 starter motor 
3 altemator 

4 radiator cooling 
5 three phase generator 
6 generator ventilation 
7 air-inlet filter 
8 turbo blower 
9 inlet manifold 
10 oil-filler cap 

. . . 
engme 1s runmng. 

\bo~l~ C ll.lpttr l4,',tan1111-;~\,t Ill o dk~ I 

cnt'inc, 

Usually the fuel is injected inro 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 regularor, 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 

number of revolutions and therefore keeping 

the frequency and the voltage of the generaror 

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 t0 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 t0 ensure that 

the lubricating oil temperature remains constant. 

Most engines arc 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 

cylinder stroke volume, the number of revolutions 

also vary from one to six in in-line-engines or four 

co eight in V-engines. Cylinder bore varies from 

± 50 to 150 mm. 

The engines are starred either manually or 

electrically. There are also other types of ignition 

systems, hydraulics, spring pressure or compressed 

air which drive the ring gear. 

\, 1 ~ ( l tpttr I l, "lt11t111 • <.\ t 11, ol it·,d 

I '1 '-'• 

The number of manufacturers and types is large 

and diverse. 

\ .. ) ll. ( h pt I, D ,c l n Ille m 111ullLtll •,. 

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

The slightly larger industrial diesel engines ranging 

from I 00 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 yachts; 

- generation of electricity; 

- engines drives for multi-purpose machines 

such as pumps and compressors. 

CH6 CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES 

T 

A Deutz propulsion engine with reduction drive to the 

controllable pitch propeller on a dredger of the Iran 

government. 

... 
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. 
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... 
Sailing yachts also have a Important points of 

diesel engine as auxiliary interest: 

propulsion. Larger yachts vibration-free set-up 

also have a diesel genset low noise production 

on board to generate the compact and lightweight 

required electric ity. 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. 
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• 
One of two propulsion engines on an inland tanker. 

Dozens of engine manufacturers arc acrive in this 

'power category', many of which cover a global 

market. 

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

heavy fuel is nor 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 block fuel pump with six independent high-pressure 

in-line plunger pumps. 

CH6 CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES 

engines (over 960 RPM). The number of cylinders 

for a V-engine can amount ro 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 warer(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 rhe potential of the diesel engine wirh 

regard ro process conrrol, fuel consumption and 

toxic emissions. 

Normally these engines are cooled by means of a 

closed cooling warcr- or coolant sysrem. aturally, 

• 
An independent fuel pump for larger engines. 

T 

A block fuel pump on a 

high-speed in-line engine. 

1 fuel filter 

2 low-pressure transfer 

pump 

3 block fuel pump 

4 propeller shaft from 

crankshaft 

5 manual fuel pump for 

deaeration 

6 high-pressure pipe to 

the cylinder 
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... 
In smaller engines the 

light- metal piston 

2 piston rings 

piston is cooled internally 3 scraper and divider ring 

with an oil jet which is 4 gudgeon pin 

vertically directed through 5 gudgeon-pin bearing 

6 connecting rod 
a nozzle. 7 cranksl-iaft 

8 crank web 

9 main lubricating- oil duct 

10 nozzle 
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the warmth in the cooling water can be lose by 

contact of the surface water with air. 

The lubrication of theses engines is becoming 

incre;i,ingly imporr:rnr. The he,ivy rhf'rm,1 I ,incl 

mechani.cal load of these engines require thorough 

lubrication and cooling all around the combustion 

space (piston, piston rings, cylinder liner and 

exhaust va lves), bur 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 chat 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 char the number ofV-cype versions is 

extensive for these engines. 

Arranging the cylinders in a V-shape makes the 

engine construction shore and compact, which 

i~ e~pe<.:ially important when there i~ limice<l 

space. Parts chat 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.F.O. is too short to 

combust properly. 

There are, of course, H.F.O. engines on the marker 

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. 

Al~o ..,el' ( hartl'r 21, D,e~el eng111c manuf,h.lllrcr,. 

The mean piston speeds are approximately 10 to 

11 m/sec. and the mean effective pressures can go 

up to 25 bar . 

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

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



6.3 Category Ill: 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.F.O. under a ll loads and under 

varying operating conditions. 

Definition H.F.O. diesel engine 

This is a diesel engine which can start and run 

on H .F.O. at every load . T he heavy o il then has a 

viscosity of a t least 50 cSt a t 50° C. 

\l,o ,ec· ( h,1rr.:r ~. I ut"I,, tu.:! line" ,rl'm~ .111J 

tutl Lk·an111g. 

CHS CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES 

• 
A medium-speed Caterpillar Mak in-line engine. 

• 
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 1 8.4 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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• 
A modern four-stroke heavy fuel oil engine, a Wartsila 20. 

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

The air supply to the cylinders is integrated into the solid 

block. Here only the crank shaft bearing caps have been 

fitted. 
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1 engine block 

2 position of crank shaft 

3 scavenge air space 

4 position cam shaft 

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 . 

... 
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 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 

with cooling water, and in the second the liners 

have been furnished with bore holes through 

which the cooling water flows. This principle is 

called 'bore'cooling. 

A 

An in-line crankshaft. 

The crankshaft at final inspection. Tiny burrs are also 

manually removed. 

A 

The camshaft part of one cylinder. 

CHS ,, CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES 

A 

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 

s top of the engine block 

... 
A cylinder block of a 

Caterpillar-MaK 25 in-line 

engine. 

It is clearly visible how the 

cylinder liners extend from 

the block. 

... 
An in-line cylinder block 

with mounted fuel pumps, 

camshaft and cylinder­

head bolts. 
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... 
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. 
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• 

Antipolishing 
ring 

Water distribution 
ring 

Chrome - ceramic 
piston ring 

Pressurized skirt 
lubrication 

Nodular iron skirt. 
low friction design 

The 'Marinehead'-version of a connecting rod. 

By unbolting the eight studs, the piston can be removed 

without the crankpin bearing via the cylinder liner. 

1 connecting rod 

2 big end bearing box 

3 studs 

4 connecting-rod eye 

The piston is built from two parrs 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 rhe piston, a ll 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 pi~ton 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 ~~e Chapter 1 i, 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 . 

• 
An anti polishing ring. 

This can be easily removed and plays no part in the 

construction or sealing of the combustion chamber. 



-

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 exh aust valves where the exhaust valves 

in larger engines are placed in an interchangeable 

housing. 

CH6 > CONSTRUCTION OF VA RIOUS TYPES OF DIESEL ENGINES 

- =@ ~ 

The exhaust- valves and valve seats are 

manufactured using a special high performance 

alloyed steel ro ensure that wear and tear are 

reduced to the minimum. 

... 
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. 

high-pressure fuel pump 

2a fuel supply line 

2b fuel discharge line 

3 cylinder head 

4 cylinder- head bolt 

5 safety valve 

6 indicator cock 

7 valve cover 

8 push rod 

9 rocker 

10 rocker shaft 

11 exhaust valve 
12 inlet valve 

13 set screw valve 

clearance 

14 exhaust-gas manifold 

Sectional view of a cylinder head with in the centre the 

injector . 

... 
A camshaft-driven high-

pressure pump and the 

injector. 

Notice the so-called 'hotbox· 

for maintaining the 

temperature of the fuel 

section. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

'hotbox· cover 

camshaft 

roll 

roller guide 

high- pressure fuel 

pump 

lubricating-oil supply 

fuel supply 

high-pressure delivery 

pipe to injector 

injector 
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.... 
View of a cylinder head 

with the fuel pump (1). 

.... 
Sectional view of a 

modern MAN-B&W four­

stroke diesel engine with 

required details. 
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A 

The high fuel pressure pump, a very important part of 

the diesel engine. 

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. 

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 ro be combusted in the 

cylinder and therefore extra power generation . 

Main particulars 

Cycle 

Configuration 

Cyl. Nos. available 

Power range 
Speed 
Bore 
Stroke 
Stroke/bore ratio 
Piston area per cyl. 

Swept volume per cyl. 

Compression ratio 

Max. combustion pressure 
Turbocharging principle 

Fuel quality acceptance 

Power lay-out 

Speed 
Mean piston speed 
Mean effective pressure: 

5 cylinder engine 
6, 7, 8, 9 cylinder engine 

Power per cylinder: 

5 cylinder engine 

6, 7, 8, 9 cylinder engine 

rpm 
m/sec. 

bar 

bar 

kW/cyl. 

kW/cyl. 

4-stroke 

In-line 

5-6-7-8-9 
950-1935 kW 
900/1000 rpm 

210mm 
310mm 

1.48:1 
346 cm2 

10.7 itr. 

15.5:1 
210 bar 

Constant pressure system 

and intercooling 
HFO up to 700 cSt/50° C 

(BSMA 1 OO-M9) 

MCA version 

900 1000 
9.3 10.3 

23.6 22.4 
24.8 24.0 

190 200 
200 215 



CH6 > CONSTRUCTION OF VARIOUS TYPES OF DIESEL ENGINES 

Lubrication is taken care of by the displacement 

pump, which is driven by the engine. Prior to the 

initial start, the engine can be pre-lubricated by an 

external, electrically driven pre-lube pump. There 

are also electrically driven main lubricating oil 

pumps. 

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 

contaminants such as metal particles, combustion 

products and dust. 

Al,o we t h.iprer I I, Luhn1.:.1rio_n oi en;,:int:~. 

Cooling takes place by an engine driven cooling 

water pump in a standard closed system with 

pressure build up obtained using a buffertank or 

an open expansion tank. 

The temperature of the cooling water lies between 

80 and 90° C. 

Al,o \Cl' Ch.1prer I 0. Cooling dil·,d engine,. 

This group is very frequently used on various 

ships for propulsion, either as an auxiliary engine 

Lube oll tank 

• 
An overview of a coolant system with a high- and 

low- temperature section. 

HT 

for generating electrical energy or for directly LT 

driving the pumps. 

.... .. 

... 
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-inlet manifold 

2 cylinder- head cover 

3 exhaust- gas manifold 

4 turbo- blower 

5 air coolers 

6 central exhaust-gas 

manifold 

... 
A basic lubricating-oil 

© 

LT 
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... ... 
Building a diesel A Caterpillar-MaK four-

generator set at 

Caterpillar-MaK in Kiel, 

Germany. 

... 
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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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 engine~ as 

well as the auxiliary engines use the same heavy 

fuel. This curs 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. 

Al,o ,re ( haprer '-1, I utl-1111c~r1n"l ~, rem~ . 



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 a lso referred ro as the 

Cathedrals among engines. They can get as high 

as 14 metres at a length of 30 metres and and 

weighing 2300 rons. 

... 
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. 

CH6 > CONSTRUCTION OF VAR IOUS TYPES OF DIESEL ENGINES 

Two-stroke crosshead 

engine construction. 

1 crankcase bedplate 

2 crankcase 

3 A-frame 

These very large, low speed engines with the 

number of revolutions from 60 ro 250 RPM at a 

cylinder bore of 260 ro 1080 mm and a re mainly 

used for propulsion of very large container ships, 

oi l- and ore tankers and sporadically in diesel 

powerplants for the generation of electricity. 

4 fue/- and lubricating-oil 

pumps for exhaust-

valve actuation 
5 cylinder block 

6 cylinder liners 

7 cylinder covers 

8 exhaust-gas manifold 

scavenging-air manifold 

T 

Large high-speed 

container ships are 

equipped with the largest 

two-stroke crosshead 

engines in the world with 

a shaft power of up to 

100,000 kW. 
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... 
A large container ship 

leaves the port of 

Rotterdam. 

.. 
Globally, there are a 

considerable number of 

engine factories which 

build engines of a certain 

design 'under license'. 

100 

They always directly drive a propeller or 

generator, so the number of revolutions is always 

equal to that of the propeller or rhe generator. 

This makes their installation transparent a nd 

straightforward. 

All these engines run on H. F.O. 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 rbat build 

rhese big two-stroke crosshead engines: 

MAN-B&W a German-Danish factory; 

Wartsila-Sulzer Finnish factory which 

manufactures the traditional 

Swiss two-stroke engines; 

Mitsubishi a Japanese factory. 

... 

Low Speed Marine Propulsion 

Worldwide market shares - Deliveries 

%BHP 

80% 

70% 
MAN B&W Diesel 

50% 

40% 

Wartsila Sulzer 

30% 

20% 

Mitsubishi 

10% 

No.1 

No.3 

0% f---~------~--~--
1996 1997 1998 1999 2000 

There are only three two-stroke crosshead-engine 

manufacturers. 

.. 
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 

bhp 

100 000 

80 000 

60 000 

40 000 

20 000 

10 000 

8 000 

6 000 

4 000 

2 000 

Output 
kW 

~----~-----------~-~ 80000 
60 000 
50 000 
40 000 

30 000 

20 000 

,,-g----,---, 1 0 000 

8 000 

6 000 

4 000 

2 000 

50 60 70 80 90 100 120 140 160 180 200 rev/min 

Engine speed 
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r/min 
(L4-L1 ) 

95-127 S50ME-C 

105-123 L60ME-C 

79-105 S60ME-C 
79-105 S60ME 

91-108 L70ME-C 

68- 91 S70ME-C 1 
Cl ========::'.:==j 

89-104 K80ME-C 

70- 93 L80ME 
57- 76 S80ME-C 

89-104 K90ME-C 

71- 94 K90ME 

62- 83 L90ME-C 

61- 76 S90ME-C 

94-104 K98ME-C 

84- 94 K98ME 

90- 94 K108ME-C 

kW 
0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000 

10,000 30,000 

Construction 
These engines a re 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 cyl inder liners. The 

cyl inder head is made using forged steel as is the 

era n k shaft. 

T 

A cylinder block with liners. 

50,000 70,000 90,000 110,000 

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 bores are delivered in 

the ME-version. 

T 

The welded A-frame. 

130,000 BHP 
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" 
The camshaft. 

1 cylinder block 

2 cylinder liner 

3 cylinder-lubricating point 

4 cylinder-head bolt 

5 camshaft 

6 cam 
7 camshaft bearing 

8 sleeve-coupling bearing, 

hydraulic 
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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 

On the specially adjusted ship foundation plate 

the engine bed plate is affixed by means of many 

holding down bolts. The forged crank shaft is 

situated inside the engine bed plate. It can be as 

long as 25 metres with a weight of 150 tons! 

The welded steel plate A-columns for example 

two, three or four cylinders,are then placed on top 

of the bed plate. 

These are joined together with tie bolts. The cast 

iron cylinder beams are p laced 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. 



The forged steel cylinder heads are auached to the 

cylinder beam and they contain the hydraulically 

driven central exhaust valve, two o r three fuel 

va lves, a relief va lve, an indicator cock and a 

starter a ir va lve. 

The driving gear comprises a pist0n to which a 

piston rod is connected, a crosshead with guide 

shoes attached to it which tra nsfer the la teral 

forces o f the cra nk shaft mechanism to the 

crosshead guide fixed to the A-frame. 

.. 
A piston with piston rod. 

The flanged piston rod has almost the same diameter as the 

piston. 
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... 
The combustion chamber. 

1 piston rod 

2 piston 

3 cool inlet drilfings for 

lubricating oil 

4 honeycomb holes 

5 guide ring 

6 cylinder liner 

7 bore cooling 

8 coolant circulation 

9 cylinder head 

10 exhaust valve 

11 exhaust-valve manifold 

12 valve seat 

13 valve rotator 

14 fuel injector 

blue: coolant 

yellow: lubricat ing-oil for 

piston cooling 

red: exhaust gases 

... 
One spare crosshead. 

1 crosshead pin 

2 crosshead-gwde shoe 

.. 
The crosshead. 

1 crosshead 

2 crosshead pin 

3 upper bearing cap 

4 lower bearing cap 

5 crosshead guide shoe 

6 crosshead guide 

7 piston rod 

8 connecting rod 

A-frame 

tie bolt 

piston-rod stuffing box 

scavenging- air space 
inlet port 
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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. 

'Y 

Exhaust-valves at the 

factory for repair. 

• 

The forged connecting rod is fixed ro the 

crosshead and forms the link to the crank shaft 

with a crank pin. The piston rod-sruffing 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 ). 
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• 
A cylinder liner. 

inlet ports 

2 support collar with the cylinder block 

3 cylinder lubricating-oil inlet holes 

4 thickened upper collar 

s bore cooling 

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. 

\lso ~ee Ch,ipter 9, I ucl-in1e~c1on ~>~tl'llh .rnd 

C h.1pter 21, D1e~d engme m.mul,ldLirer-,. 

The lubrication of these crosshead engines consists 

of two separate systems: 

the cylinder lubrication system; 

the c rank case lubrication system . 



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 

an<l is spread around the cylinder via grooves 

machined in the cylin<ler liners. This is done to 

ensure that the lubricant is injected at the right 

rime and at the most effective piston height. The 

cylinder lubricant lubricates rhe piston, the piston 

rings and the cylinder liner. A certain amount of 
the lubricating-oil should combusr odourlessly and 

ashlessly, another part seeps along rhe liner and 

<lrips to the bottom of the scavenging air space 

from which it is manually tapped. 

\lso lt C..h1pter l I, 1 ubn .. 111011 of cng1re~ • 

... 
A cylinder lubrication unit for a cylinder with eight small 

independent plunger pumps. 

Crank case lubricating system 
This system is operated by electro motor <lriven 

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 . 

... 
A main lubricating oil pump. 

Cooling system 
Large two-stroke engines have two cooling water 

systems with two temperacure 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. 

Also sLc ( h.1pter I(), ( ool,ng diesel cng1110:~ . 

... 
Two plate heat exchangers. 
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" An overview of the 

turbocharger of a 

two-stroke crosshead 

engine. 

exhaust-gas ducts 

2 exhaust-gas turbine 

3 air filter 

4 air-compressor space 

5 compressed air 

6 air cooler 

7 air inlet 

8 auxiliary blower 
9 mist catcher 

• 
One of the fuel injectors. 

Air supply 

The air supply is usually provided by several turbo 

charger groups wich compress the combustion 

air; the air is subsequently cooled and led to 

the scavenge air pipe which runs along the 

length of the engine. Via the scavenging a ir space 

surrounding the cylinder liner the air flows into 

the cylinder when the piston is in 8.0.C. and 

releases the inlet pores. 

In case of a low load the turbo charger groups 

provide too little air for an optimal combustion 

cycle and an electrically driven auxiliary blower is 

automatically switched on. 

Alqi SCL' Ch,1pter 12, ,\ir supply. 

There are usually two or three assembled around the central 

exhaust valve. 

106 

... 
A cut-away diagram of a turbocharger group. 

Fuel 

For conventional fuel pumps the fuel supply is 

provided by a cam shaft driven plunger pump. 

The cylinders are fined 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 va lve-controlled fue l 

pumps are used. The recently (2008) marketed 

electronically controlled common rail systems 

have numerous advantages a nd are increasingly 

appl ied. 

,\l,o Sl'l' ( h.1ptl'r 9, h1el- 111jl'LtlOl1 -~ S(l'lllS, 

" 
The gear drives from the camshaft of: 

the fuel pump; 

2 the hydraulic-oil pump for the exhaust valve . 



Reversing the revolution direction 
Two-stroke engines up to a cylinder bore of about 

600 111111 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. 

Number of cylinders 
This can vary from four ro fourteen cylinders 

and the capaciry from approximately 1500 to 

100,000 kW. All engines have in-line cylinders. 

Marine Diesel Orders 
(number of units) 
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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 latter the 

power can reach approximately 30,000 kW. 

T he choice o f a two-stroke crosshead engine or a 

four-stroke trunk pist on 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. 

~ 

~ 

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 

propulsion 

blue: right - the total power output 

green: right - the total power output 

yellow: right - the total power output 

25424 MW of 
Marine Diesel Power 
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Construction 

Vibrations and 



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 

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 1s exceeded, the quality is such that 

the block 1s 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 max imum 
carbon content of 1.7%. 

Properties: 
malleable(+); 

ductile ( + ); 

welda ble(+); 

light in welded constructions(+), for example 

the A-fra me fo r crosshead engines; 

good machina bil ity, such as planing, milling, 

drilling, grinding and polishing(+); 

high melting point o f approximately 1450° C 

(+) ; 

over 0.3% carbon ha rdness, surface ha rdening 

possible(+); 

soft (- ). 

Steel in a steel plate form is often used in welded 

constructio ns such as bedpla res, c rosshcad engine 

A- frames, a ir inlets found in crosshead engines, 

a ir cooler ho usings, va rious suppo rts a nd exha ust 

gases manifolds. 

CH7 USE OF MATERIALS FOR DIESEL ENGINES 

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, Fred erikshavn, Denmark. 

foreground: a welded steel crankshaft bedding or lower 

crankcase of a two-stroke crosshead engine 

background: a welded steel A-frame 

~ 

A cast block of an in- line 

engine in manufacture. 
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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 materiaJ is 

white pig iron. 

Properties: 

can be cast in crude moulds(+); 

extremely high tensile strength ( + ); 

malleable(+); 

high melting point(+); 

possibility of strong yet light constructions(+); 

viscous (-); 

ductile(+); 

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. 

shrinkage is twice as high as that of cast iron (-); 7 .6 Steel alloys 
due to its viscosity, only used in simple casting 

moulds(-); Alloys are added to steel, an iron-carbon alloy, in 

requires annealing to resist high casting order to enhance certain physicaJ properties, or for 

pressures (-). instance to create new properties. 

Casting properties are improved by adding Alloy elements are metals such as chromium, 

manganese and silicon. By adding 0.5 to 1.0% nickel, molybdenum, tungsten, manganese and 

molybdenum, a higher tensile strength at higher vanadium. 

temperatures is achieved. ln older, still existing and 

larger crosshead engines, it is among other things 

used in cylinder heads, high pressure shut- off 

Various alloy elements provide steel with 

particular properties, for example: 

va lve housing, p iston crowns and cylinder heads in chromium - increases the hardness and 

four-stroke engines. increases toughness 

7 .5 Forged steel 

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

carbon content. 

nickel - increases the tensile strength and 

is anticorrosive 

molybdenum - increases the tensile strength 

and maintains the hardness up 

co 600 °c 
tungsten - makes steel heat resistant 

'f Properties: 

manganese - increases the tensile strength and 

decreases wear and tear 

A cast-steel cylinder head ma lleable(+); 

of a two-stroke 

crosshead engine. 
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high tensile strength also at high temperatures 

(+); 

van adium - increases ductil ity 

& 

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. T his 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 temperacures 

(+); 

- high wear rate (-); 

high coefficient of expansion (-). 
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~ 

Crankshafts are the most 

heavily loaded parts in a 

diesel engine; they are 

manufactured from high­

alloy forged steels. 

By forming alloys with alumjnium 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, ruckel and magnesium 

this 'light meta l'-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-rum1ing diesel 

engines, the piston skins of medium-speed diesel 

engines, tri-meta l axle bearings in all engines 

and, for example, for impellers in the air inlets 

of the turbo charger groups. Today, many crank 

~ 

Steel Alloys. 

These are used for the 

manufacture of parts for 

diesel engines, for example: 

1 exhaust valves 
2 exhaust-valve seats 
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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. 

y 

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. 
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case- and cam shaft covers are also made of a light 

meta l. T he 'hot box' of Wamila-engines, which 

mainrains 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. lt can consist 

of the following compounds: 

Al 20v Zr02, TiC, Si3N4 en ALTi02_ 

T hese are: 

oxide-based aluminium, silicon, zirconium, 

titanium, beryll ium 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. 

T he cylinder liners or bushings of a light metal 

block need to be fitted separately, while a cast 

iron block does not require an independenr 

cylinder liner. Moreover, a separate cylinder liner 

or 'bushing' is regularly applied to rhe 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, bur for standard 

engines normal unalloyed carbon steel suffices. 

H owever, the crank pin and the shaft journals are 

especia lly hardened. 

... 
A d iesel-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'. 
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7.9.2 Engines of 100 to 5000 kW, 
high-speed, four-stroke, fuel M.0 .0 . 
- Category II: 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 m etal. 

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 A diesel engine with a large power output such as this 

constructed from two components, the cast iro n sixteen cylinder MTU-engine which has a high thermal 

piston crown because of the high thermal and and mechanical load uses many high-alloyed parts, 

mechanical load, and the light metal pisto n skirt for example, the crankshaft, the cylinder block and the 

enabling a good piston conduction and absorption exhaust valves. 

of the lateral forces exerted on the piston by the 

crank/connecting rod mechanism. :-a.,-.--t': .,. 
A high-speed Caterpillar 

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 Ill: Large 
industrial diesel engines 

Generally, these engines are highly powered 

and are both mechanically and thermally h ighly 

loaded. H.F.O. is also paramount in the decisions 

raken 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 t he 

engine block. 

T 

A block in an in-line engine rotated 180° for the 

mounting of the underslung crankshaft. 

diesel engine for the 

propulsion of an inland 

navigation tanker. 

1 engine block 

2 crankpin 

3 counterweight 

4 lower bearing cap 

5 bearing-cap bolts 

6 hydraulic nuts 

7 joint interface between 

beanng cap and block 
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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 180° for the assembling of the 

crankshaft with bearings and bearing caps. 

Cylinder heads during maintenance at engine works 

Bolier, Dordrecht, The Netherlands. 
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T he crankshaft is of forged steel and as in all four­

stroke eng ines underslung. The pisto n consists of 

a cast iron crown and a cast iron skirt. Tri-metal 

bearings arc used for the crankshaft and the crank 

pin bearings. To day, this is the case in vi rtua lly all 

engines. 

The cylinder heads are made of cast iron or cast 

steel. Especially if the exbaust val ves arc 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 rempcrarure 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 ar 

extremely low engine loads. 

\l~o ,e, ( h 1prer X, I dci,, tuel line '} q rm rnd 

I ud Lie.111111i-:. 

Inlet valves are often made of high quality carbon 

steel. This cerrainly does nor suffice for the 

exhaust valves and therefore high chromium steel 

with, for example, 8 ro 12% chromium content 

and also silicon is used. 

The exha ust 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 va lve disc and 

part of the valve stem arc made of 'Nimonac 80A', 

an alloy with 80% nickel, chromium, titanium 

and aluminium. This material is costly, but gives 

a rremendous 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, N,monac. 



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 bui lt from 

welded steel plate constructio ns 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. 

T he 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. 

... 
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. 

<II 

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. 

• 
Parts of crosshead 

engines under 

construction. 

forged crankshaft 

2 cylinder block with 

cylinder liners and 

camshaft 

3 crankshaft bedplate 
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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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A 

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 

2 crankweb 

3 crankpin 

4 weight economy 

5 roundings 

1 camshaft 5 cylinder-head bolts 

2 cylinder liners 6 exhaust-valve casmg 

3 cylinder head bolts 

4 exhaust-valve casing 7 fuel injector 

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 

arc 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 ro prevent premature 

wear and tear ar rhe boundary lubricarion 

conditions is a surface treatment of rhe steel 

crosshead pin. 

Hard chromium plating, a grind or super finishes 

are often applied. 

\l~o ~Cl' C luptcr I ~. Onv111g gc.u\. 

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 pisron ring hardness lies between the 2000 

and 2400 N/mm2, hardness Brinell. 

~ 

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. 
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... 
The mounted crosshead, 

seen from above. 

, 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 step 

The cylinder liners are a lso made of perlitic cas t 

iron with flake graphite and therefore a lso have 

good running properties. Ofcen alloys are added 

in order to improve wear and tear resistance. The 

hardness is considerably lower than that of the 

pisron rings, namely 800 N/mm2 hardness Brine!!. 

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. 

A series of exhaust valves 

manufactured from 

Nimonac, a high-grade 

material. 

The total life of these valves 

given by the factory 1s up to 

96,000 hours! 
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.... 
A complete exhaust 

valve (1) right and two 

spare cylinder liners (2). 

Far left cylinder-head 

bolts (3). 
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Corrosion Protection 

Running Layer 

Intermediate Layer 

Bearing Metal 

Steel back 

A A 

The cast iron exhaust-valve casing. The manufacture of a tri-metal bearing. 

Most of the layers are very thin. 

The exh aust valve housing is m ade of high quality They generally consist of a steel bearing cap with 

cast iro n and is roday the only remaining engine a lead-bronze layer, a very thin nickel barrier and 

component with cooling water ducting in the cast. the actual sliding material, a ·white metal'. 'The 

The remainder of the cooled components such as white metal often comprises of mainly aluminium 

the cylinder liner, piston and the cylinder head are and tin in an 80% aluminium and 20% tin ratio. 

of course cooled using 'bore-cooling' technology. This material has excellent properties, such as 

high fatigue strength and good running properties. 

Bearing materials High loading can be achieved wirh an a luminium 

Due ro the heavy load exerted on the bearings alloy w here either a zinc or silicon component is 

today one often uses rri-metal rypes . These can added . 

bear high loads and do not require being cu~tom 

manufactured unlike the previously used 'soft' 

white-metal bearings . 
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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 ro 1200 /mm2, hardness Brinell. 

Application 
Welded steel constructions in engines such as 

bed plates, A-frames and air inlet manifolds. 

Overhauled engine pans 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. H eating cakes 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. 

T here are many other surface treatments. Surface 

Application hardening causes tensile stress on the surface, 

Ir is often applied when overhauling cylinder liners which subsequently enables a higher load. 

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 

processes. 

After a certain 'glow' time the work piece or the 

construction needs to be cooled slowly in order to 

prevent development of new stresses. 

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 :t: 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: 

l piston rings on the cylinder liner; 

2 the stuffing box on the connecting rod of rwo­

crosshead engines; 

3 the bearings of crankshafts, cam shafts and 

piston pins . 

... 
Shown is a very hard, wear-resistant layer sprayed on 

the valve stem, followed by very fine sandpapering. 

... 
The honing pattern on 

the running surface of a 

cylinder liner. 

... ... 
A cylinder cover in 

an electric oven for 

annealing. 

The temperature and the 

timing of this treatment are 

very important. 
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• 
Forged steel connecting 

rods with above the 

crosshead and guide 

shoes, left and right are 

the crosshead guides. 

A-frame 

2 step 

3 crosshead guides 

4 guide shoes 
5 crosshead 

6 connecting rod 

l' 

This cylinder head is 

waiting outside for repair. 

The high-grade material is 

Chromium 

In order to ma ke the surfaces harder and more 

wear resistant they are often furnished with a thin 

chromium coating which increases the o perating 

life of the components considerably. There are, for 

instance, chromium plated piston rings, connecting 

rods and crosshead pins. 

Chromium has also good res istance properties 

with respect ro the corrosive substances in the 

combustio n products found o n the piston rings. 

furthermore, chromium has an extreme ly low 

friction coefficient on che generally cast iron 

cylinder liners. 

Hard chromium plating or chromium hardening 

is the electro lytic plating of chromium o n the 

components. The so-called plating is do ne with a 

chromium- salt solution. 

... 
Reconditioning the 

injector nozzle by 

clearly seen near the injector rewelding. 

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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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 i,applicd to chromium plated 

parts such as, the rop piston rings. Ceramic has 

very good wear resista nce properties under heavy 

operating conditions. 

Both the running in of a piston in the cylinder 

liner, as well as the grea t many operating hours 

that follow, show that rhe wear a nd rear 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 

Wartsila Sulzer crosshead engines. H ere the 

material is a ttached to the inner wall of the 

cylinder head, in the direction of the fuel jet. In 

the latest designs the materia I temperature o f the 

cylinder head has be reduced to such an extent 

that this surface treatment method is no longer 

required. 



7.10.5 Grinding, polishing and lapping 

Grinding, polishing and lapping a re standard 

expressions used in the finishing of metal surfaces. 

They are general terms which give an impression 

of the su rface finishes, ho wever, they do nor 

provide a surface roughness value. 

A ground and polished crankshaft journal can 

have a very smooth surface. 

Polishing is usually a fini h which remove the 

final roughness. 

Lapping involves the use of rwo surfaces which 

arc rubbed together such as seal su rfaces of the 

different parts of a fuel atomiser. 

7.10.6 Honing 

This surface finish is applied co rhe running 

urface of cylinder liners in va riou engines. The 

objective of honing is to improve the running 

T 

Honing. 

The use of the correct hornng 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 role. 
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~ 

The honing of a 

cylinder liner. 

, honing machine 

2 cylinder /mer 

3 honmg-stone holder 

4 honmg stone 

5 driving shaft 

6 oil supply 
7 clamp,ng stnps 

surface for rhe reciprocating pisron. 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 o f 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 roughnes . The honing oil that is used 

is also important. Honing stones, pressure, speed 

and the process length are c ruc ial in order to 

achieve optimum results. 

~ 

A worn cylinder liner after 

thousands of operating 

hours. 

Stop shoulder for the upper 

piston ring 1s clearly seen. 

worn part of the cylinder 

ltner w,th still v1s1ble 

honmg cross-hatchmg 

2 stop shoulder 

3 non-worn part of the 

cyltnder liner with 

incrustation 

4 vertical scratches m 

cylinder liner caused by 

damage, dirt or metal 

part,c/es (catfines) 

~ 

With a good honing 

cross-hatching, the 

scratches have an angle 

of roughly 50 tot 60 °. 
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... 
A honing machine with a 

rotating and a forwards 

and backwards 

movement, both are 

adjustable. 

... 
Plateau-honing. 

Figure 1 : Shows an almost 

smooth worn cylinder liner. 

This is known as 'glazing'. 

Figure 2: the surface profile 

after a standard honing 

process. The surface is still 

quite rough with deep 

grooves and high peaks. 

Figure 3: the surface profile 

after plateau-honing. Very 

fine honing stones remove 

the high peaks resulting in a 

flat running surface being 

created for the piston rings. 
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Plateau honing 
This type of processing is used by some engine 

manufacturers and reconditioning companies. It 
takes place in two steps, namely the pre-honing 

and fine-honing. 

With pre-honing, coarse grained honing stones 

are used resulting in a surface roughness of 8 to 

10 microns. 

With fine-honing, fine grained honing stones are 

used where the roughness ' peaks' are ground 

off. Between the deeper scra tches resulting from 

the pre-honing, peaks are obtained with finer 

structured profiles. 

Using this method, the bearing capacity of a thus 

Simply put: Plateau-honing reduces the running in 

time. This process also reduces the lubricating oil 

consumption without having a negative effect on 

the lubrication. 

7.11 Examples of modern 
material usage 

Competition in the engine building industry 

is fierce. Customers' requirements are always 

increasing, therefore engine designers (Research 

and Design) are continually looking for materials 

that have better resistance to the thermal and 

mechanica l loads and the effects of aggressive 

compounds. 

7 .11.1 Example 1 - Design requirements 
for Wartsila Sulzer RTA - C 
crosshead engines, 
fuel H.F.O. - Engine category IV 

Construction 
stiff frame. 

Gondo la-type engine bedplate. 

cast iron cylinder blocks. 

processed cylinder liner achieves the same level as 

conventionally honed cylinder liners after very few Bearings 
operating hours. lower crankshaft bearing: thin white metal 

bearings. 

Ra= 0.32 
Rmax = 3.8 
M, = 97% 

+ 
I 
I 

T -

I 
I 
I 
I 
.l 
I 
I 
+ 

Fig.1 

Surface Condition 

Ra= 2.83 
Rmax = 25.2 
M,= 15% 

Fig. 2 

R8 = 1.09 
Rmax = 10.2 
M,=71% 

+ 
I 
I 

T - -

I 
I 
I 
I 
.l 
I 
I 

Fig. 3 

The above d iagrams show three profile curves taken from 
cylinder liner walls with surface roughness instrument. 

Fig. 1 - Prior to honing: The diagram shows an almost 
completely gla7ed surface. 

Fig. 2 - Basic honing: The diagram shows a rough surface 
with deep grooves and high peaks. Here, work has been 
done to remove ovality, scuffing marks, etc. 

Fig. 3 - Plateau honing: The cylinder liner wall has been 
given it's final honing. The high peaks have been honed 
down using fine stones, and the resulting smooth surface 
provides a good running surface for the piston rings. 

The cross angle pattern and the depth and width of the 
remaining grooves achieved by honing are important 
factors as they act as lube oil reservoirs. 

upper crankshaft bearing: thick in cast white 

metal bearings. 

crosshead bearings: thin white metal bearings. 

Combustion chambers 
special forged steel with high resistance to 

corrosion fatigue. 

rewelding cylinder cover with heat resistant 

material at the fuel nozzle tips to prevent 

burning. 

Piston 
forged steel p iston crown with chromium 

plated piston ring grooves. 

Liner 
cylinder liner of high wear and tear resistant 

rigid cast iron. 

honed cylinder liner. 

piston rings with a plasma coating. 

Furthermore, all measures taken to improve 

environmental conditions during combustion 

summed up in the so-called 'Tribo Pack Concept '. 



Liner 
insulation 

Multilevel 
lubrication 

Mid-stroke 
insulation 

Liner fully 
deep honed 

This entails the following: 

isolated 'bore'-cooling holes' thro ugho ut rhe 

combustion space in piston, cylinder liner and 

cylinder head; 

multilevel cylinder lubrication; 

mid stroke cylinder liner insulation; 

a 'deeply' honed liner; 

an anti-polishing ring which prevents the 

combustio n residue fro m settling in the ring 

packing; 

a chromium and ceramic treated pre-profiled 

rop pist0n ring; 

applying a thin run-in layer t0 the other piston 

rings; 

thick chro mium coated piston ring grooves to 

prevent pitting a nd wear and tear. 

7 .11.2 Example 2 - Wartsila-four-stroke 
engines, medium-speed, 
fuel H.F.O. - Engine category Ill 

Wartsila has a programme with cylinder diameters 

of 20, 26, 32, 38, 46 and 64 centimetres for this 

type o f engine. The latter is also the largest fo ur­

stroke engine presently availa ble on rhe marker, 

with a cylinder capacity of 2000 kW. 

0 °C 
300 

400 

500 
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Anti-polishing 
ring 

Cr-ceramic 
pre-profiled 
top piston ring 

Lower rings 
pre-profiled 
and RC-coated 

Thick 
chromium 
layer 

0 °C 

300 

200.L+.-+--!--- !---l----

0 °c 
100 T"----le--+---\-+-1'---4 

200 

~ 

Eight improvements in 

the combustion space of 

a Wartsila Sulzer RTA-84 

crosshead engine. 

T 

The material 

temperatures in an 

improved combustion 

space of a Wartsila Sulzer 

RTA-84 crosshead 

engine. 

Lower material temperatures 

means in principle a lower 

load on the parts around the 

cylinder. 

Top Ring 

1 00 200 300 °C 

The components of the Wartsila marine power system ~ 

I •<. i • ' . - "."."';T .. ,,,;.-;;;i 

Four-stroke engines 

WilrtsiLll20 • Warts/IA 200 -WArtsHA 26 

WArtsilA26X -WArtsilli Vasa 32/32GD 

WArtsilll 32 

Wilrtsilll38 

Sul2erZA40S 

WllrtslLll46/46GD 

WArtslLll 64 

I ,._ -·. -,,,.-·r -•~ .~, .. _ .... : ... '-:'"'· ·.• .. - .. .;. .. ~.,;;: JV. 

- -_\ -... '~ - - -

~-

l 

1 

The different cylinder 

diameters of four-stroke 

diesel engines at Wartsila. 
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.... 
A cast iron engine block 

of an in-line engine . 

.... 
A crankshaft of a 

V-engine. 

Note: the two lubricating-oil 

holes in the crankpin for 

both connecting rods. 

Crankshaft reconditioning at 

Mark van Schaick, 

Schiedam, The Netherlands. 
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To designers the following elements are essential: 

reliability; 

low user costs; 

low exhaust gas emissions; 

simple installation at low cost; 

applied mounting methods need to be reliable; 

low, simple maintenance. 

Engine block 

All lubricating oil- and cooling water ducting is 

integrated in the engine block which results in 

compact and safe operating systems. The cam 

shafts have also been fully incorporated in the 

block which creates a very solid entity. The engine 

block is made from special nodular cast iron, 

which is very strong and rigid and especially 

suitable for casting complicated forms. 

Crankshaft and crankshaft bearings 
Crankshafts are increasingly heavily loaded. When 

increasing the cylinder capacity the pressure in the 

cylinder rises, which results in higher forces on the 

crankshaft. This means the size of the crankshaft 

and the bearings must be increased. An optimum 

design of the crankshaft such as a reduction of 

the cylinder centre radius and expansion of the 

bearing surface reduces the surface pressure in 

the bearings. The crankshafts are fabricated from 

high qua lity forged steel. The crank pin and the 

crankshaft arc casehardened and subsequently very 

finely ground. 

The crankshaft- and crank pin bearings are 

manufactured from a tri-metal type using an 

aluminium/tin- or anrimonium/tin basis and work 

according co the so-called 'Thick-Pad Bearing' 

principle . 



The cylinder liner is made of fine perliric cast iron 

with high wear resistance and excellent running 

properties. 

The thick high-collar type cylinder liner is very 

stiff and therefore distortion is minimal. The 

collar has bore-cooling for an optimum liner 

temperature. The anti -polishing ring stops carbon 

particles from finishing up between rhe piston a nd 

cylinder liner which diminishes the wear and rear 

of these parts considerably. 

Cylinder head 

All modern cylinder heads have four valves: two 

inlet valves and two exhaust valves. This allows 

for the gas exchange to rake place swiftly and 

completely. The cylinder head is usually affixed 

with four cylinder head bolts. 

The head is manufactured from special cast steel, 

is very stiff and heat resistant. 

The supply o f combustion air, the discharge of 

exhaust gasses and the supply and discharge of 

cooling water rakes place via nodular cast iron 

'multi-ducts' which remain in one place when rhe 

cylinder head is dismantled. 
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Pistons 

Throughout rhe years the thermal and mechanical 

load on the pistons has increased. Therefore all 

pistons consist of two parts: 

1 a cast steel piston crown which contains rhe 

ring packing. This has good resistance against 

the high thermal and mechanical loads. T his 

material has good resistance against pitting of 

the piston rings in the piston ring grooves. 

2 a nodular cast iron piston skirt for surveying 

the piston and absorbing the lateral forces 

caused by the connecting rod mechaDism. The 

nodular cast iron has a very low expansion 

coefficient and retains suffic ient tensile 

strength at high o perating temperatures. 

...... 
Cross-section of a 

cylinder liner with 

bore-cooling in the 

built-up upper stroke and 

an anti-polishing ring (1) . 

... 
A cylinder liner with 

built-up upper stroke and 

ant i-polishing ring 

visible. 

... 
A piston with a cast steel 

piston crown and cast 

iron piston skirt. 

Note the gaps for the valves 

in the piston crown for 

exhaust-air scavenging . 

...... 
A modern cylinder head 

with four valves. 
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... 
The piston rings as 

shown here are chromed 

and the top ring has an 

extra ceramic layer. 

Piston rings 

Antipolishing 
ring 

Water distribution 
ring 

Chrome - ceramic 
piston ring 

Pressurized skirt 
lubrication 

Nodular iron skirt, 
low friction design 

A three piston rings design has been made for rhe 

sealing package. These are made of fine perlitic 

cast iron where both sealing rings are chromium 

plated. 

On cop of that the upper ring has an extra plasma 

... 
A modern diesel engine, manufacturer Caterpillar. 

coating and has high wear and tea r resistance. .l 

Two diesel generator sets on board a container-feeder 

7 .11.3 Example 3 - Four-stroke high speed with a Scania diesel engines. 

engines with high capacity at a 
'f 

A high speed heavy 

loaded twenty cylinder 

V-engine for propelling a 

relatively high RPM, fuel M.D.O. -
Engine category II 

Marine engines of this type are always subdivided 

fast catamaran. into two types: 

1 High output, often used in the mil itary 

The engine rooms have services. Additional characteristics arc: 

been placed in both complex designs, few operating hours between 

pontoons. The fuel is diesel big overhauls, costly components, extremely 

oil. Power output and weight high effective mean pressures and a low weight 

play an important role in relation to the output. 

The operating speed of this 

catamaran is 37,5 knots. 
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2 Engines for heavy operating conditions such 

as: earth moving equipment, gensets and other 

gear driven devices. Characteristics are simple 

and the design is robust with normal mean 

effective pressures and a fairly high weight in 

relation to rhe output. 

The demand for rhc somewhat smaller high speed 

diesel engines fo r propulsion and other gear 

driving has resulted in designs that can be easi ly 

integrated in high-volume seria l production lines. 

The following manufacture rs are market leaders in 

the manufacturing of engines with a cylinder bore 

of about 170 mm: 

Caterpillar, Cummins, Deutz MWM, GMT, 

Isotta- Franchini, MA -B&W Holeby, Perkins, 

Mitsubishi, MTU, MTU/DDC, Niigata, Paxman, 

SEMT-Piel tick, Warcsila and others. All 

manufacturers produce high-speed engine types. 



Characteristics 

Blocks of cast iron, with integrated cooling water­

and lubricating oi l ducts. Nodular cast iron is 

often applied. 

A underslung alloyed forged iron crankshaft 

with tri-mctal bearings. 

Cast fine pcrl itic cylinder liners. 

Light metal cast pieces for pistons, covers, inlet 

manifold and other engine parts. This crea tes a 

considerable weight reduction. 

- Weight in general plays a role in these engines 

in that they are often used in relatively light 

ships, such as catamarans, high-speed single 

hull ships and mobile gensets. 

• 

Many V-cngines of this type are built; therefore 

the size is limited in relation to the power 

output. 

Pistons often consist o f two parts, a cast steel 

pi ton crown and a light metal pisto n skirt. 

Cylinder heads are made from cast iron and 

contain four valves. 

A Deutz propulsion engine for a small dredging-craft. 

In the foreground the gear box for the propeller. 
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... 
A modern high-speed four-stroke diesel engine in 

V- form (manufacturer MTU) ready to be placed in an 

inland navigation tanker. 

These fairly large ships with a load capacity from 2000 to 

4000 tons usually have two propulsion engines. In view of 

the strict emission requirements all inland vessels run on 

diesel ol. 

Further evident technical details in this type of 

engine arc 

high mean effective pressures > 25 bar; 

high RPM up to 2 100 per minute; 

high mean piston speeds up to12 m/sec.; 

high power o utput per litre stroke volume; 

combustion pressures up to 200 bar; 

power output/weight rlltio h igh; 

sta te of the art fuel injection systems; 

high air charging with turbo charger groups up 

ro 4 bars; 

optimized coolant temperature at varying 

loads; 

improved lubricating oi l cooling for the piston. 

T 

A Caterpillar high-speed 

four-stroke diesel engine 

with twelve cylinders in 

V-form. 

1 air filter 

2 turbo blower {not visible, 

behind filter) 

3 compressed a,r to 

intercooler 

4 inter cooler 

5 cylinder head 

6 control console 

7 lubricating-oil filter 

8 lubncat,ng-011 cooler 
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A sixteen cylinder 

high-speed V-engine, 

make Mitsubishi. 

1 turbo blower 

2 intercooler 

3 cylinder head 

4 block fuel pump 

5 fuel fitters 

6 speed controller/ 

governor 

7 hiOh-pressure fuel lines 

8 lubricating-oil filters 

9 engine supports 

10 safety switch for 

lubricating-oil level in 

sump 

11 emergency stop 

Category I Mahle 105 I Mahle 109 I Mahle 120 I Mahle 121 

Composition (%) 

Si 

Mg 

Cu 

Fe 

Mn 
Zn 
Al 

Tensile strength 
Rm (N/mm2) 

Yield strength 

Ro 0,2 (N/mm2) 

Stretching at breaking 

load A(%) 

Brinell hardness 

(HB 2,5/62,5) 

Properties and 

applications 
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4,5-6,0 9,0-10,0 10,3- 13,5 
0,5- 0,8 0,2 - 0,4 0,06-0,12 
s 0,03 s 0,01 s o,1 
s 0,4 s 0,4 s 0,25 
s 0,5 $ 0,4 

rest rest rest 

s 260 s 260 s 140 

s 240 s 200 s 67 

$ 1 $ 4 s 5 

,:; 90 s 80 48-60 

Rust proof; Rust proof; Ductile, rust proof, 
Allin-cooling fin cylinder block of not heat cured; 
cylinder water cooled ship motor car wheel 

engines rims 

.. 
A table for the light-metal blocks for diesel engines. 

The main component is aluminium. 

The table shows an aluminium cast alloy for cylinder blocks 

of water-cooled marine engines, Mahle 109. 

9 to 10% silicon and 0.2 to 0.4% magnesium have been 

added. 

The table also provides the aluminium alloy Mahle 14 7, which 

is applied to unprotected bores in cylinder blocks without 

separate cylinder liners. 

The material is highly wear-resistant due to the alloy: 

silicon: 16 to 18% 

magnesium: 0.4 to 0. 7% 

copper: 4.0 to 5.0% 

10,3-13,5 

0,1 -0,3 

±0,1 

s 0,25 

rest 

s 145 

s 80 

s 3,5 

50- 70 

Ductile, rust proof, 

not heat cured 

I Mahle 147 I Mahle226 

16,0-18,0 7,5 - 9,5 

0,4 - 0,7 s 0,3 
4,0- 5,0 2,5-3,5 

s 0,7 s 1,3 
s 0,5 

s 0,7 

rest rest 

s 200 240 - 310 

s 160 160 - 240 

s 0,5 0,5-3 

90-120 80 - 110 

high wear and tear Die cast alloy for 
resistance; cylinder cooling fin cylinder 

without motor car running surface 
wheel rims protection 

SILUMAL- cylinder 



7 .11 .4 Example 4 - Smaller engines 

actually in engine category I: 

0 tot 100 kW but also higher in 

capacity, high speed, 

four-stroke fuel M.D.O. 

These engines are used for a large number of 

applications, such as the propulsion of smaller 

ships, gensets, pumps propulsion and traction. A 

noticeable difference is that, generally, many light 

metals are used. The main meta l is a luminium 

with added alloys. 

Properties of light metal 

low crystal density 

- good heat conduction 

- good corrosive properties 

- many machining capabilities and especially 

low weight 

Cylinder heads can also be made of light metal, 

but of course cast iron is also often used. 

Generally, crankshafts are made of malleable steel, 

although cast crankshafts still exist, especially in 

older type engines. 

CH7 > USE OF MATERIALS FOR DIESEL ENGINES 

Steel is often alloyed with chromium and 

molybdenum. 

The journals are ofren hardened by means of 

nitration. Flame hardening is a lso applied. 

Al,o ,t·t· Chapter 26, On:rhauling dic~el engine, 

.rnd thl'ir part~. 

Timing belts, (also known as Toothed, Notch 

or Cog belts) 

These are increasingly used in this engine category. 

They require no heavy cog wheels between the 

crankshaft and the cam shaft. However, they must 

to be replaced after a certain opera ting time. 

Bearings 

Usually hard steel tri-rnetal sleeve bearings are 

applied. The friction metal most frequently used is 

an aluminium alloy. 
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The fuel quality injected into the combustion 

space is essential for an optimal running of 

the diesel engine. 

Cleaning the fuel, here performed by Alfa 

Laval centrifuges for H.F.O. on a large 

container ship is an important aspect of fuel 

treatment prior to injection. 
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.. 
Diesel engines have been powered by liquid carbon 

compounds distilled from crude oil for over a hundred 

years. 

The refined crude oil can be used as gas oil, diesel oil and 

heavy oil for the four diesel engine categories. Since the year 

2000, other fuels such as natural gas and bio gas are also 

successfully used. Bio fuels are becoming increasingly 

frequently used, especially in smaller diesel engines in the 

road transport and agriculture sectors. Today a few medium­

speed engines are equipped to run on bio diesel. 

l' 

Diesel oil requirements 

according to 

ISO 8217 / 1996.2005. 

There is a subdivision 

consisting of four categories: 

OMX, OMA, DMB and DMC. 

ISO 8217 standard; 2005 

8.1 Introduction 

Since the fuse internal combustion engine was 

built according to the Otto-principle around 1860 

and according to the Diesel-principle in 1896, to 

present day, 2008, mixtures of gaseous and liquid 

hydrocarbons are generally used. 

The gaseous hydrocarbons used in the Otto-engine 

were predominantly a mixture of mining gases, 

process gases and land fill gases. Much later, after 

gas- and oil supplies were discovered deep in the 

earth's crust, mostly natural gas and oil were used. 

Today, natural gas resources exploration continues 

with gas fields being discovered and exploited. 

Otto-engines are also used frequently, for instance, 

MGO MOO 

~ISO 
Grade 

2005 OMX OMA 0MB OMC 

Characteristics Units Limit 

Density at 15 •c kg/m2 max - 890.0 900.0 920.0 

Viscosity at 40 •c est 
min 1.40 1.50 - -
max 5.50 6.00 11.00 14.00 

Flash Point ·c min 43 60 60 60 
Pour Point, Winter Quality ·c max - - 6 0 0 
Pour Point, Summer Quality ·c max - 0 6 6 
Cloud point •c max -16 - - -
Micro Carbon Residue on 
10% Residue %m/m max 0.30 0.30 - -
Micro Carbon Residue %m/m max - - 0.30 0.30 

Ash %m/m max 0.01 0.01 0.01 0.05 

Total Sediment Existent %m/m 
(-} 

0.10 max - -
0.10 

Water %VN max - - 0.30 0.30 
Cetane Number min 45 40 35 -

(Clear) (Clear) 
Visual Inspection Clear and Clear and - -

Bright Bright 

Sulphur %m/m max 1.0 1.5 2.0 2.0 
Vanadium mg/kg max - - - 100 
Aluminium + Silicon mg/kg max - . - - 25 

Used Lubricating Oil (UL0)1·2 

- Zinc mg/kg max - - - 15 
- Phosphorus mg/kg max - - - 15 
- Calcium mg/kg - - - - 30 

1 Fuel shall be free of ULO. 
2 All three elements shall exceed the same limits before a fuel shall be deemed to contain ULO. 
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in motor cars with liquid fuels such as petrol, 

a very light liquid hydrocarbon compound. 

Of the gaseous hydrocarbons natural gas is 

generally used for stationary gas engines. However 

over the past five years, other gases such as land 

fill gas, sewer gas, bio-gas and other waste gases 

are becoming increasingly important due to energy 

saving and environmental issues. 

Al\o ~cc Chapter 29, Rcccn! dcvelopmrnr~ in the 

fuel mdtl',tr). · 

The comparatively light liquid hydrocarbon 

compound diesel oil has been the most frequently 

used fuel since tbe introduction of the diesel 

engine. Around 1950 heavier fuels, initially used 

only in steam boilers, were used as a fuel in low­

speed crosshead engines with a RPM of 80 to 120 

revolutions per minute. As the fuel costs soared this 

so-called heavy oil was used more regula rly. 

From 1985 onwards, heavy oil has been 

increasingly used for four-stroke diesel engines 

with a RPM of about 1200 revolutions per minute. 

Above these RPM's, the combustion time is too 

short to achieve complete combustion of heavy 

oil. The price of gas oil is presently twice that of 

heavy oil. 

Today, heavy o il is becoming increasingly 

a residual product in oil refineries with a 

corresponding loss in quality. 

8.2 Composition of liquid fuels 

Apart from carbon and hydrogen, many other 

elements are found in fuels, such as oxygen, 

nitrogen, sulphur, and various metals which are 

often bound to the hydrogen carbon molecules. 



8.3 Definition of heavy oil 

This is a fuel which is manufactured from the 

remaining distillate of the crude o il distillation 

refining process and is characterised by its 

viscosi ty. Residual fuel is a general term for heavy 

fuels that are characterised by a high specific mass 

and a high viscosity. H eavy oil consists mainly of 

res idues from the distillation and refining process. 

Heavy fuel values 

For specific mass: between 950 and 

For viscosiry: 

J 020 kilograms per ml. 

over 30 cSt at 50 °C. 

Diesel o il consists mostly of lighter fractions of 

crude oil. 

Gas oil: specific mass 820 to 880 kilograms 

per m3
• 

Marine djesel oil : specific mass 840 co 

920 kilograms per ml for a viscosity t0 

30 cSt at 50 °C. 

Definition heavy oil d iesel engine: A true heavy oil 

diesel engine can start, stop and run on heavy oil 

at every load . 

Characteristics Units Limit 

Density at 15 •c kg/m3 max 960 975 980 

Klnemat,c V,scos1ty at 50 •c cSt max 30 30 80 

Flash POl!ll ·c max 60 60 60 

Pour Point, Winter •c max 0 24 30 

Pour Point. Summer •c max 6 24 30 

Micro Carbon Residue %m/m max 10 10 14 

Ash %m/m max 0.10 0.10 0.10 

Water %VN max 0.5 0.5 0.5 

Sulphur %m/m max 3.5 3.5 4.0 

Vanadium mg/kg max 150 150 350 

Atum1n1um + Silicon mg/kg max 80 80 80 

Total Sediment Potential %m/m max 0.10 0.10 0.10 

Used Lubricating 011 (ULO)' 2 

- Zinc mg/kg max 15 15 15 

- Phosphorus mg/kg max 15 15 15 

- Calcium mg/kg max 30 30 30 

1 Fuel shall be free of ULO. 

CHS > FUELS. FUEL-LINE SYSTEMS AND FUEL CLEANI 

8.4 Refining crude oil 

Refining process 

Step 1: Salt is removed by water washing. 

Step 2: Atmospheric distillation. Crude oil is 

heated up ro 375 °C under a tmospheric 

pressure. 

Products 

gases 

distillates 

vapours 

Step 3: Vacuum distiUation at an absolute pressure 

o f 0.05 to 0.15 bars and a temperature of 

400 °C. Then a further distillation of the 

atmospheric residue takes place. 

Products 
vacuum gas oils 

vacuum res idues 

These residues already have a high viscosity and 

specific mass. 

Step 4: Thermal-cracking; the vacuum residue is 

thermally treated with high temperatures 

and pressures t0 produce products with a 

lower viscosity. 

Products 

gas 

distillates 

therma 1-cracki ng residue 

991 991 991 991 

180 180 380 380 

60 60 60 60 

30 30 30 30 

30 30 30 30 

15 20 18 22 

0.10 0.15 0.15 0.15 

0.5 0.5 0.5 0.5 

4.5 4.5 4.5 4.5 

200 500 300 600 

80 80 80 80 

0.10 0.10 0.10 0.10 

15 15 15 15 

15 15 15 15 
30 30 30 30 

1010 991 1010 

380 700 

60 60 60 

30 30 30 

30 30 30 

22 22 22 

0.15 0.15 0.15 

0.5 0.5 0.5 

4.5 4.5 4.5 

600 600 600 

80 80 80 

0.10 0.10 0.102 

15 15 15 
15 15 15 
30 30 30 

~ 

Heavy oil requirements 

according to 

ISO 8217/1996.2005. 

Fuels can be divided into ten 

different fuel classes. The 

viscosity at 50 °C ranges 

from 30 to 700 est. This 1s 

often expressed in 

centistokes: sometimes in 

mm2 per second. 

2 All three elements shall exceed the same limits before a fuel shall be deemed to contain ULO. 
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~ 

A simple diagram of the processes that crude oil 

undergoes in order to obtain products such as gases, 

gas oil, diesel oil and lubricating oil. 

r+ 

- 1 
Atmospheric 

Distillation 

·-

I 
The most popular heavy fuel is made from the waste product 

residue that remains after these four processes. Due to an 

increased demand for lighter fuels in for instance road 

transport, aviation and the chemical industry, refineries are 

increasingly looking for ways in which lighter carbon 

compounds can be refined from crude oil. This results in a 

poor quality residue, which forms the basic product of the 

heavy fuel and therefore poses problems for the heavy fuel 

powered diesel engines. 

Crude oil 
Straight 

Run 
Gas Oil 
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Long 
Residue 

Step 5: Catalytic cracking; catalysts added to the 

process aiding the process of breaking 

down long hydrocarbon chains without 

requiring high temperatures. 

Products 

petrol 

light fuels 

heavy fuels 

Note 

Part of the catalysts, the so-called 'cat-fines' 

can remain in the heavy oil. These a luminium 

compounds can seriously damage the fu el 

pumps and atomisers and must be removed by 

centrifuges. 

Shell Hycon installation 
About a dozen years ago Shell developed a special 

method to process crude o il, the so-called H ycon 

installation. During this process hydro carbon 

is injected into the crude oil under a pressure of 

200 bar and at 500 °C and heavy asphaltenes are 

broken down into smaller carbon chains which 

can then be distilled. Sulphur and vanadium are 

then removed and very little residue remains. 

Due to the growing number of Hycon refineries 

chat are being commissioned, the amount of 

residue from which heavy o il can be obta ined is 

decreasing along with its poor quality making it 

less suitable for diesel engine combustion. 

Vacuum 
Distillation n 

l I 

-
Catalytic 
Cracking 

-

Thermal 
Cracking 

i 
Vacuum 
Gas Oil 

Catalytic Ther mal 
Cracked Crac 

Short 
Residue 

Cycle Oil 
Slurry 

Cycle Oil Gas 

Thermal 
Cracked 
Gas Oil 

Residual Fuel Oil 

l ~ 

8.5 Chemical composition of 
hydro-carbon compounds 

One distinguishes between paraffins and aromats. 

Paraffins consist of long rigid chains. 

As crystallisation occurs at relatively high 

temperatures, this fuel requires heating at low 

temperatures in order to prevent problems such as 

pipe blockage. 

Properties: good ignition properties and high 

solidification point. 

Aromats consist of conjugated planar ring 

systems. They have poor ignition properties and 

may contain asphaltenes that have a high specific 

mass. Asphaltenes are o il molecules that do not 

dissolve in light crude oils. 

Properties: high specific mass and poor ignition 

properties. 

H eavy oil is always a mixture of the para ffins and 

aromats. 

8.6 Standardisation of liquid fuels 

It is imperative that guidelines be established for 

liquid fuels. We have already seen that fuels can 

roughly be classified as follows. 

Gas oil 

This product consists of distillates and is used 

for small fast running diesel engines with low 

temperature operating conditions. Examples are 

back up generators and boat engines. Category I 

engines. 

ked 
Oil 



Marine diesel oil 
Often indicated as 'M.D.O.'. 

This product consists for a large part of distilla tes 

and contains a small percentage of residues. 

This percentage usually lies between 15 and 20 
percent. Generally, the fu el is no t heated . There is 

risk of pipe blockage d ue t0 crystallisation of the 

paraffins at low temperatures. T his is also called 

'flocculation'. 

This fuel is generally used in high-speed diesel 

engines. Category I an d II engin es. 

Heavy oil 

Often indicated as 'H .F.O.'. 

This product consists ma inly of various residues 

mixed with lighter fuels so that the correct 

viscosity is obtained. Depending on the type of 

mix ture, these fuels must be heated to a maxim um 

of 150 °C for optimum combustion. H.F.O. is used 

in large low-speed two-stroke crosshead engines 

and larger medium-speed four-stroke trunk piston 

engines. Category ill en IV engines. 

Fuels must meet minimum requirements 
These requirements have been laid down 

by ISO, the International O rganization for 

Standardization, in collabo ration with the 

association of diesel engine manufacturers, the 

Cirnac, the French 'Conseil International des 

Machines a Combustion ' . Cimac is an interest 

group in the fi eld of the ' non-auromotive' 

combustion engines for gas- and diesel engines as 

well as gas tu rbines. 

Marine residual fuel specifications 

Fuel classes according to ISO 8217(1996) 

Kinematic viscosity at 100 •c mm2/s 11 max. 

Flash point ·c min. 

Pour point (superior) ,, 
winter quality ·c max. 0 
summer quality ·c max. 6 

Conradson Carbon residue %(m/m) max. 10 

Ash content %(m/m) max. 

Water content %fl/N) max. 

Sulphur content %(m/m) max. 

Vanadium mg/kg max. 150 

Aluminium + silicon mg/kg max. 

Total potential sediment % (m/m) max. 

1) 1mm2/s= 1 est. 

10.0 

60 

0.10 

0 .5 

3.5 

80 

0.10 

CHS > FUELS, FUEL-LINE SYSTEMS AND FUEL CLEANING 

The requirements are stipulated in the standard 

specification 150-8217: 1996/2005. 
Each specification has a test method indicating a 

minimum or a maximum value acknowledged by 

the ISO. 

The following table contains the specifications for 

heavy fuels. Shown here, the standards for diesel 

engines make MAN-B&W, four-stroke medium­

speed type V40/50. Engine category III. 

.. 
The kinematic viscosity is defined at100 °c, the fuel 

treatment mean temperature. All fuel related data are 

as a standard made available in English. The table 

provides the compliance specifications for heavy fuel 

oil. There are six viscosity categories, which can be 

further divided into five different c lasses of specific 

mass, carbon parameter number and vanadium 

content. 

The c lassification is denoted with an 'R' of residue. The 

numbers provide the kinematic viscosity at 100 °C, so 

RMA 10, RMD 15, RMK 35 etcetera. 

The specifications for engines built in or after 2005 are in 

accordance with ISO-821 7/2005. Engines built before 2005 

are specified under a different standard. 

15 .0 25.0 35.0 

60 60 60 

24 30 30 30 
24 30 30 30 

14 14 15 20 18 22 22 

0.10 0.10 0.15 0.15 0.20 

0.8 1.0 1.0 

4.0 5.0 5.0 

300 350 200 500 300 600 

80 80 80 

0.10 0.10 0.10 

45.0 

60 

30 
30 

0.20 

1.0 

5.0 

600 

80 

0.10 

55.0 

60 

30 
30 

22 

0.20 

1.0 

5.0 

600 

80 

0.10 

2) The buyers must make sure that this pour point is appropriate for the equipment , especially for ships which sail from one hem isphere to the other 

137 



DIESEL ENGINES > PART I 

:g 
>, 

"' Cf) 

Ul oi 
-0 U) 

§ ~ 
"·­<!) C: 

Cf) ::i 

>-400 000 

200 000 

>-1 00 000 

- so 000 

>- 20 000 

- 10000 

- sooo 

- 3000 

- 2000 
>- 1 500 

- 1 000 
- 800 

- 600 

>-400 

>- 300 

200 

150 

100 

80 

70 

60 

50 

>-45 

>-40 

>-36 

- 400 000 

-200000 

-100 000 

>-50 000 

20 000 

10 000 

5 000 
4 000 
3 000 

2 000 
1 500 

1 000 
800 
600 
500 
400 

300 

200 

150 

>-100 

>-80 

-70 

-60 

-so 
-45 

- 40 

35 

33 

Example 

,-100 ooo 

,_50 000 

,_ 20 000 
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A viscosity -temperature table for fuels. 

horizontal: the fuel temperature between -1 O and + 170 °C 

vertical: the fuel viscosity in various units. 

The unit to the right is most frequently used: the kinematic 

viscosity in mm2 per second of centistokes. 

The light blue horizontal band indicates the optimum fuel 

injection viscosity area. In this case. 13 to 17 centistokes. 

~ ... 

The horizontal line at 1000 centistokes gives the 

maximum viscosity value at which the fuel is pumpable 

from, for instance, a storage tank to a settling tank. 

The slanted lines are the lines for various fuels at a certain 

viscosity. 

Bottom left: gas oil, subsequently diesel oil and then 

the heavy fuel oils of 30, 60. 100, 180. 380, 600 and 

700 centistokes. 

r--._ ~ ~ ... Oils can be pumped only with difficulty 
..... ~ I or not at all 

r.... r--.... ~ ... r-,... I Bunker Fuel Oil 

' 
... 
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Fuel oil temperature 
[OF] 

To obtain the recommended viscosity before fuel injection pumps a fuel oil of 380 mm2/s (cSt) at 50 °C must be heated to 130 to 140 °C 
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8. 7 Fuel properties 

8.7.1 Viscosity- in centistokes or 
mm2/ second 

This is a measure of the viscosity or 'resistance to 

flow' of fuel. [t is measured by time taken for a 

fluid to drain from a graduated cyl inder through a 

calibrated opening. The longer the discharge time 

the thicker the o il and the higher the viscosity. 

The unit of measure is centistokes indicated by cSt. 

This can also be indicated by mm2 per second. The 

viscosity is, of course, strongly influenced by the 

temperature; this is why the temperature at which 

the measurement is taken is always noted. 

Examples 

At -10 °C, gas oil still has good viscosity of 

:t: 10 cSt. 

Diesel oil still has good atomising qualities at 

15 °C. 

Heavy oil of 30 cSt. requires heating to 

approximately 75 °C to atomise properly. 

Heavy oil of 380 cSt. requires heating to 

approximately 130 to 140 °C to obtain the correct 

viscosity. 

Comments 

Naturally every engine manufacturer has his 

own prescribed viscosity range for optimum 

atomisation. 

Medium-speed engines with a high number of 

revolutions and therefore a shorter process time 

often have lower viscosity fuels. 

Two-stroke low-speed crosshead engines with 

a longer process time often have fuels with a 

viscosity that can increase up to 15 cSt. 

The maximum allowable fuel temperature is often 

prescribed by manufacturers and amounts to 

150 °C. This is mainly done to avoid problems 

with the fuel pump seals. Fuels with a viscosity 

of 600 and 700 centistokes are rarely used as the 

price difference with fuels having a viscosity of 

380 cSr. is negligible. The fuel temperature needs 

to be approximately 10 °C higher at 600 and 

700 cSr.! 

CHS > FUELS, FUEL-LINE SYSTEMS AND FUEL CLEANING 

8.7.2 Density denoted by kilogram per m3 

This signifies the mass in k ilograms per m3 at 

15 °C. This is very important with regard to, 

for instance, the required storage space and the 

settings of the centrifuges. The most advanced 

centrifuges can clean fuel with a density of 

1010 kg per m3 at 15 °C. 

1\l,o .,ct· Uupter 24, Au-.il1ary <,v,tcm'>: 1- Ut·I .rnd 

luhricating-011 .::emritugal ,epararor,. 

The rule of thumb for the density correction at an 

increased temperature: 

s.m.accual = s.m. ,s ·c - 0.64 x (tacrual - 15) 

8. 7 .3 Flash point denoted by 
degrees Celsius 

T he flash point is the minimum temperature at 

which the fuel vapours formed over an oil sample 

that is warmed-up in a special heating device, first 

burns after being ignited with a test flame. 

The Pensky Martens closed cup flash point tester 

is a well-known and often applied instrument fo r 

determining the flash point. In the shipping industry 

the minimum flash point of 60 °C is enforced due 

to safety issues (explosion- and fire hazards). Fuel 

for barge engines and back-up generators forms 

an exception. To ensure low temperature ignition 

of these engines a flash point of 43 °C is a llowed. 

Modified ru les apply to the M.O.B. (man-over­

board-boat) which is equipped with an outboard 

motor and where very light petroleum is used as a 

fuel. 

8.7.4 Flow point-denoted by 
degrees Celsius 

This is the lowest temperature expressed in 

degrees Celsius at which a fuel can be treated or 

still flows. T his is about three degrees above the 

sol idi fy ing point. The solidifying point is of the 

utmost importance in the storage and processing 

of fuels . 

Furthermore, the fuel must be pumpable. Once 

heavy oil has solidified, it is extremely difficult 

to liquify it by using heating coils. The oil often 

only liquifies around the coils as the oil no longer 

circulates. When using heavy oil heating is an 

absolute necessity. 
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8.7.5 Carbon residue or Conradson­
carbon number, also denoted by 
Micro Carbon Residue abbreviated 
as M.C.R. - indicated in percentage 
mass 

This is a measurement for the formation of carbon 

and coal deposits during combustion. This is 
important when considering the contamination 

of the combustion space in which the atomiser 
nozzles, the exhaust valves, the pistons, the piston 

rings and the piston ring grooves are found and 

in the exhaust system containing among others 

the turbo blower, the exhaust gas boiler and the 

silencers. 

The carbon residue is determined in the 

Conradson apparatus; fuel is heated in a crucible. 

At high temperatures the lighter hydrocarbons 

vaporise and the heavier hydrocarbons are 

cracked, breaking down the long chains into 

smaller ones. The pure carbon residue that 
remains is subsequently measured. 

8.7.6 Ash content - denoted by 
percentage mass 

This represents the inorganic material content that 

is left behind after combustion at extremely high 

temperatures when the carbon is removed. For 

ship fuels the ash content lies between 2/1000 and 

9/100 percent mass. 
The inorganic metal oxides found are often those 

of vanadium, nickel, chromium and sometim es 

sodium. The latter mostly resulting from salt water 

flooded oil fields or during transport. Sodium 

can also be introduced into the fuel during crude 

oil processing such as washing. Aluminium and 

silicon are also found in fuel. They are introduced 

during the catalytic cracking process. Fuel also 

contains substances such as rust and dirt, mostly 

from storage tanks, bunkers or double bottom 
tanks. 

If the ash content in the fuel is considerably higher 

than the sum of the parts of sodium, aluminium 

and silicon, further research is required. Ashes 

may cause wear and engine corrosion. 

8. 7. 7 Water content -denoted by 
percentage volume 

Fuels always contain a small amount of water. 

This enters during transportation, processing in 

the refinery and storage in tanks, especially air 

by condensation. A maximum of 1 % of water is 

allowed in fuel. In reality 80% of the fuels contain 

less than 0.3% water. At high water content values 
the heat value of fuel decreases. 

8. 7 .8 Sulphur content denoted by 
percentage mass 

This is one of the most common elements in liquid 

fuels. The sulphur content in heavy oil varies 

from 1.5 to 3.5%. Sulphur poses problems in the 

form of low temperature corrosion, L.T.C. (Low 

Temperature Corrosion). Together with water and 
oxygen, which are always present in air, sulphur 

forms sulphuric acid. Sulphuric acid can damage 

the cylinder liner and, for instance, the exhaust 

systems at low engine loads. 
In the future, IMO will check ship fuels in 

order to reduce air pollution. Worldwide the 

maximum sulphur content will be set at 4.5% and 

in vulnerable areas, a maximum of 1.5%. This 

measure will become effective before 2010. 

8. 7 .9 Vanadium content denoted by 
milligrams per kilogram and also 
in parts per million (normally 
indicated by p.p.m.) 

This metal is found in all fuels. It is bound to 

hydro-carbons and can not normally be separated 

from the fuel. Vanadium contents can vary from 
10 p.p.m. to 1000 p.p.m., dependent on the 

natural oil field. After combustion of the fuel in 

the cylinder the vanadium remains in the ash. At 
a certain temperatures and compositions it forms, 

when combined with sodium and sulphur oxides, 
a very aggressive precipitate especially on the 

exhaust valves. 

Adequate cooling of the exhaust valve and valve 

seats and usage of, for instance, a corrosion 

resistant valve material such as 'Nimonac' this 

high temperature corrosion, (abbreviated H.T.C.), 

can be limited. 



8.7.10 Aluminium- and silicon content­
denoted by milligrams per kilogram 
and often p.p.m. 

This occurs mainly in the form of an aluminium 

silicate, a catalyst used in the catalytic cracking 

of crude oil. These compound silicates are small 

(1 to 100 micro millimetres) and very hard and 

can cause serious wear to atomisers, fuel pumps, 

pistons, piston rings and cylinder liners. 

A good centrifuge can remove the majority of 

these silicates as their specific mass far exceeds 

that of the fuel. 

A maximum of 80 p.p.m. total of the two metals 

is allowed to be present in the fuel and aluminium 

alone has a limit of 30 p.p.m .. 

8.7.11 Total sediment - indicated by 
percentage mass 

These are ash-like substances or insoluble hydro­

carbons. Heavy oil contains asphaltenes which 

are usually soluble in the fuel. Fuels that contain 

insoluble asphaltenes, are cal led unstable fuels. 

These unstable fuels may contain large quantities 

of sediment, overloading the centrifuges and 

causing them to work poorly. 

Fuel obtained from the catalytic cracking process 

contains many aromats. This is one of the main 

reasons that suppliers accept it as a diluent. 

Fuels acquired from either thermal cracking or 

from the 'Hycon'-process pose more problems 

concerning fuel stability. 

Simply put: the latter techniques increase the 

likelihood of unstable fuels. 

8.8 Additional fuel specifications 

These are not incorporated in standard 

specifications, but are in practice important to the 

user and are often prescribed by engine builders. 

8.8.1 Calculated Carbon Aromaticity 
Index, indicated by the abbreviation 
C.C.A.I.: indefinite number 

This is a unit with which the ignition quality of 

heavy oil is expressed. 

This C.C.A.l. bas been introduced because the 

quality of heavy oil continues to deteriorate. 

Modern refineries can increasingly refine light 

fuels from various residues, which leaves the last 

remnants proving increasingly difficult to use for 

diesel engines. The ignition quality is especially 

important. 

CHS > FUELS, FUEL-LINE SYSTEMS AND FUEL CLEANING 

The Shell system of quality indicators is used. 

Fuels that have a high carbon percentage ('heavy 

oil') which are bound to aromatic compounds 

produce a longer ignition delay than fuels with 

fewer aromats. Research has also shown that there 

is a relationship between the carbon aromaticity 

and the fuel properties of density and viscosity. 

The C.C.A.I. value can be established by means of 

a formula or a nomogram. 

Formula: 

CCAJ = p - 81 - 141 x lg· fig· (v + 0,85)] -

483 x lg(T + 
273

) 
323 

Where: 

p = fuel density in kg/m3 at 13 °C; 

v = kinematic viscosity in mm2/sec. or cSt at 50 °C; 

T = temperature in °C when the viscosity 

measurement is taken. 

One often uses the above nomogram in which the 

viscosity and the density of the fuel are known by 

drawing a straight line through these two known 

points which bisect the C.C.A.I.-line. The value at 

this intersection is the C.C.A.I.-value for the fuel. 

C.C.A.1.-values 
Normal heavy oil has C.C.A.1.-values of 770 to 

840 and is easy to ignite. Cracked residues have 

values that can increase to 840 or even to values 

exceeding 900. Most heavy oils have maximum 

values of approximately 850 to 870. 

In many engine manufacturers' product guides the 

maximum C.C.A.1 .-value is mentioned in addition 

to all other (ISO) specifications. 

8.8.2 Calorific value 

This is the heat that is released during the 

combustion of 1 kilogram of fuel, expressed in 

kilojoules per kilogram of fuel. 

We know the higher heating value. Here the 

combustion gases are cooled to the point that the 

water vapour in the flue gases condenses thereby 

releasing the condensation beat present in the 

water vapour. In reality this condensation very 

rarely occurs in diesel engines. Just think of the 

formation of sulphuric acid! 

ln gas engines one often uses this condensation 

heat by placing a flue gas condenser in the exhaust 

pipe. This is manufactured from stainless steel and 

on top of this the gases contain very little sulphur. 
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V 

A so-called nomogram to determine the 

C.C.A.1.-number of a heavy fuel. 

The vertical colurrn to the right represents the 

C.C.A.1.-number. This is an abstract number. 

The fuel RMH 55 is an example. It has a viscosity of ± 

The first vertical column represents the kinematic viscosity at 750 est and a specific mass of 990 kg per m2 at 15 °C. 

50 and 100 °C. Unit in mm2 per second. By drawing a line to the right through the points mentioned 

The middle vertical column represents the specific mass at above, the line intersects the right column at a 

15 °C. Unit in kilograms per m3. C.C.A.1.-number of approximately 852. This is fairly high, 

but nevertheless acceptable. 

[ ] ( T + 273) CCAI = p · 81 • 141 log (10) log (10) (V + 0,85) · 483 log (10) 323 

p : density at 15 °c (kg/m3
) 

v : kinematic viscosity (mm2/s) at T temperature 

T : temperature corresponding to the kinematic viscosity measurement (0 C) 

Kinematic viscosity 
(mm2/s) 

at 50 °C 

4 
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at 100 °C 

p Density at 15 °c 
(kg/m3

) 

1 mm2/s = 1 est 

RMH 55 

ISO 8217 : 1996 

NOMOGRAM TO DEDUCE CCAI 

CCAI 

800 

810 

820 

830 

840 

850 

860 

870 

880 

890 

900 

910 

920 

930 

This diagram can be used to find the CCAI number of a fuel oil when density and viscosity are known. The CCAI 
number can be determined by drawing a straight line through the viscosity and density values. The line for the 
RMH 55 (ISO 8217 : 1996) is outlined as an example. 



A chart which clearly shows the effects of the sulphur 

content and the specific fuel mass on the heat value. 

horizontal: the sulphur content in percent volume in the fuel 

vertical: the heat value in MJ per kilograms fuel 

the slanted lines: the specific mass of the fuel in kg per m3 

The bottom line has a specific mass of 1050 kg per m3. 

The top line has a specific mass of 800 kg per m3. 

In relation to heavier fuels, light fuels contain less carbon 

atoms and more hydrogen atoms. Carbon has a relatively 

high atomic weight and hydrogen, a relatively light atomic 

weight. 

Hydrogen generates more energy during combustion than 

carbon. A high sulphur content also inhibits the provision of 

energy, 

Fuel with a low specific mass and sulphur content has 

therefore the highest combustion value. 

We usually work with the lower heating va lue or 

net ca lori fic value. 

Lower heating value = higher heating value - heat 

of vaporisatio n. 

The lower heating va lue is determined by, among 

other things, rhe following properties: 

- the densi ty; 

- the water content; 

- the ash content; 

- rhe sulphur content. 

Examples 

Fuel with a specific mass of 8~0 kg per m 3 and a 

sulphur content of 0.5% has a lower heating value 

of 43.5 MJ/kg. 

Fuel with a specific mass of 1050 kg per m3 and a 

sulphur content of 4 % has a lower heating value 

of 39.2 Mj/kg. 

The lower hearing value can also be established by 

using formulas and nomograms. 

Below is an example o f how to calculate rhe lower 

heating value or 'specific energy'. 

A higher density means that the fuel contains m o re 

carbon and fewer hydrogen atoms. 

Lower heating values of common fuels 

gas oil 43,000 kJ/kg 

diesel oil 42,700 kJ/kg 

heavy oil 40,500 k]/kg 
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Sulphur content in percent volume in the fuel 

Ir is easy to calculate the energy supply ro the 

diesel engine by using the lower hearing va lue. 

Examples 

A six-cylinder Carerpillar-MaK 32 C diesel engine 

has a power o utput of 500 kW per cylinder. 

The specific fuel consumptio n for the screw 

propulsion is 178 grams per kWh ar full capacity 

(100%). The engine uses heavy oil with a lower 

heating va lue of 42,000 kJ per kg. 

What is the total efficiency of this engine? 

Energy supply to engine = PF= 

Fuel consumption = 6 x 500 x 0.178 = 

534 ki logram per hour. 

Supplied energy = mass fuel per second x 

lower heat value 

p = ~ X kJ =~=kW 
F sec kg sec 

534 
PF= 3600 x 42.000 = 6230 kW 

Shaft power 
Total engine efficiency= . 

Energy mput 

Total efficiency=!~~~ = 0.4815 or 48.15% . 

Specif ic 
mass 
Kg/m3 

800 

850 

900 

950 

1000 

1050 
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~ MaK 
Important data for a 

Caterpillar-Mak 32 C 

diesel engine. 

1. Engine description 

The M 32 C is a four stroke diesel engine, non-reversible, turbocharged with direct fuel injection. 

Cylinder configuration: 
Bore: 

Stroke: 
Stroke/Bore-Ratio: 
Swept volume: 
Output/cyl.: 
BMEP: 
Revolutions: 
Mean piston speed: 
Turbocharging: 
Direction of rotation: 

8.8.3 Fuel stability 

Fuel is stable when during long-term storage in, 

for example, tanks, bunkers or a double bottom 

on ships, heavy components do not separate and 

gravitate to the bottom of the storage tanks. 
Especially in the thermal cracking process, the 

residue usually contains very long and heavy 
chains which are difficult to dissolve in the 

surrounding (lighter) oi l distillates. 

When these residues are mixed with much lighter 

distillate oils in the manufacture of the heavy oil, 

it is a possibility that the heavy compounds slowly 

sink. This is called a volatile fuel. One often uses 

gas oil in the mixture. 

V-engine M 32 C 

Driving end 

Clotkwiu 

Counter· 
clockwlu 

12, 16V 
320 mm 
420mm 
1,3 
33,8I/Cyl. 

480/500 kW 
23,7/23,7 bar 
720/750 rpm 
10, 1/10,5 m/s 
single log 
clockwise, option: counter-clockwise 

Using these volatile fuels can create serious 

problems: 
sludge forming in the fuel tanks; 

Frtl 
tlld 

- problems with the centrifuges during the fuel 

cleaning process. Here a large amount of 
sludge (sediment) is extracted, which often 

blocks the centrifuge entirely; 
fuel fine filters can get completely obstructed. 

8.8.4 Miscible fuels 

It should be stressed that mixing different fuels is 

highly inadvisable. 

There is always the possibility that this can result 

in a unstable fuel. Tanlcs should preferably be 
drained completely before being filled with a 'new 
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fuel'. In reality it is not always feasible to remove 

all the 'old ' fuel from a tank. 

To establish the fuel stability Shell has developed 

a test which can be performed on site. Heavy fuel 

instability is a common occurrence. 

8.8.5 Ignition quality, the Cetane number 

This only applies to light distillates such as gas oil 

and diesel oil. 

The Cetane number is a measurement of the 

ignition quality of fuel. Highly aromatic fuels 

have a lower cetane number. Pre-chamber diesel 

engines require fuel that has a cetane number 

of at least 35. Direct injection engines require a 

8.9 Decreasing the sulphur 
content in fuels 

Regulations with regard to sulphur content in 

fuels. 
In order to reduce the negative environmental 

effects, the regulations concerning the maximum 

allowable sulphur content of diesel fuel or heavy 

o il are being continually intensified. Here one 

differentiates between: 

inland waters; 

coastal waters; 
regional waters, for instance the European 
Union. 

cetane number of at least 40. The cetane number is These stringent regulations already apply to 

established using a test engine. diesel engines used in the automotive industry 

or, for example, cranes and trains (traction). 

8.8.6 Combustion quality The regulations are also being tightened for 

other engine types in inland navigation such as 

When a fuel ignites easi ly, this means it will also propulsion, gensets and bow thruster propulsion. 

combust well. The hydro carbons with chain- Diesel engines requi re a certificate stating that 

like molecule structures (paraffins), burn faster they meet the stipulated emission values. Rules 

than the hydro car bons with circular molecule and regulations have also been implemented and 

structures (naphthenes). During combustion of the are becoming more stringent for the international 

latter a large amount of free carbon is produced shipping industry and diesel power plants. 

by the cracking reactions, which in turn translates 

into high carbon numbers. Today the carbon 

number is extremely high, over 20 % to be precise, 

this causes slow combustion. 

8.8.7 Hydrogen sulphide (H2S) 

This is a toxic gas which can be present in some 

crude oils and heavy oil fuels. Damage can occur 

when present in high concentrations. Water, a 

combustion by-product, can form sulphuric acid 

(H
2
SO

4
) when mixed with hydrogen sulphide. 

Inhaling hydrogen sulphide 
This is an extremely dangerous health hazard. 

Death can occur rapidly at high concentrations. 

~ 

A table providing the concentration of H2S in parts per 

million. 

At a concentration of approximately 100 p.p.m., sulphur gas 

inhalation is life threatening. Lower concentrations can also 

pose a health hazard. 

H2S concentrations and their effect on humans 

~ 
0.2-0.5 First detectable by smell. 

10 
Limit for eight hours working, may 

cause some nausea, eye irritation. 

15 
Limit for 15 minutes working. 

Eye and respiratory tract irritation. 

Eye and respiratory tract irritation 

after 1 hour. Longer exposures to 

50-100 
concentrations at 1 00 PPM induce a 

gradual increase in the severity of 

these symptoms and death may 

occur after 4-48 hours exposure. 

150 Loss of sense of smell. 

350 
Could be fatal after 30 minutes 

inhalation. 

Rapidly (few minutes) induces 

unconsciousness and death. 

700 
Causes seizures, loss of control of 

bowel and bladder. 

Breathing will stop and death will 

result if not rescued promptly. 

700+ Immediately fatal. 
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It is technically fairly simple to further reduce 

the sulphur content o f engine fuels. The rules 

regarding the max imum sulphur content of gas oil 

and diesel o il already stringent. 

In the territoria l wa ters o f Europe ships are 

required to prove that the sulphur content of their 

diesel oil amounts to less than 0.2%. 

So ships no t running on low sulphuric diesel oi l 

are obliged to rese rve a separa te tank suitable for 

fuels with low sulphur content. 

At even higher surcharge costs on-shore 

companies, such as diesel power plants can 

consider us ing a different fuel, such as na tural 

gas for Dual Fuel engines or hio-fuels, which a re 

presently (2008) in grea t demand. 

i\lso ,ce Ch,1ptt·r 29, ;\.ew tucl dc,clopmcnt~. 

8.9.1 Sulphur free diesel oil 

On shore, sulphur free fuel w ill be increasingly 

Let 's assume tha t the regulations for heavy fuel are prescribed. In 'sulphur free' diesel oil the sulphur 

as follows: the sulphur limit is 1.5% acco rd ing to content is less than 1 % . 

IMO M arpol Annex VJ fo r regions within which 

the sulphur rules apply, or perhaps even 1 % for 

certa in areas inside the European Union. 

This means that ships which normally use heavy 

o il with sulphur contents exceeding these values, 

and this is genera lly the case, are required to have 

separate tanks for this low sulphuric fuel. Many 

T ships a re alread y equipped with these specia l 

Fuel price development of tanks, so they can meet the sulphur limit when the 

heavy oil with a viscosity rules beco me effective. 

of 380 centistokes and 

diesel oil throughout 2007 Low sulphur fuel costs 
at four bunker stations: 

Houston, Singapore, 

Fujairah and Rotterdam. 

The prices are provided in 

U.S.D. per tonnage weight. 

For heavy oil the average 

price is 150 U.S.D. per ton 

and for diesel oil 275 U.S.D. 

per ton. 

Q) 
C 
C 
0 
~ 
fl? 
Q) 
() 

ct 

Q) 
C 
C 
0 
~ 
fl? 
Q) 
() 

~ 
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380 CST Fuel oil 
200 

150 

100 
M A M 

Marine Diesel Oil 
350 

300 

250 

200 
M A M 

J 

J 

These are la rgely a matte r of supply and demand, 

but the costs a re considerably higher tha n that o f 

regular heavy oil. Furthermore, these low sulphur 

fuels a re generally difficult to o btain. 

One can expect to pay 15 to 20 US-dolla r per ton 

surcharge. 

-- Houston 380 
-- Singapore 380 
-- Fujairah 380 
- - Rotterdam 380 

J A s 0 N 0 J F 

-- Houston MOO 
-- Singapore MOO 
-- Fujairah MOO 
-- Rotterdam MOO 

J A s 0 N 0 J F 

A maximum sulphur content o f 0.2 % applies to 

the territorial waters of the European Union for 

gas o il and diesel oil, including OMA-, DMB-, 

DMC- en DMX-spec'.i fications. 

The latest IMO guideline and the European 

commission states that the sulphur content of 

heavy oil on the North sea, the English channel 

and the Baltic sea may not exceed 1.5%. This 

new rule became effective on the 19th of May 

2005! 

Presently, heavy bunker o il has an average sulphur 

content o f 2.7% . The price di ffe rence between 1.5 
% and 2.7% sulphur content bunker o il currently 

amoLmts to approximately 30 U.S.D. per ton. 

lt is very probable tha t most ships will drain a 
fuel tank in order to use it for these low sulphur 

content fuels and run o n the' low sul phur tank' in 

said a reas. 

8.10 Bunkering 

Ever ywhere diesel engines are used , fuel delivery 

is a periodic reoccurrence. Engines with high 

operating ho urs such as in navigation and in diesel 

power plants use enormo us am ounts of fuel. 

T he specific fuel consumptio n of engines lies 

roughly between 170 and 220 grams per kWh, 

depending on the wo rking p rinciple, the engine 

size and the load. 

Example 1 
A la rge inland boat with a power output of 

1600 kW and 5000 o pera ting hours per annum 

has a specific fuel consumptio n of 200 gr/kWh: 

Fuel consumptio n = 1600 x 0.200 x 5,000 = 
1,600,000 kg per annum. 

T h
. . . I 1,600,000 
1s 1s approximate y O _ = 

.8)0 

1,882,350 litres or 1882 m3! 



380 IFO I 
Feb-04 

23-271 2-6 9-13 16-20 1-5 

Rotterdam d 135 134 142 144 149 
Gibraltar d 160 157 156 156 158 
Piraeus d 148 154 145 146 150 

Suez d 158 156 159 159 161 
Fujairah d 174 168 167 165 164 
Durban w n/a n/a n/a n/a n/a 

Tokyo d 201 198 195 196 197 
Busan d 184 181 182 183 186 
Hong Kong d 183 185 184 184 181 
Singapore d 171 172 170 167 166 

Los Angeles w 168 163 161 155 155 
Houston w 153 162 152 154 154 
New York w 163 163 162 158 161 

Panama w 160 160 160 160 161 
Santos d 156 142 144 146 156 
Buenos Aires d n/a n/a n/a n/a n/a 

180 IFO I 
Feb-04 

23-27 I 2-6 9-13 16-20 1-5 

Rotterdam d 144 144 152 154 159 
Gibraltar d 169 166 164 164 167 
Piraeus d 160 155 159 160 165 

Suez d 164 162 165 166 167 
Fujairah d 181 174 173 172 171 
Durban w 170 167 169 166 165 

Tokyo d 205 202 200 200 201 
Busan d 192 191 192 192 195 
Hong Kong d 186 187 187 188 187 
Singapore d 175 172 175 170 171 

Los Angeles w 193 186 182 169 172 
Houston w 161 162 160 160 160 
New York w 183 182 177 177 179 

Panama w 170 170 169 171 171 
Santos d 159 146 147 150 160 
Buenos Aires d 171 170 167 165 166 

MOO I Feb-04 

22-26 I 1-5 8-12 15-19 5-9 

Rotterdam d 243 236 242 238 254 
Gibraltar d 284 281 300 306 322 
Piraeus d 264 261 277 282 300 

Suez d 321 321 321 321 325 
Fujairah d 310 310 310 310 309 
Durban w 267 263 274 285 301 

Tokyo d 287 288 291 288 287 
Busan d 332 325 322 322 321 
Hong Kong d 274 274 282 283 282 
Singapore d 277 278 282 282 284 

Los Angeles w 317 320 344 358 345 
Houston w 281 280 278 278 279 
New York w 345 343 335 327 325 

Panama w 317 317 318 321 321 
Santos d 350 343 342 344 347 
Buenos Aires d 317 311 302 306 295 

Example 2 
A container ship of 8600 TEU (TEU = twenty­

feet equivalent units= standard 20 feet container) 

with a power output of 72,000 kW and 6500 

operating hours has at full load a specific fuel 

consumption of 175 grams per kWh: 

Fuel consumption: 72,000 x 0.1 75 x 6500 = 

81 ,900,000 kilograms 

81,900,000 . 
or 

0
_
950 

= 86,210,526 litres or 86,210 m'! 
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Mar-04 

8-12 15-19 

147 142 
155 149 
148 144 

161 159 
162 162 
n/a n/a 

198 197 
185 182 
182 181 
164 165 

155 157 
154 153 
161 157 

164 168 
156 154 
n/a n/a 

Mar-04 

8-12 15-19 

158 152 
164 157 
164 161 

167 166 
169 169 
163 161 

202 201 
194 192 
186 185 
168 170 

174 173 

22-26 

144 
152 
147 

164 
162 
n/a 

196 
179 
180 
166 

164 
154 
158 

168 
153 
n/a 

22-26 

154 
161 
164 

171 
169 
159 

200 
189 
184 
170 

178 

~ 

The prices of heavy oil 

and diesel oil in Feb ruary 

and March 2004. 

The p rice of fuels is affected 

by, amongst others, supply 

and demand, war. natural 

disasters and international 

politics. 

d = day price 

w= week price 

~ 
164 157 159 
178 172 173 A container ship for inland shipping. 

174 178 179 
160 158 
164 165 

Mar-04 

157 
165 

Diesel oil is the fuel for propulsion engines and power 

aggregates. 

12-16 19-23 26-30 

253 268 266 
319 328 327 
298 307 307 

336 335 335 
309 309 309 
299 308 311 

292 292 290 
321 319 318 
281 279 273 
281 279 277 

342 342 340 
282 285 282 
330 331 330 

323 326 327 
350 345 344 
303 303 302 

On average 2000 tons of heavy oil is bunkered 

on these ships, but this can be increased to 8,000 

tons! Moreover,, large amounts of lubricating oil 

are used. For the latter example, approximately 

120,000 litre per annum! 

~ 

A large sea-going 

container ship. 

Heavy oil is the fuel for both 

propulsion engines as for 

diesel gensets. 
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• 
Emergency power 

aggregates usually run 

on diesel oil. 

This type of engine should 

start within a few seconds 

and run at full load. With 

relatively light diesel oil this is 

not a problem. 

... 
Testing fuel samples in a 

laboratory. 

It is very important to identify 

the fuel composition prior to 

using it in the diesel engine . 

...... 
Testing fuel in the 

laboratory of lnpechem 

Inspectors B.V. in 

Rotterdam, 

The Netherlands. 
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l::xample3 
A back-up genset for a hospital with a power 

output of 1500 kW has at full load a specific fuel 

consumption of 190 grams per kWh: 

. 285 
1500 x 0.190 = 285 kilograms of--= 

0.850 
335 litres per hour. 

If, in case of an emergency situation or any o ther 

circumstances requiring the engine to run for two 

whole days, a fuel storage tank of 2 x 24 x 335 = 

16,100 litres would be required. 

lt is for the diesel engine user of the utmost 

importance that the quality of the fuel meets all 

requirements. 

8.10.1 Bunkered fuel quality - Who 
determines the quality? 

Firstly, refineries adhere to the ISO 8.217 norm. 

Additionally, there are the engine manufacturers' 

recommendations. The latter are far stricter than 

the former. The owners and users can also follow 

their own regulations. 

Gas oil makes a good example. Apart from liquid 

it often contains minute metal particles that are so 

small that most fuel filters can not filter chem out. 

Especially a luminium silicate, the so-called 'cat­

fines', that have a two to ten micron diameter 

a nd cause increased wear and tear to fuel pumps, 

a tomisers, pistons, and cylinder liners. One also 

occasionally finds soot particles in filters. 

According to ISO 8.217 the maximum allowed 

amount of metal p~rricles in gas oil is 80 p.p.m . 

Engine manufacturers of modern engines 

recommend 15 p.p.m. as the maximum value. 

Most metal particles can be removed by 

centrifuges. Of course one must have access to 

such a centrifuge on an inland boat. 

Another solution would be to use very fine fuel 

filters for these installations, which are able to 

filter out most of the metal particles. The mesh of 

these filters is only two microns! 

8.10.2 Fuel samples 

le is always advisable to cake a sample of the 

fuel supplied. Of course this is not practical fo r 

the small amounts purchased at petrol stations. 

For large to very large amounts the purchase 

price plays an important role, especially when 

one encounters problems with regard to storage, 

cleaning and usage of the bunkered fuel. 



Recommendations for taking fuel samples 
The sample needs to be representative. This means 

that it should represent the average value of the 

entire fuel intake. It is advisable to take various 

samples at regular intervals dur ing the bunkering. 

There is special equipment available which 

automatically taps small amounts of fuel during 

bunkering. 

8.10.3 Bunker procedures 

Ensure that: 

- the fuel supplier knows exactly the type and 

amount of fuel oil required; 

- both parties are in agreement over the 

arrangements, the pump capacity and 

manner of communication du ring the bunker 

operation; 

- both parties are aware of how to abandon the 

bunker operation in the case of an emergency 

situat ion; 

- both parties follow the bunker activities; 

- both parties take all safety- and anti-poll ution 

measures into account prior to commencing 

the bunkering operation. 

The following is impo rtant: 

- Discuss and make arrangements regarding the 

start procedure how the opening of the valves 

and tanks will be executed. 

- Discuss and make arrangements regarding the 

sampling procedures that take place during the 

bunker operation. 

- Take collective fuel samples during bunkering 

at an agreed location. 

- Discuss and make a rrangements as to how the 

supply line will be closed when the bunker 

operation is terminated. 

Make sure that both parries sign the following 

documents at the correct time: 

- amount o f fuel; 

- type of fuel; 

- the bunkering order; 

the pump capacity; 

- safety- and anti-pollution regulations; 

- starring procedures for the pumps; 

- terminating procedures for the pumps; 

- method used for the ver ification of 

measurements; 

- bunkering data; 

- sampling data; 
- an agreement stipulating that all complaints 

be submitted in wri ting and that the signature 

on the complaint form wi ll only be used to 

acknowledge receipt. 
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The sampling methods and -location and a 

record of the witnesses attending the sampling 

is very important. T his forms the basis for all 

the discussions concerning possible ensuing 

disagreements over the qual ity of the fuel supplied. 

8.10.4 Gas-oil shipping associations 

T he V.O.S. (Vignet O lie Scheepvaart) foundation, 

for instance, is active in the Netherlands and 

monitors the quality of gas oil and issues a hall 

mark for shipping gas o il. 

T here a re recurring signals of serious malfunctions 

in engines in the inla nd shipping branch. This 

apparently mainly concerns the decrease in the 

T 

A sample taking d evice. 

A sample taking device which is placed in the bunker line 

and periodically takes some fuel from the line, in order to 

collect a representative sample of the bunkered fuel. This is 

often referred to as a 'drip sample'. 

... 
The bunker station on a 

large container ship. 

Apart from heavy oil and 

diesel oil, lubricating-oil can 

also be bunkered. The 

picture also shows the pipes 

required for the discharge of 

contaminated lubricating oil 

and separator sludge. 
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operating life time of fuel fil ters. This often causes 

engines co seal!. 

Possible problems 
It is often suggested chat paraffin could be one of 

the causes. Paraffin is an essentia l part of every 

(diesel) fuel. The type and the amount of paraffin 

in the fuel influence the 'Cloud Point' (C.P. ). The 

cloud point is the stage at which the paraffins stare 

co 'flocculate' in the fuel, thus blocking the filters. 

In physics this is referred co as 'crystallizing out' . 

A process during which the fuel is slightl y 

heated and consequently prevents the paraffin 

from crysta llizing out could form one of the 

solutions. This, of course, requires some technical 

adjustments. 

The quality of the paper used in the fi lters could 

a lso be o ne of the problems. Gas oil natura lly 

absorbs 22 p.p.m. of water before it separates 

from the water. This could pose problems if 

the filter paper is not manufactured for these 

conditions. There are also instances where the 

filters are obstructed by a heavy substance. The 

composi tion of chis particular substance remains 

unknown. 

Metallic pollution 

Example 

A large container ship with a cargo capacity of 

7200 TEU can transport about 10,000 tons of 

heavy oil of which it will consume approximately 

250 tons per day. For instance: a price difference 

of 30 U.S.D. per con between Rotterdam and 

Singapore amounts to a price advantage of 

250,000 U.S.D. at full bunkering of the ship in 

Rotterdam. Fo r the standard eight return trips to 

Asia that a container ship makes on a yearly basis, 

this amounts to nearly 2,000,000 U.S.D. ! 

Fuel line systems 
In using diesel engines the scorage, cleaning and 

treatment of the fuel before it is ready for use in 

the engine is of the utmost importance. 

Before the fuel can be used, the following applies: 

1 Fuel storage 

This should be such that the fuel can not be 

contaminated with corrosives, sand or ocher 

impurities. Any condensate should be drained. 

2 T he amount of fuel 

This should be adequate for the planned voyage, 

that is: the number of operating hours . 

According to the experts iron and silicon (sand) do 3 Fuel quality 

not naturally occur in gas oil. Gas oil is a disti llate T his should be established through sampling. 

and these elements do not vaporise. They must 

therefore originate from an external source. 

Filter sizes 

In the past fi lters up rolO microns were used and 

today one uses even finer filters of less than 2 

microns. In the a utomotive industry much coarser 

filters up to 25 microns are used. Tests have 

demonstrated that filters less than 2 microns get 

blocked after a period of time. 

Diesel- and gas oil storage 

Generally, the maximum storage time of fuel is 

approximately one year. Contamination with 

water (liquid) and other substances has to be 

prevented. 

Fuel costs 
In exploiting engines in shipping, trade, industry 

and diesel power plants, the fuel- and lubricating 

oil consumption form, especially with the engines 

in continuous use, the greatest cost factor. 

4 Cleaning fuel 

The fuel should be cleaned sufficiently by means 

of filters and/or separators. 

5 Engine supply 

An adequa te a mount of fuel should be 

transported to the engine at a certain pressure and 

tempera cure. 

6 Fuel specifications 

The fuel needs co meet the relevant ISO 8.217 

specifications as well as the local and inter-local 

regulations such as maximum sulphur content. 

7 Fuel speci1ications of engine suppliers 

Of course, the fuel must comply with the 

specifica tions detailed for the engine make 

and -type. This is a lso important in case there 

is damage, excessive wear and tear or ocher 

problems. 

General storage of fuels 

This can diverge tremendously according co the 

engine size, the fuel used, the application, such as 

a diesel power plant or ship propulsion and the 

number of o perating hours. 



For small category 1 diesel engines a simple fuel 

rank may suffice, whereas category lil and TV 

engines which use large am ounts of heavy oil 

require large srorage tanks equipped with hearing 

systems. 

There are bui lding instructions in place for both 

fuel storage tanks on shore and on ships. These 

serve to prevent fuels po lluting the envi ronment 

and unsafe situations such as fire and explosions. 

Ir is important for mechanical engineers to bear in 

mind the following points of interest: 

1. 

2 . 

3 . 

4 . 

5 . 

6. 

7 . 

8. 

9. 

tO. 

I 1. 

storage tanks must never be over-pressurised; 

therefore a pressure valve should be placed on 

top of the rank. 

srorage ranks should be equipped with a 

drain va lve which can remove water and dirt 

particles. 

a lid or manhole makes it possible to check 

for rust fo rmation and dirt during an internal 

inspection. 

in order to prevent dirt particles, water and 

rust in the fuel system , the connection between 

fuel line and engine should preferably not 

be placed at the botrom of the rank but at a 

certain distance from the tank floor. 

1 2 

11 

AFC Cavity Drain 8 
Fuel Rail Pressure Line 

Injector 

Injector .=uel Drain Return 

Fuel Return to Tank 

Fuel Tank Breather 

Fuel Inlet Supply 

Fuel Filter 

Gear Pump Coolant Drain 

Fuel Pump 

Tachometer Drive 
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gauge glasses on tanks should be closed at all 

times and only be opened when they are read. 

Of course, there are many specific rules and 

regulations with regard ro the building of fuel 

tanks which are outside the scope of this book. 

8.11 Fuel-line systems according 
to the engine classification 

8.11 .1 Category I, 0 to 100 kW, 
four-stroke, high-speed, 
fuel M.D.O. 

These are often very straightforward systems. 

From an eleva ted tank the diesel oil passes 

through a fuel filter towards the high pressure 

fuel pump. The atomiser drain- o r return pipe 

is also connected to the fuel rank. If the tank is 

not placed in an elevated position, the engine is 

equipped with a low-pressure fuel pump. It is 

important tha t the filter, transfer pumps and lines 

can be easily b led. It is also advisable to fit a 

water tap at the bottom of the fuel fi lter. 

Examples 

.. 
Fuel system of a Cummins NTA 855 Big Cam Ill diesel 

engine. 

This is an engine with a fuel injector mechanically driven from 

the cam shaft in the cylinder head. This fuel injector is a 

combination high-pressure fuel pump and a fuel atomiser. 

The storage tank can be placed anywhere and is often 

positioned lower than the engine. The tank is equipped with 

a filler cap, a vent 6; a suction line 7 and a return line 5. 

An engine driven low pressure fuel pump 10 draws fuel from 

the storage tank via a filter 8 to the high pressure line on the 

suction side of the injectors 3. The return fuel of the injectors 

fiows from pipe 5 to the storage tank. Mounted on top of the 

low-pressure fuel pump is a vent valve 1 . 
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Solenoid or Float Valve Manual Shutoff 
Fill & Vent Cap 

-- From Main Tank 

DayTank _ 
Nominal Level 

Fuel to Day Tank 

Fuel level Must Be 
Below Injector Height 7 

......... 1 ~2~3- --, rt__tr4 tt-• H--U,---ut"""Uh =r 

Main Fuel Tank 

Drain 

Vent 
Day Tank Supply 

Fuel 
Transfer 
Pump 

Day 
Tank 

Engine Fuel Supply 

Fuel Cooler Engine Fuel Return 

A 

Fuel system of a Caterpillar-diesel power unit, general. 8.11.2 Category, II 100 to 5000 kW, 

four-stroke, high speed, 
This consists of an elevated storage tank with a fill-and bleed fuel M.D.O. 
connection. A drain for water and dirt is fitted at the bottom 

of the tank. Via an automatic float system or a manual stop 

valve, the day tank can be maintained at the correct level. 

From the day tank the fuel flows to the low-pressure fuel 

suction pump. This provides a certain fuel pre-pressure to 

the mechanically driven fuel injectors. A suction filter has 

been placed before the fuel suction pump to protect the 

pump, after the fuel pump a duplex filter is installed to the 

clean the fuel. In the engine the supply- and return lines are 

fitted with a flexible section in order to avoid damage to the 

fuel lines as a result of vibration .The fuel return line has an 

integrated fuel cooler. 

~ 

A fuel system for diesel oil of a 

Caterpillar, Series 3500 B MEUI. 

The diagram is self-explanatory. The green 

section of the line has no pressure build-up. 

The pressure governor above the fuel tank 

by-passes the fuel to the storage tank at high 

pressure. The suction line for both 

low-pressure fuel suction pumps is located to 

the left of the tank. The filter in the suction line 

protects the pumps. Sometimes a water 

separator is also placed here. The grey 

housing left in the drawing is called the 

'Engine Control Module' (E.C.M.) and controls 

all the important engine functions. 
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Engines can be equipped with either a high­

pressure fuel pump for each cylinder or one block 

fuel pump. This also applies ro category I engines. 

These larger engines usually have several clean 

fuel tanks. Two duplex section filters are fitted 

in order to avoid problems with blocked filters, 

which could cause the engine ro stall. The aromiser 

drain-or return pipe must be connected to tank 

being used. 

Examples 
Some larger engines in this category which have 

a power output easily exceeding 1000 kW are 

generally equipped with a fuel separator which 

cleans the diesel oil pumped from the fuel tanks 

prior ro storage in the clean fuel tank or the daily 

supply tank. 

FILTEREDfUNFILTERED 
on. PRESSURE SENSORS 

TURBOCHARGER INLfT 
PRESSURE SENSORS 

TURBOCHARGER OUTLET 
PRESSURE SENSOR 

TIMING 
CWBRATK>H 
CONNECTOR 

AFTER COOUR TEMPERATURE SENSOR 

ENGINE COOLANT TEMP. SENSOR 

ATMOSPHERIC PRESSURE SENSOR EXHAUST TEMPERATURE SENSORS 
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~ 

The low-pressure fuel 

system of a Caterpillar 

diesel engine, category II. 

Low 
Pressure 
Fuel System 

1996: Certain Applications 

1999: Standard for All Cat Engines 

8.11 .3 Category Ill, 500 to 30,000 kW, 
four-stroke, medium-speed, 
fuel H.F.O. 

Engines in this category use very elaborate fuel 

systems, The heavy oil must be cleaned and attain 

the correct pressure and temperature before it 

reaches the high pressure fuel pipes. 

C: 

~ 

Fuel separator. 

If required, engines running on diesel oil are equipped with a 

small separator, where dirt and water are removed. This 

separator or centrifuge is located between the fuel storage 

tank and the fuel day tank. 

Examples 

Fuel systems with heavy fuel 
When using heavy oil it is of the utmost importance 

that the fuel temperatures during the various stages 

of the pre-treatment are read, such as: 

the sedimentation- or settling tanks 

- the separator 

- the fine filter to the engine 

± 60 to 80 °C 

± 95 to 98 °C 

± 125 to 135 °C 

(max. 150 °C) 
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Fuel system with diesel oil. 

Shown, an example of the system of a 

Caterpillar-Mak 43 - C propulsion 

diesel engine. 

Brief description. 

Diesel oil can be pumped from storage tank 

DT 4 to the diesel oil tank DT 1 via the 

suction filter DF 3 and diesel oil trim pump 

DP3. 

Additionally, from the storage tank DT 4, 

diesel oil can be pumped via an electric 

heater DH 2 using the diesel oil trim pump 

DP 5 to the diesel oil separator, where 

additional cleansing (water and dirt) occurs. 

The fuel is then pumped to the diesel day 

tank DT 1, 

From the elevated diesel oil tank, the diesel 

oil flows through the duplex filter DF 2, the 

flow meter FQ 1 and the diesel o I pre 

heater DH 1. Following, one of the two 

diesel oil feed pumps pump the fuel through 

a very fine-filter to the high-pressure fuel 

pumps KP 1 . Spilled fuel oil is cdlected in 

the spillage collection fuel oil tank KT 1 . 

This fuel flows back into the day tank DT. 

The high-pressure fuel pump return line 

feeds the day tank DT via a flow meter 

FQ 1. 

The difference between beth flow meters is 

the actual fuel consumption of the engine. 

After the high-pressure fuel pumps, the fuel 

pressure is set using the adjustable valve 

DR 2. As there are two pre heaters and a 

day tank, which contains a heating element, 

the fuel can be maintained at the correct 

temperature in cold conditions. In this 

manner the injected fuel viscosity is 

acceptable, which in this engine running on 

diesel oil is a maximum of 14 est. 
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10. Fuel oil system 
Gas oil/ MOO operation 

General notes: 

i------------7 
I Motor / ENGINE 

Notes: 
Free outlet required 

s Please refer to the measuring 
point list regarding design of the 
monitoring devices 

For location. dimensions and design (e. g. flexible connection) of the disconnecting points see engine installation drawing. 
DHl not required with: - Gas oil 5' 7 cSt/40° 

Accessories and fittings: 
DFl Fuel fine filter (duplex filter) 
DF2 Fuel primary filter (duplex filter) 
DF3 Fuel coarse filter 
DHl Diesel oil preheater 
DH2 Electrical preheater for diesel oil (separator) 
DPl Diesel oil feed pump 
DP2 Diesel oil stand-by feed pump 
DP3 Diesel oil transfer pump (to day tank) 
DP5 Diesel oil transfer pump (separator) 
DR2 Fuel pressure regulating valve 
DSl Diesel oil separator 
DTl Diesel oil day tank 
OT4 Diesel oil storage tank 

Connecting points: 
C76 Inlet duplex filter 
C78 Fuel outlet 
CSO Drip fuel 
C80a Drip fuel (injection pump) 

- heated diesel oil day tank DTl 

KPl 
KTl 
Fnl 
LI 
LSH 
LSL 
POI 
POSH 
Pl 
PSL 
PT 
Tl 
TT 

C80b 
C81 
C81b 

Fuel injection pump 
Drip fuel tank 
Flow quantity indicator 
Level indicator 
Level switch high 
Level switch low 
Diff. pressure indicator 
Diff, pressure switch high 
Pressure indicator 
Pressure switch low 
Pressure transmitter 
Temperature indicator 
Temperature transmitter (PT 100) 

Drip fuel (sealing oil injection pump) 
Drip fuel 
Drip fuel (filter pan) 



~ 

Fuel system for H.F.O. Caterpillar- MAK 

34-C propulsion diesel engine. 

Brief description. 

The fuel must be maintained at the correct 

temperature throughout the system. This 

entails adequate insulation of the tanks and 

pipes and that pre heaters are mounted in 

the fuel tanks trim section, the fuel 

separators, the fine filters and in the day 

tank. Moreover, some pipes are heated 

with warm water, steam or electricity. This is 

usually referred to as 'tracing'. 

The fuel trim pump HP 5 or HP 6 can draw 

fuel up from the settling tanks HT 5 and 

HT 6. In these tanks, it will take at least 

24 hours for the heavy oil to achieve the 

correct temperature and separate from the 

water and dirt. This sinks and can be 

drained (water). Via heater HH 3 the heavy 

oil is cleaned in separators HS 1 and HS 2. 

The wa,te product, the sludge, is stored in 

the sludge tank KT 2. The heavy oil is 

subsequently pumped from the separator 

to the reated day tank HT 1 by its own 

pump. From the day tank the fuel passes 

first through the filter HF2 and is then forced 

through a self cleaning automatic fine filter 

HF 4 by feed pump HPO 1 or HP 2. Via a 

fiow meter FQ 1 the fuel flows through a 

mixing tank GT 2 to the circulation pumps 

HPO 3 and HP 4. Both pre heaters HH 1 

and HH 2 ensure that the fuel reaches the 

correct temperature; this is controlled by 

the viscosity gauge HR 2. Via a final Duplex 

fine filter HF 1 the fuel flows to the ~igh­

pressure fuel pumps. At extremely low fuel 

consumption the cooler DH 3 can ensure 

that the maximum fuel temperature in the 

day tank HT 1 is not exceeded. 

In fine filters difference gauges indicate if a 

filter Is blocked. Fine-filter HF 4 is 

automatically flushed clean when certain 

pressure differences are exceeded. The 

mixing tank HT 2 ensures an even transition 

from diesel oil to heavy oil and vice versa. 
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10. Fuel oil system 
Heavy fuel operation 

011 

Accessories and fittings: 
DH3 Gas oil cooler 
DTl Diesel oil day tank 
HF1 Fine filter (duplex filter) 
HF2 Primary filter 
HF3 Coarse filter 
HF4 Self cleaning fuel filter 
HH l Heavy fuel final preheater 
HH2 Stand-by final preheater 
HH3 Heavy fuel preheater (separator) 
HH4 Heating coil 
HP1/HP2 Pressure pump 
HP3/HP4 Circulating Pump 
HP5/HP6 Heavy fuel transfer pump (separator) 
HRl Pressure regulating valve 
HA2 Viscometer 
HS1/HS2 Heavy fuel separator 
HTl Heavy fuel day tank 
HT2 Mixing tank 
HT5/HT6 Settling tank 
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HH4 

HT6 

General notes: 
For location, dimensions and design (e. g. 
f lexible connection) of the disconnecting 
points see engine installation drawing. 
Valve fittings with loose cone are not ac­
cepted in the admission and return lines. 

KP 1 Injection pump 
KT2 Sludge tank 
FOl Flow quantity indicator 
LI Level indicator 
LSH l evel switch high 
LSL Level switch low 
PD\ Diff. pressure indicator 
POSH Diff. pressure switch high 
PDSL Diff. pressure switch low 
Pl Pressure indicator 
PSL Pressure switch low 
PT Pressure transmitter 
Tl Temperature indicator 
TT Temperature transmitter (PT 100) 
VI Viscosity indicator 
VSH Viscosity Control sw itch high 
VSL Viscosity Control switch low 

Peak pressures max. 16 bar 

Silicon dampers required 

Notes: 
ff Flow verlocity in circuit system 

.s 0,5 m/s 
p Free outlet required 
s Please refer to the measuring 

point list regarding design of the 
monitoring devices 

tt not insulated nor heated pipe 
u From diesel oil separator or diesel 

oil transfer pump 

All heavy fuel pipes have to be insu­
lated. 
= heated pipe 

Connecting points: 
C76 Inlet duplex filter 
C78 Fuel outlet 
C80 Drip fuel 
C80a Drip fuel (injection pump) 
C80b Drip fuel (sealing oil injection 

pump) 
C81 Drip fuel connection 
C81 b Drip fuel (filter pan) 
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8.11.4 Category IV, 1500 to 100,000 kW, 
two-stroke, low-speed, fuel H.F.O. 

These resemble the system descr ibed above in 

many ways. 

Example 

The fuel systems of a Wartsila Sulzer RTA 48 T 

and a RTA 58 T are used as an example . 

... from MOO doll)' lank ------------------------- ·-·-·-·-·-·--·-·-·--~ --
from HfO doil tonk ' Description of a complete fuel 

treatment system. 

Via a three way valve 002, the diesel oil or 

heavy oil can be pumped from the day 

tanks with the low-pressure feed 

pump 004. Suction filter 003 protects these 

pumps. Pressure regulating valve 005 

ensures that the correct pressure is found 

in the fuel lines leading to the mixing 

tank 006, where the engine's fuel return 

pipe exits. The high-pressure circulation 

pumps 007 press the fuel through the 

final pre heater 008, which, again, is 

controlled by the viscosity gauge V, via a 

flow meter. Subsequently, the fuel travels 

through a duplex fine filter to the high­

pressure fuel pumps 011 of the engine. 

A control valve 012, also referred to as the 

pressure retaining valve, ensures that the 

fuel pressure in the suction line 0 10 of the 

high-pressure fuel pumps is correct. Drain 

pipe 013 leads back to the mixing tank 006. 
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to HFO doily tonk 

010 

013 
012 
011 

001 
014 ~ 

n 
002/ 
005 

. ,.____,,...____...',----' t 

io'Tu;L·),.,flow_tonk ··-··-·· - ·<-··-· ·- -- -·· - ··-··-··j 

001 Main engine 
002 Three-way valve, manually or remotely operated 
003 Suction filler, healed (trace healing acceptable) 
004 Low pressure feed pump 
005 Pressure regulating valve 
006 Mixing un,t, healed ond insulated 
007 High pressure booster pump 
008 Fuel oil endheoter 
009 Fuel oil filler. heated (trace heating occeploble) 
010 F' uel oil inlet 
011 Fuel iniection pump 
012 Pressure re taining valve 
013 Fuel oil outlet 
014 Fuel oil leakage from fuel pump 

Remarks: 

•1) The return pipe may also be led to the HFO doily tonk. 
- Air vent ond drain pipes must be fully functional ot oil 

inclination angles of the ship at which the engine must b• 
operotionol. 

=:= HFO pipes. healed and insulated 

--- MOO pipes 
- · · - Oroin & overflow pipes 
===IO Piping on engine I pipe connection 
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8.12 Modular fuel-treatment 
systems 

Today complete modules mounted on frames 

that are connected d irectl y to the fuel lines, alarm 

systems and electricity gr id are delivered to ships 

as well as diesel power plants. 

The modules are mounted, tested and inspected in 

the engine factory and subsequently installed on 

board. The advantages are short delivery times 

and smaller fuel treatment systems. 

These fuel t rea tment sets are usually called 

'booster uni ts'. Worldw ide there are a dozen 

leading companies which specialise in these 

systems. 

8.12.1 Standard form for fuel treatment 
system 

Operating mode 
One supply pump. ~ 

One circulation pump. A modular fuel treatment system by Alfa Laval. 

- O ne pre-heater. 

- One filter of the duplex filter w here the o ff-line The complete installation is mounted on a frame and can be 

filter is clean. installed between the day tanks and the diesel engines on 

- The fine filter is in automatic reflush mode. location. 

- The viscosity sensor controls the fuel 

temperature via the supply valve using steam 

or thermal o il and regulates the pre-set 

viscosity. 

- Shock absorbers have been fitted in order 

to level off the pressure impact of the high 

pressure fuel pumps in the suction line. 

- The pressure in the suction line of the high 

pressure fuel pumps must be checked at 

regular intervals. 

... 
A standard flow diagram for a fuel treatment system. 

One of the feed pumps draws fuel up from the clean fuel day 

tank via a suction filter and pumps it to the circulation pumps 

via a mixing tank. A single feed pump always has a larger 

capacity than the maximum fuel consumption of the diesel 

engine. A fraction of the pumped fuel flows back into the 

suction pipe vi;i ::in ::itijust::ihle by pass valve. 

Feeder System 

~ 

Engine 

The fuel then passes through an automatic fine filter, a flow by means of a spring loaded overflow valve where the excess 

meter and is subsequently pumped through a pre heater and fuel flows back into the mixing tank. The mixing tank e1sures 

a viscosity gauge by one of the two circulation pumps. The an even fuel temperature before the circulation pumps. 

fuel reaches the suction pipe of the high-pressure fuel pumps Furthermore, on top of the tank an automatic vent is fitted. 

via a duplex fine filter. The pressure in the suction pipe is The capacity of each circulation pump is considerably higher 

such that the fuel can net boil. Gas pockets can cause than the maximum fuel consumption of the engine. 

serious damage to the fuel pumps. This pressure can be set 

Mix Tank 

157 



DIESEL ENGINES > PART I 

... 
Fuel viscosity indicator. 

Shown, a system by 

VAF-lnstruments with the 

ViscoSense system. 

The ViscoSense sensor. 
This measures fuel 

viscosity 

2 The ViscoSense sensor 

is connected to an 

electronic control unit 

which sets and controls 

the viscosity 

3 A control valve is 

regulated by a control 

unit which deals with 

the steam or thermal oil 

flow to a fuel pre heater. 
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The viscosity sensor is placed in the full fuel flow 

just before the engine. In order to maintain the 

viscosity set on the controller, a control va lve 

regulates the steam or thermal o il flow to the fuel 

pre-heater. 

During normal operation both viscosense by-pass 

va lves and the control valve must remain shut. 

Only during repairs or damage to the sensor or 

the control valve is the viscosity regulated by the 

by-pass valve. When the control valve is fully 

opened while rhe pre-set viscos.ity has not yet been 

achieved it is possible that the steam pressure and/ 

or the temperature will remain too low. lf thermal 

oil is used for heating, only the temperature will 

be too low. 

Operating principle of viscosity control, 
specifically, the VAF Instrument 'ViscoSense' 
The sensor consists of a stainless steel pendulum 

Special details for the standard form 

Data 

Fuel velocity in booster unit 

Ci rculation factor supply pumps 

0 .6 to 

0.8 m/sec. 

1.5 to 2.0 
Circulation factor circulation pumps 1.5 to 4.0 

• 
1 

. f max. capacity pump 
c1rcu anon actor=------------­

max. engine fuel consumption 

Fuel pressure of the engine (suction line) is 

between 4 and 8 bars depending on the engine 

type and the fuel used. 

Maximum fuel temperature of the engine is 

between 125 and l50 °C, dependent on the engine 

type and the fuel used. 

Location of the automatic fine filter 
which is arrached to a base plate by a torsion cube. The most favourable location is the 'cold part' of 

A pair of piezo-elemems is integrated into the the installation directly behind the booster pumps. 

pendulum and they are actuated by an alternating 

signal thus causing the pendulum to move by 

torsional vibration. A second pair of piezo­

elements, (receiver piezo-elements), measures the 

torsional movement and sends this signal to the 

processor which also ensures that the first pair 

of piezo-elements provides a continual torsional 

vibration. 

V15COSENSE• 
SEtOOI 

Here the liq uid flow is much lower than past the 

circulation pumps; only the used fuel is filtered , 

this allows a considerably smaller filter (smaller 

filter capacity is sufficient). 

The fuel is more stable at these lower 

temperatures; there is no separation of 

h ydrocarbon compounds. 

COlmOUO 

• 

• • 
INTERFACIIOX 



Regulations with regard to fuel systems 

These are clearly described in the 'Project guide' 

of the engine concerned. Engine manufacturers 

require diesel engines with a certain fuel 

consumption, a certain viscosity and a certain 

circulation factor. 

Furthermore, at full load of the diesel engine 

the fuel supply pressure and the fuel discharge 

pressure (regulated with the retaining valve or the 

overflow valve) require a certain value. 

Viscosity sensor 
The viscosity sensor is always set at the desired 

viscosity after which the fuel temperature is 

adjusted accordingly. The correct viscosity, not the 

correct temperature, is important. Therefore: do 

not adjust the temperature. 

One fuel pre-heate r with a shut by-pass valve 

should suffice in maintaining the right fuel 

temperature. A proces o r measures the phase 

difference between the sent and received signal. 

This phase difference is processed and provides 

the vibration damping value which is proportional 

co the viscosity of the liquid. 
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• 
A complete fuel treatment 

system with: 

1 steam control valve 

2 fuel pre heaters 

3 circulation pumps 

4 mixing tank 

• 

• 
The ViscoSense sensor; 

this measures the fuel 

viscosity and 

temperature. 

• 
An automatic fine fuel 

filter in the low-pressure 

heavy fuel system. 

The filter is cleaned by 

automatically back flushing 

the fine filter elements. This 

occurs automatically at a 

certain pressure difference in 

the filter. 

A retaining valve measurement in a large two-stroke 

crosshead engine. Also known as pressure d ifference. 

The pressure difference between the supply low-pressure 

fuel line to the high-pressure fuel pumps and the fuel return 

pipe to the fuel treatment. This pressure difference should 

not exceed a certain value. If the fuel treatment unit does not 

supply sufficient fuel, the fuel pressure will drop below the 

green sector, preventing the engine from achieving the 

required RPM's. 
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The Project guide also often provides the 

specifications of the: 

fuel velocity at the suction side of the pumps; 

fuel velocity in the fuel booster unit; 

fuel velocity in the supply line to the engine; 

all the pressures and temperatures in the 

system; 

the fuel viscosity between the minimum and 

maximum value. 

8.12.2 General comments with regard to 
'booster units' 

Ship propulsion plants often have loads that 

are much lower than those of diesel power 

plants. 

A propulsion engin e usual ly operates at ± 85% 

of its capacity due to the seas, currents and 

draughts. 

A diesel power plant engine usually runs at the 

maximum allowed operating speed (Maximum 

continuous Rating or M.C.R.) of 100% and 

is therefore has a heavier but more consistent 

loading. 

Many two-stroke propulsion engines have a 

booster system developed by the ship yard 

and it is normally built on a false floor in 

the engine room. Sizeable systems with few 

problems. 

Some two-stroke propulsion engines have 

a compact booster unit manufactured by a 

third party and delivered to the ship yard. 

Comparatively, one expects more problems. 

However, the components are often much 

smaller. 

For four-stroke propulsion engines compact 

booster units are generally placed with few 

problems. 

Fuel consumption for four-stroke auxiliary 
engines on large sea-going vessels can vary 

greatly and can range, depending on the 

electricity demand for, for instance, the number 

of reefers, bow thruster manoeuvring etc. from 

8 to 100%. The control valve of the heater is 

often fully closed at such a low load and the 

fuel flow extremely low. However, the fuel 

viscosity is usually stable. 

For container ships the number of refrigerated 

containers ('reefers') is important in order to 

determine the load of the auxiliary engines. lt 

is also important to pay attention to the main 

engine driven shaft generators. A large shaft 

generator has an electric power output of 2.5 

to 3.5 MW and often 'replaces' one of the four 

auxi liary engines. 

M ain engine type: The MAN-B&W crosshead 

engines are not usually equipped with mixing 

tanks and only have a raised tank venting 

system. MAN-B&W four-stroke auxiliary 

engines are also often equipped with this kind 

of system. 

Make. There are approximately fifteen booster 

manufacturers, five of whom are prominent. 

These are, Alfa Laval, Aura Marine, Kupke 

and Wolf, Wesrfalia and Eefcing. All the sets 

a re fairly similar. The customer plays an 

important role as they stipulate their specific 

requirements and will pay for these. 

Most engine ma nufacturers have regulations 

with regard to switching from H.F.O. to 

M.D.O .. Most of them always operate 

their engines on H.F.O., also when they are 

stationary. Others change to M.D.O. under 

certain conditions, for instance, under a certain 

load or during repairs. 

Most fuels used are nor heavier than IF 

380, because heavier fuel does nor offer any 

financial advantages. It is only just cheaper to 

purchase. 

- The so-called pressure compensarors are often 

not in place. This causes an enormous pressure 

pulse in the piping and consequently in the 

booster units. 

8.12.3 Points of interest for booster units 
on location 

1 Does the viscosense work properly; including 

the software? 

2 Ensure that the viscosity is regulated as 

opposed to the temperature. People often 

erroneously think that the temperature is more 

important than viscosity! 

3 Is there one heater! Two are not normally 

required! 

4 Is the viscosense bypass shut? 

5 For four-stroke auxiliary engines on large 

ships. The fuel temperature of (both) auxiliary 

engines often diverges. The fuel temperature 

closest to the booster unit is often higher 

than the fuel temperature further away from 

the booster unit (usually the other side of the 

ship). 

The difference is often 5 °C or more. This can 

generally only be avoided by placing a separate 

viscosense/hearer near the engine 'furthest 

away'. 

6 ls there a quick conversion from M.D.0. to 

H .F. 0. and vice versa?! The viscosense will 

react immediately! 
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7 Does one not resort roo quickly co adjusting 

the temperature when the viscosity docs not 

reach the correct value fast enough? 

8 Does one use the correct fuel? Sampling is 

important! 

8.12.4 Plastics in Heavy fuel oil 

The presence of plastics in cleaned heavy oil is a 

If filters are placed in a system where the fuel 

temperature is higher than the melting point of 

these contaminants, it is possible that the filter wi ll 

clog up. The temperature of the duplex fine filter 

just before the diesel engine ranges from 125 ro 

150 °Candis therefore prone to blockage when 

these substances are present. 

common occurrence. 8.13 Bunkering fuels 
These plastics are predominantly: 

polypropylene - melting point approximately This does not only apply ro shipping but also to 

120 °C diesel power plants. 

polystyrene - melting point approximately 

atyrene monomer 100 °C 

One can generally say that much attention should 

be paid to fuel intake, among other things: 

to the amount of fuel; 

to the available srorage capacity; 

to the manner in which fuel is taken in and the 

supplier's capacity; 

in case of large quanti.ties the sampling 

procedure; 

to prevent environmental pollmion due to 

leakage or tank overflow .. 

Ir is self-evident that 'filling up' 200 li t res of diesel 

o il for a small motor yacht is much easier than 

'bunkering' 8000 tons of heavy oil for a large 

container ship. 

Especially in the second example it is imperative 

that the entire procedure is meticulously fo llowed. 

ln particular the qua lity of the fuel delivered, is 

often a moot point. 

• 
Heavily contaminated 

fine fuel f ilters. 

• 
A bunker boat alongside 

a container ship for inland 

shipping. 

A practical way to refuel 

swiftly and efficiently. 

Operation does not have to 

cease for refuelling, so no 

time is wasted. Moreover, 

there are often no suitable 

berthing facilities. 
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... 
A completely soiled disc 

stack package in a heavy 

oil separator . 

... 
A severely damaged the 

separator house as a 

result of the imbalanced 

overly full separator bowl. 

It is absolutely necessary to 

regularly discharge the 

sludge in the separator. 

The backwash frequency is 

dependent on the amount of 

dirt, which in this case, is 

removed from the fuel. 
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8.13.1 Points of interest for heavy fuel 

Mixing two types of fuels that were bunkered at 

different times should be avoided if possible. 

Before bunkering, the 'old' fuel should preferably 

be stored in tanks that are filled to capacity so 

the addition of 'new' fuel can be bunkered as the 

storage capacity is full. T he 'old ' fuel should be 

used first. If the fuel remains in the storage tanks 

too long it can separate into light and heavier 

components. 

When fuels are mixed asphaltenes can separate out 

of the fuel and produce sludge. One is generally 

advised not to mix heavy fuel oil with gas oil 

or diesel oil on location to reduce the heavy oil 

viscosity. It is difficult to assess the consequences 

of such mixing on the viscosity and also any other 

potential side effects. 

Volatile heavy oil or heavy oil mixed with lighter 

fuels often causes the following problems: 

sludge forming in storage- and sedimentation 

tanks; 

excessive sludge excretion by the centrifuges; 

rapid clogging of filters. 

8.13.2 Cleaning of volatile fuels with 
centrifuges 

Measures 

the centrifuge should be set at the lowest 

possible capacity. 

avoid multiple centrifugation of heavy oil. 

centrifuges should be cleaned or shot every 

fifteen minutes. 

ensure that the highest fuel temperature is 

achieved in the centrifuge, namely 98 cc_ 

8.13.3 Heating double bottomed tanks on 
seagoing vessels 

By heating the heavy oil to make it pumpable, 

the temperature in the cargo holds above the fuel 

ranks rises, which may cause problems for certain 

types of cargo. 

The temperature of the cargo containers in these 

holds may rise as well. 

Depending on the type of cargo that is exposed to 

this temperature increase, one usually maintains a 

maximum hold temperature of 40 cc_ 
In the tropics, where many reefers are in 

operation, this temperature is easily reached in the 

hold. Ir is advisable to temporarily reduce the tank 

heating when temperatures exceed 40 cc . 

• 
Heavy oil separators in the machine room of a large 

container ship. 

They are crucial in cleaning the fuel and the lubricating oil for 

engines using heavy oil as fuel. 



8.13.4 Fuel oil additives 

There is an enormous amount of additives 

available which are used for: 

- preventing sludge and sludge forming in fuel 

ranks; 

- separating water from fuel; 

- improving combustion; 

- increasing the melting point of vanadium; 

- preventing sedimentation in the engine, the 

exhaust gas turbines and the exhaust gases 

boilers; 

- preventing high- and low temperature 

corrosion. 

There are no general rules for the use of dopes. 

Some ship yards and owners of diesel power 

plants use one or multiple additives and give 

positive feedback. 

T 

A 'drip sample' of Marine Diesel Oil (M.D.O.). 

Check the label detailing all required information and the 

tamper-proof seal. 
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.. 
Two 'drip samples' of Heavy Fuel Oil (H.F.O.). 

In this instance 380 CSt with a low sulphur content. 
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The most important factor ,n the 

combustion process in a diesel engine 

cylinder is an optimum fuel 1n1ection. 

The fuel 111jection velocity, the droplet size 

of the fuel spray and the compressed 

air temperature to which the droplets 

are exposed are crucial for optimum 

combustion. 
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... 
Fuel injectors ensure that 

fuel at the appropriate 

moment, in a very brief 

time span, as a finely 

distributed spray is 

injected into the 

combustion chamber. 
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9.1 Introduction 

The fuel injection process has been the principal 

focal point from the time of the first working 

diesel engine. Swift and perfect combustion of the 

fuel is absolutely imperative for the diesel engine 

to work optimally. 

In addition, low specific fuel consumption and a 

limited emission of pollutants in the exhaust gases 

have become increasingly important. 

One must also bear in mind that the materials 

used in the diesel engine components manufacture 

experience an intensification of the mechanical, 

thermal and chemical load. 

Especially the rising pressures in the cylinder exert 

very strong forces in the engine. 

The fuel injection systems have continually 

been adj usted, modified and at times essentially 

re-designed over the last one hundred years that 

the diesel engine has been in use. 

One of the most recent developments is the 

so-called 'common rail' injection system for four­

stroke engines and the 'flexible' injection system 

for two-stroke crosshead engines. 

9.2 Examples of injection times 

9.2.1 A small high-speed four-stroke 
diesel engine - Engine Category I 

RPM 

power stroke 

fuel injection 

3000 

140 crank degrees 

30 crank degrees 

Per second so 50 x 360 = 18,000 crank degrees . 

Power stroke takes 140 crank degrees. 

140 
In time = --- = 0.007 seconds. 

18,000 

30 
Injection time 30 crank degrees; in time: lS,00O = 

0.0016 seconds. 

18,000 
Number of processes per second: 720 = 25. 

Number of injections consequently is 25 per 

second. 

9.2.2 A high-speed larger four-stroke 
diesel engine - Engine category II 

These electronically controlled injection RPM 1500 

techniques have been applied to small diesel power stroke 130 crank degrees 

30 crank degrees engines for a dozen years in mainly the automotive fuel injection 

industry; motor cars and lorries. 

However, the basics of these injection techniques 

are the same; in a short time span, they accurately 

regulate the amount of fuel that is injected into 

the cylinder in such a way that a very rapid and 

perfect combustion follows. 

The combustion process in a diesel engine occurs 

in a fraction of a second. 

. 1500 
Revolutions per second: 60 = 25 rev /sec. 

So per second 25 x 360 = 9000 crank degrees. 

130 
Then the power stroke takes: 

9000 
= 

0.014 seconds. 

30 
The injection rakes: 

9000 
= 0.0033 seconds. 

9000 
Number of power strokes: 

720 
= 

12.5 per seconds. 

So number of injections is 12.5 per second . 

9.2.3 A medium-speed four-stroke diesel 
engine -Engine category Ill 

Number of revolutions 

Power stroke 

Fuel injection 

600 rev /min. 

150 crank degrees 

30 crank degrees 

Number of revolutions: 
6

6
°
0
° = 10 rev/sec. 

So per second 10 x 360 = 3,600 crank degrees. 

150 
Then the power stroke takes: 

3600 
= 

0.041 seconds. 

The injection time rakes: 
3
!~o = 0.0083 seconds. 



3600 
Number of processes per second: 

720 
= 5. 

Therefore number of injections per second is 5 . 

9.2.4 A low-speed two-stroke crosshead 

diesel engine - Engine category IV 

Number of revolutions 

Power stroke 

Fuel injection 

94 rev/min. 

120 crank degrees 

25 crank degrees 

94 
Number of revolutions: 

60 
= 1.566 rev/sec. 

So per second: l.566 x 360 = 564 crank degrees. 

120 
Then the power stroke takes: 

564 
= 

0.212 seconds. 

Then the injection takes: 
5
~

4 
= 0.044 seconds. 

564 
1 umber of power strokes: 

360 
= 1.566 seconds. 

Number of injections is 1.566 per second. 

Comments 

For both high-speed engines (3000 and 1500 

rev/min.) the injection times are extremely sho rt 

(0.0016 and 0.0033 sec.) also the power strokes 

(0.007 and 0.014 sec.). 

For these types of engines only gas oil and diesel 

oil are considered. H eavier fuels such as heavy oil 

combust too slowly. 

For medium- and low-speed engines, the injection 

times are short (0.0083 and 0.044 sec. ) and the 

power strokes are considerably lo nger (0.041 and 

0.212 sec. ). 

These engines can also use a cheaper heavy fuel as 

the combustion time is much longer. Heavy fuels 

can be used for four-stroke engines up to a J 000 

or sometimes1200 revolutions per minute. For all 

RPM's above this value, the combustion time is 

too short and after burning will take place whilsr 

the exhaust va lves arc open. Not only does this 

cause power loss, but the exhaust valves can reach 

a too high temperature and ignite. 

Therefore, mixing fuel and air has to occur as 

quickly as possible and the fuel mixtu re should 

be homogeneous in order for the fue l particles to 

react rapidly with the oxygen. 

In order to achieve a swift reaction the mixture 

has to have a sufficiently high temperature. This 

usually means a final compression temperature 

between 650 and 850 °C. This temperature is 

achieved by compression of the combustio n air. 

The required compression ratio is between 10 and 

20, dependent o n the engine type. The combustion 

process of a diesel engine is based o n the self-
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ignition principle. This means that the engine will 

not wo rk if the fuel is compressed when the final 

compression temperature is too low. This is mostly 

the case during a ' cold' start, when the engine is 

not warm. Therefore many engines are equipped 

with devices chat prevent a cold start such as hot 

wire filaments (small engines category I) or heating 

in the coolant system (larger engines). 

9.3 Ignition delay 

In practice the mixing rate of fuel and air is lower 

than the chemical reaction time during ignition 

and combustion, which means that there is always 

a delay: the so-called ignition delay. 

T he combustion process, of course, will be 

longer as the number of revolutions decreases, 

so ensuring that the larger droplets will still 

fully combust within the limited combustion 

time. This is why there are very few problems 

with regard to the combustio n time in low-

speed two-stroke crosshead engines running on 

heavy oi l. The shorter the combustion time, the 

greater the potential problems as o ne sees in for 

instance medium-speed four-stroke engines with a 

comparatively high RPM. 

9.4 Partial- load conditions 

The injection pressures typically drop ar a lower 

RPM. This will negatively affect the combustion 

process. Therefore, one must take into account 

these partia l load conditions. 

Only by means of special mechanical, and today, 

electronically controlled injection systems can the 

fu ll load injection pressures be maintained. 

Virtually a ll new diesel engine designs have 

advanced, electronically controlled injections 

systems which, a mong others, achieve lower 

pollutant emissions in exhaust gases at partia l 

load conditio ns. Generall y, the fuel consumption is 

also reduced. 

At partial load conditions, the final compression 

pressure- and temperature both drop as the 

increased compress ion time allows an increase 

in the cylinder heat escape. This of course has a 

negat ive effect on the ignition- and combustion 

time. 

M edium-speed diesel engines, which usually run 

on heavy oil, are converted to diesel oil below a 

25% load. Increasing the inlet air- and cooling 

water temperatures also positively affects the final 

compression temperature. 
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9.5 Processes in the cylinder; 
injection, ignition and 
combustion 

The fuel is injected into the cylinder by a cam 

shaft driven high-pressure fuel pump. The correct 

amount of fuel is forced into the injector or the 

fuel valve at a meticulously timed moment. At the 

commencement of the compression stroke of the 

pump, the fuel is compressed in the pump cylinder, 

the high-pressure fuel line and the injector. An 

injection delay lasts until the moment that the 

needle valve as a result of the increasing pressure 

in the injector. 

This is therefore a mechanical delay which is .& 

dependent on the fuel volume in the pump, the A high pressure fuel pump driven by the camshaft left, 

high pressure line and the in ject or. It is also the high pressure fuel line in the middle and the fuel 

dependent on the constructio n of the high-pressure injector right. 

fuel pump and the injector. So this injection delay 

can not be manipulated in an existing engine . 

... 
A complete high pressure fuel injection system. 

, fuel cam on the camshaft 

2 cam rollers 
3 cam roll guides 

4 pump plunger 

5 fuel pump housing 

6 fuel return line 

7 lubricating oil supply to the cam roll guides 

B fuel pump-control rod 

g central adjusting spindle 

1 o fuel pump gear rack 

11 fuel pump suction line 

12 fuel pump high pressure line 

13 fuel injector 

14 injector tip 

1 s combustion space with the piston in the top position 

16 cover over the fuel pumps, the so called 

'hot box' 
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9.6 The four phases by Ricardo 

From the moment that the initial fue l particles 

are sprayed into the cylinder, the chemical process 

of ignition and combustion begins. This has been 

described by various engine builders, among 

whom the Englishman Ricardo. He put together a 

four-phase classification. 

9.6.1 Phase 1: Ignition delay 

T he injected fuel droplets are heated by hot 

compressed air, then vaporise and mix with the 

hot compressed air, after several thousandths of a 

second the mixture ignites. The time that elapses 

between the fuel entering the cylinder and the 

ignition of the mixture is called the igni tion delay. 



The ignitio n delay is affected by: 

the compressio n pressure-and -temperature; 

the shape o f the combustion space at the 

moment o f injection; 

- t he type o f fuel. 

The heavier the fuel the longer the ignition delay_ 

For gas o il and diesel o il chis delay is very short, 

just a few tho usand ths o f a second. For heavy fuel, 

it can be considerably longer. 

When t he ignition delay is represented by the 

number o f crank degrees, the high-speed four­

stroke engines obviously have the greatest value. 

9.6.2 Phase II: Uncontrolled combustion 

From the moment t he fuel is ignited there is a 

rap id pressure- and temperature increase o f the 

combustion gases in the cylinder. The ra te a t 

which rhe pressure r ises in comparison to the 

crank degrees is called the pressure gradient. 

Sometimes, too strong a pressure grad ient 

manifests itself as a knocking sound due to the 

pressure impact o n the piston which travels to the 

dr iving mecha nism. 

The injection t ime in high-speed engines is very 

brief. This is particularly noticeable during rhe 

ignition delay. This is nor the case in low-speed 

engines runn ing on heavy o il. H ere a minimum 

va lue has been set due to the increasingly poor 

ignit ion qua lity of heavy fuel. 

Abo ~ee Chaptl'r H, ruck fud-linl' .,y,tems anJ 

fuel cll'an1ng. 

9.6.3 Phase Ill: Partially controlled 
combustion 

, 

After the ignition delay the fuel inject ion and 

combustion take place in a relatively controlled 

manner. The heat develo pment increa ses 

synchronously with the fuel supply. The greater 

the volume of air consumed , the lesser the amount 

of heat generated. 

9.6.4 Phase IV: After burning 

The fuel injectio n is terminated because the 

effective compressio n stroke o f the fuel pump 

plunger is ended and the needle valve shuts as a 

result of the rapidly decreasing pressure in the 

high pressure pipeline. At this mo ment the last o f 

the fuel in jected com busts. By the time the exhaust 

valv~s open all the required fuel must have 

combusted in order to avoid overheating o f the 

valves and valve sea ts. 
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• 
The pressure curve in the cylinder for the duration of 

the four phases. 

Line AB shows the compression pressure without fuel 

injection. 

Line 2, starting at point E, shows the combustion pressure of 

the fuel injection. The maximum combustion pressure is at 

point G, just after the top position of the piston. Point Bis the 

time at which the exhaust valve or -valves are open. Most of 

the energy formed in the combustion process is converted to 

pressure exerted on the piston. 

The four phases of the combustion process a re: 

1 the ignitio n delay; 

2 the uncontro lled combustion; 

3 the partia lly controlled combustion; 

4 the after burning. 

The fuel is injected ac approx imately 15 degrees 

before top dead centre a nd terminates a t 15 

degrees past the top dead centre. Consequentl y, the 

entire injection angle constitutes 3 0 crank degrees. 

T he higher the number of revo lutio ns, che earlier 

the fuel is injected. The maximum combustio n 

pressure sho uld be achieved just afte r the T.D.C. 

of the piston in order to obtain maximum 

pressure on the piston as it passes T.D.C. . If the 

maxim um combustion pressure is reached too 

early, for instance, with the piston a t the T.D.C. 

position, this can cause considerable damage to 

the drive mechanism because o f the extremely 

high maximum combustio n pressure at the 

T.D.C. position. Conversely, a delayed maximum 

combustion pressure produces a much lo wer 

pressure as the piston has long passed T.D.C. and 

the piston speed is increasing ra pidly. The engine 

genera tes less power a nd the energy created by 

the high pressure and temperature o f the exhaust 

gases is lost. 
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The pressure curve in the cylinder at varying fuel 

injection times. 

Line 1 (green) is the normal pressure curve in the cylinder at 

an optimally tuned fuel injection. The maximum combustion 

pressure is approximately 15 tot 20 degrees after the TDC 

position. 

Line 3 (orange) is the pressure curve in the cylinder with a 

later fuel injection where less power is transferred to the 

piston and the exhaust gas pressure and temperature 

increase. 

Line 2 (red) is the pressure curve in the cylinder at a slightly 

early fuel injection. Here the maximum combustion pressure 

increases occurs too early to be effective on the piston that is 

almost at its top position. 

Altering the fuel injection seriously affects the 

combustion process and the power output of the 

diesel engine. Meticulously tuned fuel pumps and 

injectors are a prerequisite for optimal operation 

of the diesel engine. 

As aforementioned, it is fairly simple to calculate 

the injection- and the tota l combustion time. 

Injection time in seconds = 

Injection time in travelled crank degrees 

360 times the number of revolutions per second 

Total combustion time= 

combustion in travelled crank degrees 

Total combustion process in crank degrees times 

the number of revolutions per second 

Less power is produced and the exhaust gas pressure and 

temperature are approximately equal to line 1 . 

The dashed line shows the pressure curve at an early fuel 

injection. The piston is going through the upwards stroke and 

the combustions process has started. Slightly before the top 

position and in the top position, the combustions pressure is 

extremely high and causes damage to the piston and the 

residual of the gearing. Often this results in irreversible 

damage. The power output is minimal. 

9. 7 Ignition delay; causes 

Ignition delay is dependent on the shape of the 

combustion space, the pressure and temperature at 

the time of the fuel injection, as well as the nature 

of the atomisation and the ignition quality of tbe 

fuel. 

Further explanation 

Shape of the combustion space 

From the time of the fuel injection just prior to the 

T.D.C. position until the end of the fuel injection 

just after the T.D.C. position, the combustion 

space is a cylindrically shaped space with little 

head space. I t resembles a flat disc. The higher the 

compression rate the flatter the disc. This means 

that the fuel is almost horizontally injected in most 

four-stroke- and two-stroke diesel engines. 



A 

Fuel injection is an exact occurrence; the injection 

angle and the fuel injection radius are continually 

adjusted in order to achieve optimal injection. 

A 

Various fuel injection possibilities. 

Experimentally the number and the diameter of injector 

apertures are adjusted as well as the fuel injection angle and 

the distance that the fuel droplets travel in the compressed 

hot air. This is done in order to obtain optimal combustion. 
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The crank angle a t which the fuel is injected 

varies, but averages between 30 and-45 crank 

degrees for medium- and high-speed four-stroke 

diesel engines, and approximately 20 crank 

degrees for large low-speed two-stroke engines_ 

Pressure and temperature of the air 

The pressure and temperature of the compressed 

air can a lso greatly influence the ignition delay. 

The high final compression pressure is a result of 

a high turbo charger fill pressure in conjunction 

with a high compression rate. The turbocharger 

temperature is also of importance. Depending on 

the engine category one finds the following values: 

turbo-charger fill pressures between 1.0 and 

3.5 bar over 

turbocharger temperature 

compression ra tios 

pressure 

between 25 and 

65 °C 

approximately 

between 10 and 

20 

final compression temperatures from 650 to 

850 °C 

final compression pressures from 20 to 

200 bar 

9.8 Nature of atomisation 

The nature of the atomisation is very much 

dependent on the injection pressure of the injector, 

the diameter of the injector apertures, so therefore 

the velocity with which the fuel droplets travel 

through the 'thick' compressed air. 

The droplets must move through the cylinder in 

just a few milliseconds. 

9.9 Ignition quality of the fuel 

The ignition quality is dependent on the type 

of fuel. Light distillate fuels such as gas oil and 

diesel oil ignite much quicker than heavy oils. 

The ignition quality of heavy oils can also diverge 

considerably. Aromats- and asphaltenes (cycl ic 

compounds) are more difficu lt to crack than 

aliphatic hydrocarbons (chain compounds) and 

thus produce a longer ignition delay. 

For heavy oil the C.C.A.1.-value is used: a measure 

for the ignition quality o f heavy oil. 
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... 
Fuel injection profile for 

the MAN-B&W ME series, 

two stroke crosshead 

engines. 

Horizontal: the position of 

the crank shaft in crank 

degrees. 

At 180 crank degrees, the 

piston is in top 'deg. after 

BOC' = crank degrees after 

the bottom dead point 

(Bottom Dead Centre). 

Vertical: the fuel injection 

pressure in bars. 
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T he ignition delay of heavy oil can sometimes be 

improved by mixing it with a fuel that has a better 

ignition qual ity (usually a lighter fuel ). There is 

also a (theoretical ) formula for the ignition quality. 

k 4650 
tv = pl ,19 x e ~ 

Where: 

tv = the ignition delay in milliseconds; 

p = the absolute pressure in the chamber during 

injection; 

T = the absolute temperature in the chamber 

during injection; 

e = radix for natural logarithms; 

k = the constant; this is dependent on the ignition 

qua lity of the fuel. 
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T his laboratory test shows that the higher the 

pressure and the temperature, the sho rter the 

ignition delay. 

9.10 Examples of combustion 
processes 

Engine manufacturers often provide interesting 

graphs when introducing a new or improved diesel 

engine: 

the pressure build up in the cylinder; 

the pressure build up in the high pressure fuel 

line; 

the lifting of the atomising needle; 

the injection angle of the fuel. 

T his is in relation to' the position of the crank 

shaft . 

-- Classic 
-- Constant pressure 
-- Double inject ion 

195 200 205 210 215 

Deg. after BDC 

Green line: the pressure curve for normal conventional 

injection. 

Start: 173 crank degrees, this is 7 crank degrees before 

the top. 

Finish: 192 crank degrees, this is 12 crank degrees after 

the top. 

Total injection time: 19 crank degrees. 

Maximum fuel injection pressure: 7 40 bar. 

Red line: the pressure curve according to the constant 

pressure system. 

Start: 177 crank degrees after the bottom, this is 3 crank 

degrees before the top. 

Finish: 191 crank degrees after the bottom, this is 11 crank 

degrees after the top. 

Total injection time: 14 crank degrees. 

Maximum fuel injection pressure: 795 bar. 

Remark: the injection time is shorter and at a higher 

pressure. 

Blue line: double injection. 

Start: 177 crank degrees after the bottom, this is 3 crank 

degrees before the top. 

Finish: 201 crank degrees after the bottom, this is 21 crank 

degrees after the top. 

Total injection time: 24 crank degrees. 

Maximum fuel injection pressure: 740 bar. 

Remark: the fuel injection takes place in two phases and 

takes longer. Due to this, the maximum combustion 

pressures and maximum combustions temperatures are 

lower. This results in lower nitrous oxide emissions. 



CH9 > FUEL-INJECTION SYSTEMS 

I 
:::, 

200 

180 

160 

140 

Cylinder 
pressure 

120 

I 100 (l. 

Water injection 
needle lift 

Fuel injection 
needle lift ... 

80 G) 
'C 
C 

60 
~ 

40 

20 

-50 -40 -30 -20 -10 0 10 

Crank Angle/°CA 

• 
The pressure curve in the cylinder of a four stroke 

medium speed diesel engine operating on heavy fuel 

oil. 

Horizontal: the position of the crank shaft with at the zero the 

top dead point of the piston. 

Vertical: the cylinder pressure in bars. 

The maximum combustions pressure in the cylinder is 

approximately 185 bars and occurs approximately 

1300 
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• 
This graph shows the pressure curve in the cylinder for 

of a two-stroke crosshead engine operating on heavy 

fuel oil. 

Left graph: 

Horizontal: the position of the crank shaft. At 180 crank 

degrees the piston is in the top position. 

Left vertical: the cylinder pressure in bars 

Right vertical: the fuel injection pressure in bars 

Red line: the cylinder pressure curve 

Blue line: the fuel pressure curve at injection 

20 30 40 50 

1 O degrees after the top position of the piston. The fuel 

injection starts at the moment that the injector needle is 

opened by the increased fuel pressure from the high pressure 

fuel pump. 

This occurs at 1 O degrees before the top position to 

20 degrees after the top position of the piston (green). 

Injection takes place in total over 30 crank degrees. This 

engine is also equipped with water injection to limit nitrous 

oxide emissions. This takes place before the top position of 

the piston (red). 
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The graph shows a two-stroke crosshead engine operating 

at the lowest fuel usage. 

Right graph: 

This graph shows the same engine that has been tuned so 

that nitrous oxide content in the exhaust gasses is limited. 

The fuel injection takes place later and consists of a pre- and 

main injection. Due to this is the combustion is less explosive 

and more gradual. This results in lower maximum 

combustion temperatures and pressures, therefore less 

nitrous oxides are produced. 
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... 
Shown, the injection flow 

in a 'dual- fuel ' engine. 

Brown is the fuel injection 

and red the gas injection. 

Clearly shown is that both 

fuels are almost horizontally 

injected in the combustion 

chamber. 

l 

... 
The droplet size is 

important in the 

achievement of an ideal 

combustion process. 

At a low fuel injection 

pressure, the droplets are 

too large and therefcre 

incomplete combust on 

occurs. At higher fuel 

injection pressure, the 

droplet size is reduced and 

the fuel combusts faster and 

more completely. 
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Low Injection Pressure, 
Large Droplets 

... 
The droplet size relative 

to a human hair. 

A human hair has a diameter 

of approximately 0,004 inch, 

approximately 0.1 millimetre. 

A fuel droplet is 

approximately 0,001 inch 

in diameter, approximately 

0,025 millimetre. This is 

25 microns; the ideal droplet 

size! 

High Injection Pressure, 
Small Droplets 

t 

1 Micron 

4 

9.11 Injection pressure and 
droplet size 

The ignition quality, including the ignition delay, is 

also determined by the size of the fuel droplets. 

The smaller the droplet the quicker it heats up, 

vaporises and gasifies. In ocher words: the smaller 

the droplet, the higher rhe ratio of the convex 

surface to the content of the dropler. The smaller 

the droplet, the faster the fuel mass heats up! 

The droplet size is dependent on the average 

injection pressure. For two-stroke crosshead 

engines this lies between the 250 and 1000 bar 

and for four-stroke engines between 250 and 

2000 bar. This, of course, largely depends on the 

engine type. 

The injection pressure has increased considerably 

throughout the years. Due to the growing demand 

for an increase in cylinder capacity the effective 

mean pressures have risen significantly. This 

has been facili tated by mcreasing the pressures, 

including the final compression pressure, during 

the combustion process. In order to swiftly spray 

the fuel sufficiently far into the cylinder the fuel 

injection pressure must also increase so that the 

increased resistance of the final compression 

pressure can be overcome. 

Electronically controlled modern fuelling systems 

for two-stroke crosshead engines currently (2008) 

use pressures of approximately I 000 bar and for 

four-stroke engines of approximately 2000 bar. 

Here the droplet size varies from 15 to about 

60 micro-millimetres. 

Human Hair 

!+-------- 1000 --------1 
INCH 



It is of the utmost importance that the fuel pumps 

and injectors are maintajned and set correctly_ 

This is ideally performed by specialised fi rms 

which have all rhe required maintenance- and rest 

equipment in-house. 

9.12 Injection principles 

There are two sys tems: direct and indirect. 

Direct injection 

The fuel is injected into rhe single combustion 

space under pressures of 1000 to 2000 bar. 

The modern four-stroke engines have one fuel 

injector in the heart of rhe cylinder head. They are 

usually multiple-aperture injectors which inject 

rhe fuel almost horizontally into rhe disc-shaped 

combustion chamber ar a maximum pressure, rhe 

so-called peak pressure, of 2000 bar. The d istance 

rhar is covered during the injection amounts to 

approximately 0.3 D from rhe centre axis. In fact 

rhis means rhat rhe cylinder is injected with fuel 

over a diameter of 0.6 D. So in most of today's 

.. 
The combustion process above the piston is a very 

quick and complicated process. The fuel injection 

quality is essential for the good operation of the diesel 

engine. 
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engines the fuel is nor sprayed against the piston 

crown surface. 

Tn two-stroke crosshead engines rwo or three 

injectors inject the fuel almost horizontally into 

the engines. The fuel is injected into the cylinder 

at a certa in angle in a circular spray form. T he 

injecrors in question are always multiple-aperture 

injecrors. 

... 
The injector t ip of a 

similar engine with 

multiple injector 

apertures . 

... 
The injection flow of the 

three injectors in a large 

two stroke crosshead 

engine. 

As the exhaust valve is 

centrally positioned, the 

injectors are positioned 

around the circumference. 

The various colours show 

the gas temperatures. Red 

is the highest temperature 

then decreasing yellow, blue 

and purple. 

... 
The three injectors per 

cylinder for a two stroke 

crosshead engine . 
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... 
A prechamber injection in 

an air cooled Deutz diesel 

engine. 

Left in the prechamber the 

single aperture pintle type 

injector and right the glow 

plug for a cold start. 

1 prechamber 

2 injector 

3 glow plug 

4 cylinder head 

.... 
A Ricardo- prechamber in 

a conventional four stroke 

medium speed diesel 

engine. 

Cylinder diameter 210 

millimetre. Fuel M.0.O. Note 

the position of the single 

aperture 1n1ector and the 

channel to the main 

combustion chamber. 

exhaust valve 
2 prechamber 

3 pintle type injector 

4 tangential channel 
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Indirect injection 
The fuel is injected into a separate prechamber or 

pre-heating chamber at a relatively low pressure. 

The system is only applied in four-stroke high­

speed engines. 

There are many diffe rent types of prechambers. 

In prechamber injectio n the fuel is injected into 

the prechamber via a pinrle nozzle at a fairly 

low injection pressure of a 100 to 200 bar. There 

a re numero us different antechamber designs. 

Essentia lly, they all serve a similar purpose. 

- The walls are extremely hot and rapidly heat 

up the injected fuel. 

Because of this the fuel swiftly ignites. 

Due to the high tempera ture the fuel in the 

antechamber cracks and breaks down the long 

hydrocarbons molecules into smaller chains 

which are easier LO combust. 

As the pressure in the relatively small 

antechamber rapidly increases, the mixture 

is pushed, at a great force, through a number 

o f specially shaped ducts into the main 

combustion chamber. H ere there is more than 

sufficient ai r to fu lly combust all the fuel in the 

prechamber. 

As a result of the special mode in which the 

pipes are connected to the main combustion 

chamber, there is increased a ir movement 

which means that remaining fuel combusts in 

its entirety and swiftly. 

Whirl-chamber engines have a conica lly shaped 

sphererical whirl chamber in their cylinder 

head. This is connected to the main combustion 

space by means of a tangential pipe. During the 

compression stroke, a part of the compressed 

air is fed into the whirl chamber, causing rapid 

air rotation . The fuel injected by the single-point 

injector is now intensively mixed with the rotating 

air. The walls of these whirl chambers are a lso very 

hot as they are only partially cooled. This causes 

the incoming air co achieve high temperatures 

ver y quickly and therefore the injected fud will 

swiftly combust. Due to the high pressure rise in 

the re latively small space, the mixture which still 

contains a large amount of uncombusted fuel is 

forced into the main space where the remaining 

fuel combusts fu lly and swiftly. 

Some advantages of this system 
Swift ignition which makes the system suitable 

for high-speed engines. 

- The system is barely sensitive co the ignition 

quality of the fuel. 

The maximum combustion pressures a re 

relatively low. 

The single-point injector is relatively simple 

and pipe blockage wil l therefore seldom occur. 

- T he fuel pump is relatively simple due to the 

low pressures . 

Some disadvantages of this system 
The efficiency is lower than chat of a directly 

injected diesel engine; there are considerable 

flow-and whirl losses. The cooling -water 

losses are a lso slightly h igher. 

Compared to a directly injected engine, 

starting is more difficult due to the low 

injection quali ty and the higher loss of 

compression warmth to the still cool a mbient 

air. Therefore the engine often requi res a ids 

such as hot wire filaments to assist starting. 

Prechambers tend to crack with a cold start or 

rapid ly changing loads. 



DLJring the past years, larger numbers of high­

speed engines have been built on the principle 

of direct injection to avoid the aforementioned 

disadvantages of indirect injection. 

The volume of an antechamber in relatio n to the 

main chamber can range from 20 to 50 % . 

9.13 Shape of the combustion 
chamber 

9.13.1 Four-stroke 

The space at the end of the compression stroke, 

so at the beginning of the combustion process 

is increasingly 'flat' as a result of the increasing 

compression rate. 

Let's assume the compression rate is 14 and the 

cylinder bo re 200 millimetres. 

Vs + Ve 
£=compression ra te = · 

Y e 

14 Vc = V5 + Y c 

13 Vc =V5 

The volume of the final compression space then is: 

1 
- part o f the stro ke volume. 
13 

Let's assume that the stroke at a cylinder bore of 

200 millimetres constitutes 220 millimetres, which 

gives a height o f the final compress io n space 

220 .. Ll = 16.9 mdl1metres! 

• 
In this line engine with the piston almost in the top 

position is the space above the piston is also only 

centimetres high. 
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... 
Left, the cylinder head of a older diesel engine type 

with above the prechamber, in the middle the inlet-and 

the exhaust valve; below the air starting valve. Right a 

modern cylinder head with direct injection. 

The small hole bottom left (see circle) of the inlet valve is the 

relief valve. Right the cylinder head of a more recent diesel 

engine type with an injector placed centrally in the head the 

for direct fuel injection and around this aperture, both inlet­

and exhaust valves. Fuel is M.0.O. and/or H.F.O. 

• 
The cross-section of a 

V- engine with the piston 

in top position and the 

both valves closed. 

Clearly shown how small the 

space is above the piston. 

• 
Recesses in the piston 

crown of a high speed 

Cummins-diesel engine. 

These are intended for the 

positioning of the inlet- and 

exhaust valves at the piston 

top position when the valves 

are slightly opened. 

Therefore during exhaust air 

scavenging . 
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A 

Recesses in the piston 

crown of a Caterpillar­

MaK 32 diesel engine in 

order to create valve 

space. 

In the backgrourd. the 

dismounted steel piston 

crowns. Note the bowl 

shaped combustion 

chamber in the piston 

crown. 
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In this ' flat disc' the fuel must be injected almost 

horizontally. 

The piston crown is also often given a specific 

shape and the two inlet- and exhaust valves 

require some room. 

Often there is so little space at the T.D.C. position 

of the piston during exhaust air scavenging that 

recesses have been made in the upper rim of the 

cylinder liner and the piston crown in order co 

c reate room for the valves. 

Injecting the fuel 
In a test phase or in practice, the injector nozzle is 

often adjusted to such an ex tent that the injection 

angle and -jet are modified slightly. In this manner, 

the most ideal injection method is investigated. 

.... 
The Oros combustion 

chamber incorpates all 

the latest developments 

and features from MAN 

Diesel. 

Note the rounded upper 

angle of the combustion 

chamber in the cylinder 

cover. Central the large 

exhaust valve. The two 

injectors are visible. 

The number of injector a pertures or the location 

of the apertures are regularly modified. One could 

obviously a lso modify the opening pressure o f 

the injector, the maximum pressure o f the fuel 

injection or the diamete r o f the injector apertures. 

The injection curve and the moment o f injection 

are important values in finding the ideal injection. 

9.13.2 Two-stroke crosshead engines 

All two-stroke crosshead engines w ork on to the 

uniflow- or direct flow principle. This means that 

the air is supplied via the scavenging pon s 

located in the lower section of the cylinder liner 

and that the discharge of exhaust gases occurs 

by means of the hydraulically contro lled exhaust 

valve centrally s ituated in the cylinder cover. 

A 

The injection flow of a four stroke-trunk piston engine 

and a two-stroke crosshead engine. 

Left, the injection flew pattern from the cylinder heart when 

the fuel is centrally injected. 

Right, the circular injection flow pattern that 1s slightly 

directed towards the inside when the fuel 1s injected from the 

circumference . 



Therefore, rhere is no space to place a fuel injector 

in the heart of rhe cylinder cover . The injectors 

are then mounted in a circle in between the 

exhaust valve and the cylinder wall. 

Two or three injectors, which inject the fuel more 

or less in the direction of this circle, are fitted. 

The upper corners of the combustion chamber are 

rounded in order to a void scavenging shadows. 

The shape of the pisto n bottom may vary, but 

is generall y fa irly flat and either slightly bowl­

shaped or provided with an elevation in irs heart 

('island ') . 

... 
The upper part of the combustion space in this 

two-stroke crosshead engine is rounded to avoid 

scavenging shadows. 

Scavenging shadows are areas where the scavenge air does 

not (fully) reach therefore exhaust gas-particles remain 

behind. 
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... 
A large two-stroke 

crosshead engine as seen 

from above. 

Note the dimensions of the 

cylinder heads in relation to 

the engineers. 

cylinder cover 

2 exhaust valve 

3 high pressure fuel lines 

to the three injectors 

4 injectors 

5 hydraulic pipe lines to 

open the exhaust valve 

... 
The position of the 

injector at the edge of the 

combustion cham ber in a 

two stroke crosshead 

diesel engine. 

The fuel is almost 

horizontally injected. 

... 
A injector t ip of a similar 

engine with multiple 

injector apertures. 
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Injecting fuel 
Fuel injection in two-stroke crosshead engines is 

frequently adjusted in order to obtain optimuma l 

injection. T he injector nozzles are often changed. 

9.14 Fuel-injection mechanism: 
fuel pump 

Fuel pumps have to meet demanding requirements 

since the manner in which the in jection takes 

place is crucial for the qua li ty of the combust ion 

process, and therefore the o ptimal operation of the 

diesel engine. 

9.14.1 Fuel pump requirements 

- To swiftly put the fuel under high pressure. 

The pressure time varies from several 

thousandths of a second co several hundredths 

of a second. The required pressure ranges from 

approximately 200 ro 2000 bar. 

To pump a very meticulously regulated 

amount of fuel to the injector where the 

quantity should be continually controllable 

from zero output to maximum output. The 

maximum amount varies from several tenths 

of a cubic millimetre for small engines to 

several dozen cubic centimetres for the largest 

engines. These amounts apply to each plunger 

stroke and each cylinder. 

- The delivery of the fuel must commence at 

the correct time and last for a certain time. 

The complete injection curve for four-stroke 

high-speed and medium-speed diesel engines 

amounts to approximately 30 to 40 crank 

degrees and about 20 crank degrees for two­

stroke crosshead engines. 

The fuel pump leakage losses should be 
minimal. For the most frequently used fuel 

pumps, the p lunger pump, fuel leakage is 

negligible. The long plungers, which have 

very little clearance in relation tO the plunger 

housing, guarantee minimal leakage. 

- The fuel pump should be able to cope with 

fuel temperatures of approximately 150 °C to 

ensure that the heavy fuel is atomised into the 

cylinder at the correct viscosity. 

Heavy fuel viscosity prior to injection must lie 

between 8 and 12 cencisrokes for four-stroke 

engines and between 10 and 15 centisrokes 

for two-stroke crosshead engines. The fuel 

temperatures lie between 125 to 150 °C. 

.. 
A high pressure fuel pump in a medium speed four 

stroke-diesel engine operating on H.F.O. 

1 pump housing 

2 cam rollers 

3 roll guide 

4 lubricating oil supply 

5 plunger 

6 plunger spring 

7 suction chamber 

8 pressure chamber 

9 pump cylinder 

10 machined part of the plunger 

11 gear rack for the plunger rotation 

12 spring seats 

13 pressure valve 

14 overflow valve, pressure release 

15 pump cylinder head 

16 pressure plate 

17 bolt 



Engine manufacturers often set an upper limit to 

the fuel temperature because the quality of the 

sealings of fuel pumps rapidly deteriorates when 

exposed co higher temperatures. 

9.14.2 Fuel pump drives 

Traditionally, fuel pumps a re driven from the 

camshaft by means of fuel cams. 

Today there are also other drive systems such as 

the common rail systems. This will be discussed 

later in this chapter. 

... 
In this Caterpillar-MaK diesel engine every cylinder has 

its own high pressure fuel pump. 
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~ 

A complete high pressure 

fuel system of a four 

stroke medium speed 

diesel engine. 

The last part of the high 

pressure fuel line runs 

through the cylinder head. 

The injector tip is intensively 

cooled around its surface 

perimeter. 

1 camshaft 

2 roll 

3 guide 

4 fuel pump 

5 high pressure fuel line 

6 fuel injector 

9.14.3 Types of injection systems 

Six different fuel injection systems can be 

distinguished. 

1 With plunger controlled pumps for each 

cylinder 

Each pump is individually driven from the cam 

shaft by a fuel cam. 

This system can be applied to each type and size 

of engine. 

T 

Two high pressure 

plunger fuel pumps, in 

the centre is the hydraulic 

pump for the exhaust 

valve. Engine type 

MAN-B&W 50 - MC . 
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... 
A fuel pump block for an 

in line high speed six 

cylinder four stroke-diesel 

engine. 

A fuel pump block for a 

high speed three cylinder 

four stroke-diesel engine 

found in yachts. 

... 
A horizontally positioned 

rotated block fuel pump 

for a small righ speed six 

cylinder four stroke-diesel 

engine. 
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... 
This two-stroke crosshead engine has a high pressure 

integrated fuel pump block for every two cylinders 

comprising two fuel pumps. 

2 With a block fuel pump with small p lunger 

controlled p umps for each cylinder 

The block fuel pump has a small plunger 

controlled pump for each cylinder. The block 

fuel pump is driven from the 'timing gear train' 

between the crank shaft and the cam shaft. 

This system is often used in high-speed four-stroke 

engines. 

3 With valve controlled fuel pumps 

This system is used in large two-stroke crosshcad 

engines . 

A 

A pair of valve regulated high pressure fuel pumps for 

two cylinders of a two-stroke crosshead engine. 

Manufacturer Wartsila Sulzer RTA . 

The pump is placed close to the low positioned camshaft. 

therefore not at the same height of the cylinder covers. 

Left and right, high pressure lubricating oil pumps for the 

operating the exhaust valves. In this engine type, two fuel 

pumps are assembled in one housing. 
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... 
A plunger regulated high pressure plunger type fuel 

pump of the Wartsila Sulzer RTA two stroke crosshead 

engines. 

1 pump housing 

2 high pressure plunger 

3 pump head 

4 pressure valve 

5 erosion/cavitation plug 

6 overflow valve 

7 fuel to injectors 

8 fuel adjustment spindle, quantity 

9 fuel adjustment, timing 

10 fuel supply 

® 

® 
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4 Common rail system 

Jn this system the fuel supply is regulated 

electronically. There are different systems for 
four-stroke trunk piston engines and two-stroke 

crosshead engines . 

A two-stroke crosshead engine from manufacturer 

Wii.rtsilii. Sulzer 12 RT-flex 96 C. 

1 fuel common rad 1000 bar 

2 lubricating oil common rail 200 bar 

3 fuel return lines 

4 high pressure injector fuel lines 

5 exhaust valve 

6 high pressure lubricating oil supply to the exhaust valve 

... 
The high pressure injector of a Caterpillar high speed 

four stroke-diesel engine with the common rail system. 

, fuel in1ector 

2 high pressure fuel supply line 

3 fuel return lines 

4 exhaust valve 

5 inlet valve 

6 combustion chamber 

... 
The common rail system for the four stroke medium 

speed diesel engines from manufacturer Wii.rtsilii.. 

, high pressure fuel pump two cylinders 

2 high pressure fuel accumulator for two cylinders 

3 high pressure fuel line to the fuel injectors 
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5 injector system 

In this system the high pressure fuel pump and the 

atomiser a re located in o ne casing the so-called 

fuel injecto r. This fuel injector is placed in the 

cylinder head and is mechanically driven from the 

cam shaft by means o f a fuel cam, guide pulley, 

push rod and lever, just like the inlet- and exhaust 

valves. T he system is used in high-speed four­

stroke engines o f, am o ng others, Cummins and 

Caterpilla r. 
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... 

... 
The equivalent common 

rail system for Wartsila 

four stroke engines with 

the cylinder heads of the 

two cylinders removed. 

A mechanically driven fuel injector from manufacturer 

Cummins. 

y 

A mechanically driven 

fuel injector from 

manufacturer Caterpillar. 

1 push rod 

2 rocker arm 

3 pressure spring 
4 fuel injector 

5 combustion chamber 

... 
Fuel injectors with 

mounted the magneto 

valves . 
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... 
The mechanically 

adjustable camshaft in 

the medium speed diesel 

engines from Caterpillar­

MaK. 

Through the rotation of the 

eccentricities, the timing of 

the valves and high pressure 

fuel pump is modified. 
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6 Fuel pumps with adjustable cam drives 

for low soot emission 
at low loads 
different eccentricities 
for injection 
and valve timing 
are used 

X1, X2, X3 = Eccentricities 

... 
A MAN-B&W four stroke medium speed diesel engine 

shown here is provided with a separate camshaft for 

the high pressure fuel pump and the inlet- and exhaust 

valves. In this engine, the t iming of the valves can also 

be adjusted. 

9.14.4 Fuel pumps with modification for 
fuel quality, expressed in C.C.A.I. 

This system is, among others applied ro Warrsila­

Sulzer two-stroke crosshead engines. Two systems 

can either independently or concurrently be 

applied to the control system of the fuel pumps. 

9.14.5 V.I.T.-system 

The Variable Injection Timing-system. T his is 

applied in order to advance the fuel injection at 

partial load. This way the maximum combustion 

pressure, and consequently the engine efficiency, 

remains at a high level. The system operates 

automatically and is dependent on the fuel control 

mechanism. 

The V.l.T.-system operates in the engine load 

scope of 100% to 85% and automatically ensures 

that the combustion pressure reta ins its maximum 

value. 

Maximum fuel economy is achieved at an engine 

loa d between 80 and 90% and amounts to two 

grams per kWh. 

The automatic V.I.T.-system is always combined 

with a manually adjusted F.Q.S.-system. Engines 

that are unsuitable for a V.l.T.-system are 

equipped with a separate F.Q.S. system. 

9.14.6 F.Q.S.-system 

The Fuel Quality Setting-system serves to ensure 

that the maximum a llowable combustion pressure 

is not exceeded. The mechanism is manually 

adjusted and based on the ignition quality of the 

fuel. 

The ignition quality is expressed in C.C.A.I. 

(Calculated Carbon Aromaticity Index). Both 

systems a re limited when adjusting the moment 

of injection. The maximum adjustment is three 

crank degrees for both advancing a nd retarding 

the injection. 

Operation of both systems 
Today these systems are electronically controlled, 

which allows for a reduction in the maximum 

combustion temperatures, which in turn faci lita tes 

a decreased emission of nitrous oxides in certain 

navigational areas. 

9.14.7 V.E.C.-system 

The Variable Exhaust Control-system. 

This controls the hydra ulically driven plunger 

pwnp in the exhaust valve, which facilitates the 

timing of the opening and closing of the exhaust 

valve within certain restrictions. 

Therefore in present times , the injection can be 

electronically controlled for: 
minimum fuel consumption at partial load 

(V.I.T.); 



Fuel regulation with 'VIT' combined with manual fuel quality setting 'FQS' 

Sucbon valve Spill valve 

I 

Fuel -

Variable beginning of injection 

I---! 

-- 4 Eccentric shaft 
for spill valve 

H 
9 Regulating linkage 

for suction valve 

TDC 

- an a ltered fuel quality (F.Q.S.); 

- an optimum exhaust period of time (V.E.C. ). 

Naturally, the development of co mmon-rail 

engines is a continuation of the aforementioned 

techniques. 

9.15 Fuel-capacity adjustments 

Essentially, three fuel ca pacity adjustment systems 

can be distinguished. 

1 Initial adjust ment 

Here the power output of the engine is controlled 

by adjusting the start o f the injection. 

2 Final adjustment 

Here the power output of the engine is controlled 

by adjusting the end of the injectio n. 

3 Initial and final adjustment 

Here the power o utput of the engine can be 

controlled. The initia l adjustment ensures that 

the injection sta rts at the correc t time at varying 

loads. A reduced power output and lower load 

will modify the ignitio n delay. With the final 

adjustment, one controls the power o utput. 

The initia l and final adjustment can a lso be 

applied to the electronically contro lled commo n-
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... 
Wartsila Sulzer two stroke crosshead engines type 

RTA. The automatically regulated V.I.T. - system in 

combination with the manually regulated F.Q.S. -

system. 

The F.O.S. - system is operated with a fuel quality setting 

lever 13 that is fixed using a pin 12, an eccentric positioned 

roller 7 moves. This moves via a recess in the cam 6. Via 

levers 5, 1, and 2, the position of the overflow valve is 

regulated and via shaft 9 the suction valve. 

11 Pneumatic cylinder 

Crank angle 

The V.I.T. - system is automatic and can at partial loads 

advance the fuel injection. 

rail system s. One is in this case, no longer bound 

by mechanical limitations. 

9.16 Working of a plunger pump 

9.16.1 Plunger controlled fuel pumps 

This type of pump is still often used. No t only in 

very small high-speed four-stroke diesel engines, 

but also in medium-speed four stroke engines. 

Two-stroke c rosshead engines use both va lve- and 

plunger controlled fuel pumps. 

Principle 
The principle of the plunger controlled pumps is 

based on the rotation of the plunger in rela tion 

to the plunger barrel. Due to the rota tion the 

pressure is either earlier or later released in t he 

fuel suction chamber The gear racks of a ll fuel 

pumps are connected to each other by pinions and 

form a fuel adjusting spindle, which can be moved 

several centimetres (depending on the size of rhe 

engine). Therefore the fuel output of the pumps 

can vary from Oto 100% . In position 1, 2 and 3 

of the plunger pump, the plunger capacity is 0.50 

and 100% . 

M ateria l is milled out o f the plunger. The plunger 

is fitted with two milled helical grooves which lead 

to the pressuri sed space. 
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In this position of the ascending plunger, the suction 

hole I is open. After closure of the suction hole, the 

plunger starts the compression stroke to the milled 

area. The yield is approximately 50%. If the plunger is 

rotated to position II , the yield is 100%. 

• 
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~ 

A cross-section of a high 

pressure fuel pump. 

The plunger starts the 

compression stroke when it 

ascends in the cylinder. 

The yield is seen below, 

50%. If the channel is 

positioned in the middle of 

the suction hole, the yield 

is zero; there is an open 

system between the 

pressure chamber above 

the plunger and the milled 

area of the plunger. 

The fuel travels, but the 

plunger does not yield. 

yield 0% yield 50% 

... 
Three positions with different yields/capacity. The 

plunger must slightly ascend before compression 

starts. 

.... 
A cross-section of a high 

pressure fuel pump. 

1 plunger 

2 housing 

3 suction chamber (2x) 

4 adjustable plunger 

5 erosion plug 

6 pressure valve 

7 safety valve 

8 gear rack for plunger 
adjustment - yield 

control 

9 gearwheel 

10 lubricating oil channel 
for plunger lubrication 

11 gaskets 

12 spring for fast falling 

plunger when the fuel 

cam releases it for the 

descending stroke 

~ 

yield 100% 

A disassembled high pressure fuel pump. 

1 pump housing 6 milled area 

2 yield control rod 7 pump cylinder 

3 roller 8 high pressure 

4 guide connection 

5 pump plunger 9 spring 



• 
The high pressure fuel 

pump of a four stroke 

medium speed diesel 

engine manufacturer 

MAN-B&W 27-32. 

1 high pressure fuel pump 
2 fuel supply pipe lines 
3 high pressure fuel pipe 

lines to the injector 

4 fuel adjustment spindle 
5 lever 
6 gear rack 
7 fuel return pipe lines 

... 
Two plungers of high pressure fuel pumps with the 

associated high pressure barrels. 

There are two types: one with and one without lubricating oil 

grooves in the plunger. 
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~ 

The high pressure fuel 

pump of a four stroke 

medium speed diesel 

engine manufacturer 

Caterpillar-MaK 32. 

high pressure fuel pump 
2 fuel supply and 

discharge pipes 
3 fuel adjustment sp1ndle 
4 lever 
5 gear rack 
6 adjustable area 
7 lubricating pipe lines 

• • 
"' 
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... 
A high pressure fuel 

pump in horizontally 

positioned in a small four 

stroke high speed diesel 

engine. 

fuel pump 

2 high pressure fuel lines 

to the injectors 
3 capacity adjusting fuel 

pump 

4 geardrive 

9.16.2 Plunger pumps with initial and final 
adjustments 

The pwnp can also be fitted with initial 

adjustment controls by machining the top of the 

plunger. Small plungers are milled on one side 

~ 

Description of the operation of the fuel pump of a 

Wartsila 64 four stroke-diesel engine. 

With the left plunger the start of the fuel injection is 

determined and with the right plunger the duration of the 

injection and so also the end of the injection. 

Figure 1: Charging: both plungers are in the lowest position. 

Via the left and right suction lines, the spaces above the 

plungers are filled. The fuel cams are not touching the rollers. 

delivery valve 

1. 

t iming 
plunger 

- tappets on cam 
base circle 

- quantity plunger shuts 
off spill port 

of the rop of the plunger. In larger plungers the 

lateral forces rise too significantly as a result of the 

uneven radial load. There are two control guides 

mounted opposite each other, which cancel out 

any radial forces. Of course two spi ll ports are 

also installed. 

Figure 2: Start of the ascending stroke. Both plungers are 

driven by the fuel cams. The right suction line is closed by 

the right plunger. Via the left suction line fuel can flow out. 

Figure 3: Fuel injection. The speed of the plungers is 

maximal. The left plunger closes the left suction line and the 

fuel injection is optimal by the high plunger speed. 

Figure 4: the right plunger releases the right suction line and 

the fuel injection quickly stops. Both plungers are in the 

highest position. 

3. 4. 

- both ports are shut off - spill port opens 
- delivery valve lifts - excessive fuel out 

- filling of injection pump - excessive fuel out to 
lowpressure side through 
filling port 

- start of injection to lowpressure side 
through spill port 

- end of injection 



.l 

A high pressure fuel pump with two plungers for the 

four stroke medium speed Wartsila 64 diesel engine, 

fuel H.F.O. 

9.16.3 Plunger pumps with variable 
injection timing 

This is the so-ca lled V. l.T.-system (Variable 

Injection Timing). 

This is used for marine propulsion engines fo r 

ships. The system is used in low-speed two-stroke 

crosshead engines and medium-speed four-stroke 

trunk piston engines . Propulsion engines have 

strongly varying loads at normal operating speed. 

Due to the weather conditions, the load and hull 

fouling, these are in practice never the same. 

Generally, a ship propulsion engine operates far 

below its maximum allowable capacity. This is 

usually referred to as the 'Maximum Continuous 

Rating' or M.C.R. Engine manufacturers have 

modified the engines' fuel control for this system 

for a load between 85 and 100% . The idea is 

ro increase efficiency for all loads and therefore 

decrease the specific fuel consumption. 
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The system ensures that between an 85 to 100% 

engine load the maximum combustion pressure 

remains constant. 

MAN-B&W has plunger controlled fuel pumps 

for two-stroke crosshead engines. 

This system is a lso used in four-stroke medium­

speed trunk piston engines that run on heavy 

oi l. This is the case with MAN-B&W engines, in 

particular the largest series, the L 58/64. 

Apart from the much discussed V.I.T.-system, the 

fuel pumps have an adjustable plunger drive which 

can adapt the beginning of the fuel injection to the 

ignition quality of the fuel over the entire engine 

load range. This system docs not depend on the 

load. The objective is to keep the engine efficiency 

as high as possible at any speed. The pump 

settings are related to the fuel quality expressed in 

C.C.A.I. 

... 
A high pressure fuel 

pump. 

plunger 

2 pump housing 

3 cylinder or barrel 

4 suction chamber 

5 pressure chamber 
6 pump cover 

7 lubricating oil supply 

8 spring 

9 control rod 

10 spreader bolt to avoid 

cavitation in the pump 

11 milled area of the 

plunger 
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... 
An overview of the controls of the high pressure 

plunger pump of the two stroke crosshead engines 

from Wartsila Sulzer RTA with suction valve and 

overflow valve. 

Under, a diagram with horizontal the crank angle and vertical 

the plunger stroke of the high pressure fuel pump. In 

addition, the fuel injection at different loads. 

Clearly shown is that at a lower engine load the fuel injection 

occurs earlier. Normally at decreased power output, the final 

compression pressure decreases and so the final 

combustion pressure. To retain the final combustion pressure 

at partial load, the fuel injection occurs earlier. This has a 

favourable influence on the efficiency and therefore the fuel 

consumption. 

100% -

_,. 
Angle of delivery (100%) 

Crank angle - TDC 

... 
Influence of t im ing advance at a partial load. 

In the both graphs, the difference between a conventional 

injection with respect to a V.1.T. - system it is clearly shown. 

At partial load the final combustion pressure is maintained 

and fuel usage decreases. 

Red: conventional injection 

Green: V.1.T,- system 
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The start of the effective compression stroke is regulated by 

the above three control guides A, B and C. the end of the 

effective compression stroke is regulated by the lower control 

guides D and E. 

At a low engine load the overflow channels in the pump 

cylinder are opened and closed by control guides A and D in 

the left side of the figure. 

In this area, the start and finish controls are applied. At 

increasing load the fuel is injected earlier. From the start of 

control guide B the start of the injection remains constant 

and at the end of the injection, the engine load increases. At 

the end of control guide B, an engine load of 85% of M.C.R. 

1s achieved. With a load increase to 100% of M.C.R., the 

effective injection start (combustion stroke) is determined by 

control guide C 1n such a way that the maximum 

combustions pressure remains constant. 

9.16.4 With integrated block fuel pumps 
and plunger controlled pumps for 
each cylinder 

This is o ften seen in small to medium-sized high­

speed four-stroke diesel engine in the categories T 

and ll (0 rot 5000 kW). One of the advantages is 

thar, for instance, in a sixteen cylinder V-engine 

,only one driving device is required: the block fuel 

pump as opposed to sixteen separate fuel pumps 

with a cam shaft drive. Another advantage is 

that a complete block pump can be changed and 

overhauled by a specialised company. To ensure 

that the injection delays are identical for each 

cylinder, the high-pressure fuel lines to the injector 

are of equal length. They a re often intrinsically 

bent in order to make them fir between the block 

pump and the cylinder in question . 

.. 
Length of the high pressure fuel lines. 

To keep the injection delay of every cylinder equal the 

pressure pipe lines to every fuel injector are equal in length. 

The cylinders furthest from the pump have high pressure fuel 

lines that run more or less directly to the cylinders. 

The cylinders nearest to the pump have fuel lines of equal 

length that are so bent that they end at the relevant cylinder. 
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Depending on the engine's RPM, the moment 

of the initial fuel injection can be adjusted . The 

output of all small pumps is contro lled by one 

gear rack which is horizontally mounted in the 

pump block. Due to increasingly strict emission 

regulations special systems have been designed for 

this technology. 

~ 

The plunger surface of a 

fuel pump of a 

MAN-B&W two-stroke 

crosshead engine 

type MC. 

The plungers are machined 

in such a way that the profile 

has five control areas, A, B, 

C , D and E. 

A Injection starts later. 

B Injection remains 

constant. 

C Injection starts earlier. 

D Final yield. 

E Final yield. 

~ 

A block fuel pump for 

a twelve cylinder 

four stroke high speed 

V-diesel engine. 
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Two high pressure fuel pumps mounted in one housing An exploded view of 

in a Wartsila RTA 84 crosshead engine. a fuel pump. 

1 pump housing with two high pressure fuel pumps 

2 hydraulic pump for an exhaust valve drive 
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9.17 Valve-controlled fuel pumps 

These are found, for instance, in low-speed two­

stroke crosshead engines by Wartsila Sulzer RTA. 

In these engines the fuel pumps of two cylinders 

are located in one block. Each pump is driven 

from the cam shaft with cam, cam rollers and cam 

roller guides. 

Fuel quantity is regulated using a suction port-and 

a spill port as opposed to the rotation of the pump 

cylinder around a machined plunger. So the pump 

has initial and final adjustment controls. 

T 

A low speed two-stroke crosshead engine from 

Wartsila Sulzer RTA with valve regulated fuel pumps. 

They are driven by the camshaft. The transmission from the 

crank shaft and camshaft is driven with gear wheels. 

The fuel pump positioned behind the camshaft driven high 

pressure lubricating oil pumo for the operation of the exhaust 

valve. 

lubricating oil pump for the operation of the exhaust 

valve 

2 high pressure fuel pump, behind lubricating oil pump 
3 gear wheels 



.. 
A valve regulated high pressure fuel pump for Wartsila 

RTA two stroke crosshead engines. 

1 camshaft 
2 cam 
3 roller 
4 roller guide 
5 pump plunger 
6 pump cylinder or barrel 
7 suction valve 

8 overflow valve 
9 pressure valve 

10 plunger springs with seats 

11 adjustable valve stems 

12 fevers 

13 discharge excess fuel 
14 mechanism for stopping pump 

Pump operation 
At the downward stroke (overpressure) of the 

plunger the piston valve is mechanically opened by 

a lever after which the fuel flows into the cylinder 

at a certain overpressure (5 to 10 bar). Tbe 

pressure valve of the pump is still closed. At the 

upward piston compression stroke, the effective 

pressure stroke will commence as soon as the 

piston valve has been closed automatica lly by the 

lever. The overflow valve is closed. The pressure 

valve opens as a result of the rapidly increasing 

fuel pressure. At a certain moment the overflow 

valve is mechanically opened by the lever. 

The fuel pressure above the plunger drops, the 

pressure valve closes and the effective compression 

stroke is now terminated. During the remainder 

of the upward stroke of the plunger the fuel flows 

back to the suction side of the pump. 

Lever operation 
The levers are moved up and down by the gearing 

mechanism of the plunger. Both sides of the 

lever are equipped with eccentric discs which are 

mounted on adjusting spindles. Rotation of the 

adjusting spindles alters the closure of the suction 

valve and the opening of the overflow valve. 

If the plunger has no output, the overflow valve 

has o pened before the suction valve has shut. 

This Wansila Sulzer system is a lso equipped 

with the V.J.T.-sysrem to maintain a constant 

maximum combustion pressure between 85 and 

100% M.C.R. 
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Fuel regulation with 'VIT' combined with manual fuel quality setting 'FQS' 

Suction valve 

Variable beginning of injection 

Spill valve 

3 Regulating linkage 
for spill valve 

1----1 

--...... 4 Eccentric shaft 
for spill valve 

H 
9 Regulating linkage 

for suction valve 

TDC 

11 Pneumatic cylinder 

Crank angle 

Furthermore, a system that allows the fuel pumps 

to start the effective compression stroke earlier 

with a deteriorating fuel qualit y is as standard 

included in the fuel syst em. This system is known 

as the Fuel Quality Setting, F.Q.S .. Once again the 

fuel qualit y is expr essed in C.C.A.1.-values. The 

higher this value, the earljer the fuel injection. 

.... 
A valve regulated high pressure fuel pump for Wartsila 

RTA two stroke crosshead engines. 

The levers for the load and V.I.T.-controls are electronically 

controlled. Due to this, it is possible to, for example, to retard 

the injection and so lower the maximum combustion 

pressures (and the maximum combustion temperatures) and 

reduce the nitrous oxide emissions. 

Furthermore in a similar fashion, the operation of the 

hydraulic driven exhaust valve is achieved. This is called at 

Wartsila Sulzer, the Variable Exhaust Control, V.E.C. - system. 

9.18 Common-rail system 

I n this system, the one century o ld system of the 

cam shaft driving the high-pressure pump, has 

been abandoned. 

In the numerous systems that are currently 

applied, the fuel is brought to extremely high 

pressures of 1000 to 2000 bar in various ways. 

The fuel injection is electronical ly controlled. 

~ 

The principal build of a common rail fuel system for 

diesel engines. 

Injection control 

t----------------------;:......-(timing, quantity) 

The fuel is drawn up by a high pressure plunger pump and 

pumped into a spacious collection pipe; this pipe is known 

as the 'common rail'. The fuel pressure in this pipe is kept 

constant. A control-unit regulates the fuel injection with the 

injector. 

The greater the fuel demand, the greater the fuel supply. 

This is measured using a quantity measurement on the 

suction line of the pumps. 

196 

Control it,it 
Common Rail 

(Accumulator) 

Pump 

Fuel 

Injector 



The commo n ra il system was introduced to 

rhe smalle r diesel engines fo r motor cars a nd 

lorries towards the end o f the last century. T he 

system has advanced so quickly over the past few 

years that it is now applied to a ll diesel en gine 

categories. In particula r the increasingly strict 

emission regulations has required that engine 

manufacturers choose these tremendously flexible 

fuelling system s. The common rail system allows 

for the reduction of the specific fuel consumption, 

especia lly at partia l load. 

General construction of a common rail 

system 
The fuel supply pressure to the injectors can be 

attained with either o ne pum p o r with more. The 

pumps can be driven trad itio na lly, fro m the cam 

shaft, but a lso di rectly from the c ra nk shaft using 

a gear transmissions or a gear belt (timing belt ). 

In la rger fou r-stroke engines every cylinder or 

every second cylinder has their own high -pressure 

fuel pump wh.ich is connected to a high-pressure 

collecting pipe . The electron ica lly controlled and 

hydraul ically o perated supply va lves to each 

injector ensure the fuel supply from the collecting 

pipe to the injecrors. 

Advantages of the common rail system 
The injection curve of the fuel can be adjusted 

ro guarantee optimal combustion a t every engine 

load. 

Explanatory note 
Both the mom ent of the initial- and the final fuel 
injection, as well as the to tal injection time can 

be predetermined very precisely, thus allowing for 

optimal combustion at all rpm's and every engine 

load. T his way the specific fuel consumption, the 

emission of nitrous o xides ('N Ox') and fine soot 

particles ar e reduced to a minimum. 

This has the following benefits: 

- A lower specific fuel consumptio n especially at 

partia l load. 

- Lower emission of po llu tants such as soot and 

nitrous oxides. At partia l load the emiss ion of 

soot particles is considera bly lower. 

- A consistently high fuel inject io n pressure, thus 

maintaining an op rimurn combustio n process 

at every engine load . ln existing diesel engines 

with a conventio nal fuel injectio n system 

the combustion quality at partia l load is 

mediocre. This is caused by a much lower fuel 

injection pressure as well as decreasing fina l 

compressio n pressures and -temperatures. 
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Some ad justment, such as the moment of 

injection, the t ime and the pressure can be 

made during the process. In two-stro ke 

c rosshead engines one can a lso modi fy the 

opening and closing o f the exhaust va lve, 

and in med ium-speed four stroke engines the 

o pening and closing of the inlet valves . 

Driving high pressure fuel pump(s) is much 

simpler because no t every cylinder requires a 

separate pump. 

In con ventional fue l injection systems the high­

pressure fue l pumps have o ften been in use 

for many years and will therefore represent a 

proven techno logy. 

The opening a nd closing of the valves occurs 

mo re meticu lo usly as a result of the electron ic 

contro ll ing unit, therefore the thermal load 

is mo re evenly distributed over the va rio us 

cylinders. 

All da ta is stored a nd settings ar e improved 

where necessary, which increases the l ife-t ime 

of the engine compo nents. 

Also , low RPM can be achieved. This is 

especially advantageous for la rge two-stroke 

crosshead engines, which directly d rive a fixed 

propeller. The result is a rapid increase of the 

RPM and an improved stop- and turn abili ty 

in these engi_nes. Cylinder lubrica tio n dosage 

and contro l of the starting valves can now be 

regulated and adjusted electroni_cally. 

The required software for electronically 

controlled systems can be upgraded 

th ro ughout the entire li fe time o f the engines. 

Generally, one can say tha t in applying 

electronically controlled fuel systems, o ften 

referred to as common ra il system s, it is easier 

to comply with present day requirements for 

modern diesel engines. T hese are lower specific 

fuel consumption and the reduct i.o n of pollutants 

in the exhaust gases. Engine manufacturers that 

produce for the international market certainly take 

these into account. Most engine manufacturers 

either already have common rail systems or are 

in the process of developing one. A significant 

improvement is that a t partial load there is a 

remarkable reduction of the so-ca lled 'visible 

smoke'. This smoking used to be one o f the main 

problems of diesel engines not equipped with 

common rail systems. It is presently a lso easier to 

control and r educe engine vibrat ions. 
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9.18.1 Example 1: 
common rail systems 

Four-stroke medium-speed diesel engines 
by MAN-B&W, fuel H.F.O. - Engines 
Category Ill, Engine types 48/60 Ben 32/40 
At the d esign stage the fol lowing was established: 

... 

T he system must be able to inject fuel up to 

700 cSt. at 50 °C. 

The fue l tem per ature can rise to 150 °C to 

achieve the correct injection viscosity of 10 to 

12 cSt. 

A n excessive length high-pressure supply rail 

requires radial connections for connections 

wit h the injector. This results in extremely 

high material stresses. l n larger diesel engines 

these problems increase as the internal inner 

d iamet er of the rail increases. 

In instances of a reduced accumulator volume 

it is virtually impossible to reach equivalent 

injections for each cylinder. Considerable 

pressure fluctuations in the p ipes may ensue. 

For larger engines one would have to resort to 

individual rails for each cyl inder . 

The operation of the accumulator. 

Every accumulator unit 7 contains in its cover components 

and connections, which serve for fuel supply and 

transmission as well as for fuel injection control. 

On its way from the accumulator unit 7 to the 3/2-way valve 

and then to the injector, the fuel is passed through a flow 

limiter. A spring-loaded piston in this component carries out 

a stroke for each injection, which is proportional to the 

injection quantity and returns in its original position in the 

time between the injections. 

Should the injection quantity exceed however a specified limit 

value, the piston will be pressed to a sealing seat at the 

outlet side at the end of the stroke and will thus avoid 

permanent injection at the injector. 

The 3/2-way valve inside the accumulator cover is electro 

magnetically activated by the control system and permits the 

high-pressure fuel to be supplied from the accumulator unit, 

via the flow limiter, to the injector. 

With this valve, it is possible to change the pre- and post 

injection. 

A saf.etv,va!YeJ16l..jsJ3Uanq§d_aL1h.e_pµ010,.accuroulatoc,, 

which opens if a specified pressure is exceeded. The high­

pressure pipes and accumulator units are designed with 

double walls in order to prevent fuel from penetrating to the 

outside in the case of leakage or break of connections. In this 

case, the operating personnel will be warned by means of 

A large pressure accumulator also proved to be 

insufficient. 

T hese find ings have been incorporated in the 

design and demonstrate that a six-cylinder engine 

requ ires at least two high-pressure pumps with 

two independent high-pressure supply l ines. 

Consequences for the diesel engine 
Increasingly strict regulations witb regard 

to the emission of pollutants create high 

demands on the fuel injection system and the 

combust ion . 

T he common-rail system has obvious 

advantages when compared to conventional 

injection systems. 

General comment 

The common rail is particularly effective at 

partial load operation. Ar full load the differences 

with the normal high-pressure fuel systems are 

negligible. 

2/2 way va Ive 

break 
leakages 

i,..ection valve 

next rail unit non-return valw 

control cutoff quantity 

the float lever switch. For start-up of the cold engine with 

heavy fuel oil, the high-pressure part of the injection system 

is_heQted»Y ,meoos_of..circutatingjiot heavy ,fuel oil. For this 

purpose, the flushing valve (15), located at the end of the last 

accumulator unit connected in series, will be opened 

pneumatically. 

By the use of the separate 3/2-way valve there is only 

pressure at the injection valve during injection. 
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The common rail system 

of a MAN-B&W four 

stroke medium speed 

engines operating on 

H.F.O. 

Due to this there is a 

complete common rail 

system for two cylinders. 

fuel return 

fuel supply 

3 

4 

.......................................................... ; 
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.... 
The common rail system of MAN-B&W for the four 

stroke engines. 

A low-pressure fuel pump (1) delivers the fuel via 

electromagnetic activated throttle valves (2) and suction 

valves (3) to the high-pressure pumps (4), which force the 

fuel into the pump accumulator (6) by mea1s of pressure 

valves (5). 

Each pump is connected to the pump accumulator (6) which 

collects the fuel delivered by the pumps. 

From the pump accumulator the fuel flow goes to the 

accumulator units (7), which are connected in series, to the 

so called common rail. The accumulator units 

consist of a compact tube, which is on both front sides 

equipped with an accumulator cover. The accumulator 

covers contain radial connections for the high-pressure pipes 

leading to the injectors (9) as well as for the connecting pipe 

to the next accumulator unit. 

The tube itself doesn't contain any radial drillings and is 

therefore easy to produce and very resistant to high fuel 

pressures. Drive of the high-pressure pumps 4 is, as known, 

effected by cams arranged on the engine camshaft. The 

delivery quantity of the high-pressure pumps is calculated by 

the electronic control system on the basis of an evaluation of 

the fuel pressure indicated by the rail pressure sensor and 

the corresponding operation condition of the engine. The 

electro-magnetically activated throttle valve (2) in the low 

pressure pipe will now suitably meter the fuel quantity 

supplied to the high pressure pumps . 

lnJectlon .. yolve 

Results Electronic controlling system 

Smoke reductio n over the entire load range. 

itrous oxides reductio n, especially a t parti al 

loads. 

Lower specific fuel consumption especially a t 

very low loads. 

Since there is no mechanic ' back up'-system 

present, the e lectronic control has to be of 

superior qua lity and safety. 
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.... 
Four graphs showing the changes w ith use of the 

common rail system in MAN-B&W four stroke engines. 

Horizontal: the engine load 

Blue line: conventional engines with a high pressure fuel 

pump per cylinder 

Red line: engines with a common rail system 

Figure 1: vertical: the smoke opacity number, at partial load a 

great deal lower 

Figure 2: the nitrous oxide emissions in percent, at partial 

load much lower 

Figure 3: the specific fuel usage in percent, at partial load 

lower 

Figure 4: the maximum cylinder pressure in bars, at partial 

load slightly lower 

.... 
The controls of the common rail system of 

MAN-B&W four stroke engines. 

The two electronic control units ECU1 and ECU2 are 

responsible for the solenoid valve control, the high pressure 

pump control and therefore the speed governing. Each ECU 

controls half of the engine but is also able to control the 

complete engine. All necessary sensors, the power supply 

and all field bus connections are doubled. So a single failure 

will never lead to an engine stop. 

The single PLC is only responsible for communication with 

the ship alarm system or the diesel control room and for the 

Man Machine Interface. 

The electronic controls allow pre and post-injection and of 

course control the fuel pressure of the common rail system. 

Due to this optimal combustion occurs at every engine load. 
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9.18.2 Example 2: 
common rail systems 

The Wartsila-Sulzer RT-FLEX-systems for 

low-speed two-stroke crosshead engines, 
fuel H.F.O. - Engines Category IV 

RTA Series I 

Servomotor 

Camshaft drive 

• 
Sulzer RTA series. 

Left: the conventional system with a camshaft driven high 

pressure fuel pump on each cylinder. Between the crank 

shaft and the camshaft gear wheels. 

Fuel 
Injectors 

Volumetric 
fuel Injection 
control unit 

1000 bar fuel HFO / MOO 

30 bar startin air 

CH9 > FUEL- INJECTION SYSTEMS 

Note 

There is no cam shaft! There is a common rail 

system for lubrication of the exhaust valves. Two 

electrically driven pumps incorporated in the 

supply unit with the fuel pumps ensure that the 

system retains the correct pressure. 

control 

• 
Sulzer RT-flex series. 

RT-flex I ... 
The difference between 

the conventional high 

pressure fuel system and 

the common rail system 

in Wartsila Sulzer two 

stroke crosshead 

engines. 

Right: the common rail system with a crank shaft driven 

series of high pressure fuel pumps in one block. 

The fuel travels via the collection pipe lines or the common 

rail to the injectors. A engine management system controls 

the supply of the fuel to the injectors. This system is known 

as the Wartsila Engine Control System (W.E.C.S.) 9000, 9500 

etcetera. 

WECS9500 
conllOI system ---- -0 

Crank 
angle 
sensor 

... 
A complete schematic diagram of the common rail 

system for the Wartsila RT-FLEX crosshead engines. 

The system comprises the following components: 

A crank shaft driven high pressure fuel unit and plunger 

pumps with adjustable yield. 

- The cam shaft for driving the individual fuel pumps and 

exhaust valve has been removed. 

- The high pressure fuel unit pumps in a large supply fuel 

line (common rail) that runs past all the cylinders. 

Pressure approximately 1000 bar. 

- With a control unit the fuel supply to the three injectors 

per cylinder is tuned to the requirements. The control unit 

is electronically driven by a W.E.C.S. 9500-system 

(Wartsila Engine Control System) and hydraulically 

operated by a lubricating oil system with a pressure of 

approximately 200 bar. This pressure is supplied by a 

separate pump system. The 200 bar line is also used for 

operating the central exhaust valve. 

201 



DIESEL ENGINES > PART I 

202 

The common rail system on a Wartsila Sulzer 

RT-FLEX 96 C two-stroke crosshead engine on board 

the containership 'P&O Nedlloyd Mondriaan'. 

The space under the walkway for the cylinder heads is fitted 

out for the common rail system, the high pressure lubricating 

oil system for the operation of the exhaust valves, all 

appendages and control equipment. 

... 
The common rail system on a Wartsila Sulzer 

RT FLEX-motor. 

... 
A high pressure fuel division gate for the three injectors 

of one cylinder. 

common rail with a pressure of 1000 bar 

2 division gate 

3 high pressure fuel line to the injectors 

4 cylinder liner 

5 valve control of the injector high pressure fuel lines 

Advantages 
'Smokeless' exhaust gases, no visible smoke. 

A potentially low RPM; the minimal RPM 

is a pproximately 10 to 12 % of the nominal 

RPM. Ar chis low RPM one injector per 

cylinder is switched off. 

Lower specific fuel consumption at partial load 

and longer life of the parts (less soot formation 

at low loads) . 

Easier engine-setting and thus red uced 

maintena nce. The runni ng settings determined 

at construction are automatical ly maintained. 

Reduced maintenance costs th rough precise 

fuel injection controls producing a more evenly 

bala nced cylinder power output for the entire 

engine as wel l as a more balanced thermal load 

of all cylinders. 

The high-pressure fuel unit consists of a 

number o f four-stroke engine fuel pumps 

which a lready have been in use for several 

years. 



High operational reliability, because even if 

one fuel pump were to fail the capacity of 

the remaining pumps can still easily supply a 

sufficient amount of fuel. 

- The common rail is situated next to the 

cylinders on the upper level and is easi ly 

accessible for inspection and repair. 

- The fuel supply to the three injectors i 

regulated at once by one control unit, but is 

separately checked per individual injector. 

The units regulate the time of injection, the 

amount of fuel and the type of injection. 

Comments 

- Free choice of the injection pressure. 

- Evenly levelled pressure in the common rail 

and ocher high-pressure lines. 

- The injecror may be checked and if necessary 

switched off independently. 

- The fuel system is completely separated from 

the lubricating oil system of rhe engine. 

CH9 FUEL-INJECTION SYSTEMS 

A 

The common rail system of a Wartsila Sulzer 

RT-FLEX engine. 

1 lubricating oil filter 

2 lubncating 011 pumps for the hydraulic system 

3 high pressure fuel pumps 

4 local operaUon of the engine 

The high pressure fuel unit and the high pressure hydraulic 

system are positioned on the first floor of the engine. The 

high pressure fuel unit is driven from the crank shaft as is the 

high pressure lubncat1ng oil system. Also the high pressure 

part of the hydraulic system which with the help of electro 

motors is used in stationary engines to bnng and keep the 

system under pressure. 

.... 
A complete module for a 

Wartsila Sulzer RT-FLEX­

motor. 

Shown are the lubricating oil 

pumps are built into the fuel 

module. 

high pressure fuel 

pumps 

2 high pressure lubricating 

oil pumps 

3 ad1ustment spindle of 

the fuel pumps 

The fuel pumps originated 

from Wa.rtsila four stroke 
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... 

... 
The common rail system 

under the walkway of the 

cylinder heads. 

A exhaust valve actuator 

l:l tuel injection controls 

C control pipe lines for the 

hydraulic system 

D discharge pipe lines for 

operating and control oil 

The common-rail system on a slow speed 

12 cylinder Wartsila RTA-flex engine on the 

containership the "P&O Nedlloyd Mondriaan" 

(now Maersk Line). 

high pressure fuel supply line 1000 bar. 

2 high pressure hydraulic oil fines 200 bar. 

3 high pressure hydraulic oil lines for operation of the fuel 

to the injectors. 

4 valve block injector fuel. 

s high pressure hydraulic oil fines for operation of the 

exhaust valve. 

6 injector lines. 
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... 
A complete unit with left 

six high pressure fuel 

pumps and right two high 

pressure lubricating oil 

pumps. 



Rail unit with 
electronic control --{ 0----*·~".! 

units 

Duplicated supply lines for 
fuel and servo oil 

Supply unit 

Fuel pomps 

Servo oil pomps 

Operation o f the exhaust valves and starting air 

valves 

Apart from regulating the fuel supply, the system 

also controls the opening and closing of the 

exhaust valves and the starting air valves. All 

valves can be controlled and adjusted individually. 

CH9 FUEL-INJECTION SYSTEMS 

and control oil 

~ Crank angle sensor at 
free end 

~ 

The common rail system 

on a Wartsila Sulzer 

RT-FLEX two-stroke 

crosshead engine with 

twelve cylinders. 

high pressure hydraulic 

servo oil lines (200 bar) 

2 high pressure fuel line 

(1000bar) 

3 fuel to three injectors 

4 hydraulic servo oil lines 

for operation of the 

exhaust valve 

W.E.C.S. 9500-system 
T he whole system is controlled by a Wiirtsilii 

W.E.C.S. 9500-system. It is a modular system 

with separate micro processor control-units 

for each cylinder and a general control and 

supervising system with a second series of micro 

processor control-units. The electronic speed 

regulation as well as the general monitoring 

system with alarm systems has also been 

incorporated in the W.E.C.S. 9500-system. 

~ 

The air start valves are 

electronically operated 

from the W.E.C.S. 

9500-controls system. 

~ 

A overview of the system. 

rail unit with electronic 

control units 

2 supply lines for fuel and 

servo oil 

3 pump block supply unit 

4 fuel pumps 

5 servo oil pumps 

6 automatic filters for 

servo- and control oil 

7 crank angle sensor at 

the free end of the crank 

shaft 
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r/min 
(L4- L1) 

95-127 S50ME-C 

05-123 L60ME-C 

79-105 S60ME-C 
79-105 S60ME 

91-108 L70ME-C 

68- 91 S70ME-C 

89-104 K80ME-C 

70- 93 L80ME 
57- 76 S80ME-C 

89-104 K90ME-C 

71- 94 K90ME 

62- 83 L90ME-C 

61- 76 S90ME-C 
94-104 K98ME-C 
84- 94 K98ME 
90- 94 K108ME-C 
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9.18.3 Example 3: 
common rail systems 

The common rail system for low-speed 
two-stroke crosshead engines of the ME 
type by engine manufacturer MAN-B&W, 
fuel H.F.O. - Engine category IV 

C'.:::::::::J 

T 

A overview of the type of engines from MAN-B&W 

type ME-C that can be delivered. The cylinder 

diameter is from 500 to 1080 millimetre. Smaller 

cylinder diameters can at present be equipped with 

this system. 

kW 
0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000 

10,000 30,000 50,000 70,000 90,000 110,000 130,000 BHP 

.... 
The cornrnon rail systern for two stroke crosshead 

engines type ME from engine manufacturer MAN-B&W. 

Left: the normal version, with a chain driven camshaft and 

per cylinder a separate high pressure plunger fuel pump 

(MC-version) 

Right: the ME-version, with electronic fuel adjustment. The 

camshaft with gear drives has been completely removed and 

in its place is a hydraulic high pressure unit positioned above 

the crank shaft that supplies high pressure lubricating oil for 

driving the fuel pumps and the operating the exhaust valves. 
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Fuel 10 bar 

Alpha lubricator 

Exhaust valve actuator 

Hydraulic 
cylinder unit 

Fine aut. filter 
Safety and 
Accumulator 

block 

Servo oil 

Servo oil 

Piston cooling 
+ bearings 4 1-__ .,..., __ -t~ --..... , 

,-V,._,.,_, 
return to sump 

From sump 

• 
The schematic diagram of the hydraulic system for the 

drive and controls of the high pressure fuel pumps and 

the exhaust valve at MAN-B&W type ME two stroke 

crosshead engines. 

The system comprises the following components. 

- An engine driven set of hydraulic lubricating oil pumps 

that supply a constant pressure of 200 bar for driving the 

fuel pumps and the operation of the exhaust valves. The 

set pumps are furnished with lubricating oil from the main 

lubricating oil system via an automatic fine filter. The 

discharge lines of the hydraulic system lead to the 

lubricating oil-discharge tank in the main engine. 

The lubricating-oil supply pressure is held at 1 O bars. 

ELVA Electronic Valve Actuator - a electronic exhaust valve 

operation 

CCU Cylinder Control Unit - a cylinder control unit 

ELVI Electronic Fuel Injection - a electronic fuel injection unit 

Remark 

The dosing of the cylinder lubrication is automatically 

adjusted to the engine's operating conditions. 

Engine driven 

hydraulic pumps 

EL. driven 

hydraulic pumps 

... 
The common rail system of MAN-B&W type ME. 

Left: the fuel part where the high pressure plunger pump is 

driven by high pressure lubricating oil. An accumulator 

prevents pressure pulses. Per cylinder there are two 

injectors. That is electronically driven. 

Right: the operation of the exhaust valve. The plunger pump 

of the exhaust valve is driven with high pressure lubricating 

oil. 

/ 
Injection 
pipes 

Fuel injection 
pump with 
servo piston 

Accumulator 

Electronic 
control 

Valve pump 
with servo piston 

Accumulator 
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Fuel 
injection 

Valve 
activation 

A 

The common rail system of MAN- B&W. 

Left: the fuel part 

Right: the operating system for the exhaust valves 

Advantages of the system 

- Lower specific fuel consumption and performance 

improvement as a result of the adjustable electronic 

controlled fuel injection and exhaust valve timing at every 

load. 

- The correct high fuel injection pressure and injection time 

at every load. 

- A improved combustion process where the nitrous oxide 

emissions are decreased and the soot emissions fall 

dramatically, especially at a low engine load. 

- It is simple to modify the various settings during operation 

with the process computer: the E.C.S., 'Engine Control 

System'. 

- A simplified mechanical system with solid traditional fuel 

injection systems that are well known to engineers. 

- A control system with a more accurate timing so there is 

a better balance between the cylinders and a more even 

thermal load. 

- All engine data is displayed and saved and shows as to 

whether adjustments should be made. Through this good 

diagnose the number of operating hours between 

maintenance can be increased. 

- Manoeuvring at lower revolutions is possible due to 

improved combustion processes in the cylinders at low 

loads. 

- The advancing and retarding of the revolutions, reversing, 

starting and running astern supply a faster change in the 

ship's speed in an emergency stop situation. 

- The cylinder lubrication is incorporated in the electronic 

controls. This results in a reduction of the lubricating oil 

usage and therefore less contamination in the cylinder 

-and exhaust systems. 

- It is simple to modify the software during the lifetime of 

the engine. 

- The start air valves and auxiliary blowers are driven at the 

precisely at the correct moment. 

- The total weight of the engine is decreased. 

- Furthermore it is possib le with this system to modify the 

timing of the opening and closing of the exhaust valve . 
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50 +---- - _,_--------\----1---1,-------------l 

~ 40 +---+-~ f----------+------1r---1...----------i 

30 +-------I-----I--#--------------- ----------< 

90 110 130 150 170 190 210 230 250 270 290 

Deg. C. A. 

1300 

... 
Possibilities for modifying the timing of the exhaust 

valve. 

Horizontal: crank degrees after top dead centre 

Vertical: valve lift in millimetres 

Purple: earlier closure 

Yellow: later closure 

Brown: earlier opening 

Green: later opening 

Black: normal line 

Remark 

On average the valve is approximately 140 crank degrees 

open. 

An example of the possibilities of the ME-version. 

Economy mode 

tr-----------------......___., 
Low NO, mode 

1200 .,,-
1100 
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0 I 0 
140 150 160 170 180 190 200 210 220 230 
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400 
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100 

0+-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~__,.., 

16:37 16:38 16:39 16:40 16:41 

• 
By modifying the fuel injection, t~e engine can be 

tuned to different requirements such as a lower 

specific fuel consumption and lower nitrous oxide 

emissions. In the second case, the fuel injection later 

and in two phases. 

Left figure: low specific fuel consumption 

Red line: pressure curve in the cylinder 

Blue line: injection pressure curve of the fuel 

Right figure: the pressure in the cylinder during the entire 

process is smoother by allowing the fuel injection to take 

place in two phases. Due to this the pressure curve is more 

gradual and lower in temperature. 

16:42 16:43 16:44 16:45 16:46 

Time 
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... 
The common rail system 

for Wartsila medium 

speed four st roke 

engines, fuel H.F.O. 

1 hrgh pressure fuel pump 

2 accumulator 

3 high pressure fuel line 
to the injector 

4 push rods for the inlet­

and exhaust valves 
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9.18.4 Example 4: 
common rail systems 

Common rail systems for four-stroke 

medium-speed trunk piston engines 
by engine manufacturer Wartsila, 
fuel H.F.O. - Engine category Ill 

.& 

The common rail system for Wartsila medium speed 

four stroke engines, fuel H.F.O. 

1 high pressure fuel pump 

2 accumulator 

3 high pressure fuel line to the injector 

4 injectors 

5 camshaft 

The high pressure fuel pumps 1 are driven by the camshaft 5 

and have sufficient capacity for two cylinders. 

Every pump is linked with an accumulator 2 that levels the 

pressure spikes and supplies fuel to two cylinders. 

The accumulators are linked together by a double walled 

pipe. Due to this the pressure in all the accumulators is 

always equal and in emergencies one or two high pressure 

fuel pumps can be disconnected. 

The principle is as follows: high-pressure fuel 

pumps force the fuel towards the accumulators 

which are connected ro the electron ically 

controlled fuel injectors of the nvo cylinders. The 

accumulators a rc connected with pipes ro the 

common rail system. 

The fuel pumps a re driven by the cam shafts . 

As timing of the fuel pumping is no longer tied 

to the timing of injection, it is now possible ro 

realise two pump cycles in one revolution of the 

crank shaft. Consequently, the engine requires 

fewer fue l pumps: usually one high-pressure fuel 

pump for every two cylinders. A hydraulically 

driven activatio n system is used ro send the fuel 

to the injecrors. The oil required is fed from the 

general lubrica ting oil system o f the engine and 

pressurised ro 200 bar by a separate, engine driven 

pump . 

From the accumulators the fuel with the required pressure 1s 

supplied to the injectors 4. The fuel valves for the injectors 

are hydraulically operated and electronically driven. Due to 

this it is possible to change the timing and duration of the 

fuel injection in every cylinder. From a safety point of view. it 

is important that between two injections. the injector is 

pressure less, so fuel leakage to the cylinders is not possible. 

In a new injector design the injector needle is opened and 

closed at full fuel pressure. Due to this the atomisation of the 

fuel at every load and revolutions of the engine is optimal. 

A consequence is a smokeless engine with low emissions of 

amongst other carbon monoxide. 

Pressures: these can be adjusted between 900 and 

1500 bar. 
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Common rail ... 1500 -r------------------------
The common rail system for Wartsila medium speed 

four stroke engines, fuel H.F.O .. Comparison to the 

conventional system with individual fuel pumps per 

cylinder . 

Horizontal: the load of the engine 

Vertical: the fuel pressure in bars 

/Joove horizontal: the fuel pressure with a common rail 

system 

cii 
~ 1000 
::::, 

"' (/) 
a, 

a. 
C 
0 

t5 500 a, 

E 
Conventional at constant speed 

Conventional on 
propeller curve 

Curved green line: the fuel pressure at constant revolutions 

with a conventional system 0 +--- --- -------r-----------~ 
Straight blue line below: the fuel pressure at the screw drive 0 50 

Engine load 

The same o il is used for the starting and sa fety 

val ve (S.S.V.) to allow the fuel to circulate during 

preheating and the safet y va lve of the common rail 

safety system. All functions are controlled by the 

engine man agem ent system. A part from regulating 

and controlling engine speed, the system monitors 

the safety controls in the engine. The common rail 

system w as develo ped for new engines, but the 

modular system can also be applied to engines that 

are sti ll equipped with conventional fuel injection 

systems. 

Smoke comparison between Conventional and Common Rail FIE at 750 rpm 

It is expected that these systems w ill remain on 

the market for at least another twenty years. 
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Especially since the visible smoke can effectively be Load% 

controlled with these new inject ion systems. It i s • 

most effective at par tial load. The effects on the soot emissions of the common rail 

system from Wartsila for medium speed four stroke 

Regulating- and controlling* system engines, fuel H.F.O. 

The system has two tasks: 

1 to regulate the injection time and the amount Horizontal: the load of the engine in percent 

of fuel injected; Vertical left: the soot number 

2 to control the r efilling and the pressure o f the Vertical right: the output power in MW of an engine, the soot 

accumulators. number is dependant on this. 

Red line: the soot emissions with the common rail system 

The control system also includes the monitoring of Blue line: the soot emissions with the conventional system 

all the important d ata such as the pre-heating, the 

maximum allowable pressure in the system, the 

pressure in case of an emergency stop. So far, three 

types of four-strok e engines have been equipped 

with the common rail system, namely the W artsila 

32, 38 and 46 engines. 

From experience it has been shown that the specific fuel 

consumption at partial load falls slightly. 

Furthermore with a common rail system every cylinder and 

so every individual combustion process can be adjusted for 

optimal performance. This limits the engine vibrations. 
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.... 
For MAN trucks, the 

Bosch common rail (C.R.) 

system is used. 

The system comprises of a 

fuel tank where the high 

pressure multi plunger pump 

draws up the fuel and 

delivers it via a spacious fuel 

supply line (C.R.) the fuel for 

the injectors. The plunger 

pump is driven by the 

pressure sensor on the rail. 

A safety valve ensures that 

the maximum allowed 

pressure is not exceeded. 

In the supply lines to the 

injectors there are 

restrictions that guarantee 

the maximum flow capacity. 

The actual fuel supply to the 

injectors is controlled with 

electronically controlled 

CP 3 high­
pressure 
pump 

9.18.5 Example 5: 

Rail-pressure sensor 

Control 
unit 

Common rail 

Injectors 

Sensors 

Engine 
speed 
(crank­
shaft) 

Phase Accel- Boost 
(cam­
shaft) 

erator pres­
position sure 

Air Coolant Air mass 
temp. temp. flow 

magneto valves. Here, there common rail systems to the increasingly strict requirements with regard 

to the emission of toxic substances in exhaust 

gases in these industries. 

are also restrictions for the 

supply and discharge of fuel. Common rail systems for high-speed four­
stroke diesel engines, fuel M.D.O. Engine 

category II 

'.c 225 
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' .2l 220 
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Many engines in this category have been equipped 

with common-rail systems. After the development 

of this modern fuel injection system for the 

automotive industry, the system is in now also 

applied in navigation and diesel power plants due 

1.0 '.c 
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Rail pressure [MP.] 

In principle these systems are very similar and all 

have the same objective: 

1 Reduce the emission of pollutants at varying 

loads and numbers of revolutions. 

2 Reduce the specific fuel consumption at 

varying loads and numbers of revolutions. 

~ 

The effect of the common rail pressure on the soot 

number SZ (Bosch), the specific fuel consumption b
0 

(in grams per kWh) and the nitrous oxide emissions 

NOx (in grams per kWh). The common rail pressure is 

in Mega Pascal. 

Clearly shown is that at a fuel pressure increase, the soot 

number and the specific fuel consumption declines to a large 

extent due to improved combustion and that the nitrous 

oxide content increases because of the higher maximum 

combustion temperatures in this improved combustion. 
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T here are a few prominent d etai ls : 

- Electronic engine m anagement system s 

regulate the time and duration of the fuel 

injection. 

- The fuel injection pressures are extremely high 

and constant and ensure adequate atomisation 

under all circumstances. 

- The high fuel pressure can be produced by 

numerous different pump systems such as 

in-line pumps and block pumps as well as 

injector pumps, m echanica lly driven from the 

cam shaft by a push rod and a lever. 

- The development started at the end of the last 

century and has continued to develop rapidl y 

to .be applied to all d iesel engine categories. 

- By increasing the fuel pressure the emission 

of soot particles diminishes noticeab ly, bu t 

due to the improved combustion at higher 

temperatures the production of nitrous oxides 

increases. With the application of exhaust gas 

r ecirculation with an inter cooler this effect is 

countered . 

CH9 > FUEL-INJECTION SYSTEMS 

!Rail pressure [MPa~ 

1,400 1,600 1,800 2,000 
Engine speed [rpm] 

... 
In truck d iesel engines all the systems are used for 

recirculation t he cooled exhaust gases. 

Due to this the maximum combustion temperatures are 

unduly lower, so less nitrous oxide is produced. As from 

2007, this system is an option for all engine categories. 

The normal maximum rail pressure for this system is 

160 MPa or 1600 bar. 

For the Euro 3 standards this is sufficient. The Euro 4 

standards can only be met with a pressure of approximately 

180 MPa. Pressures of 200 MPa will be necessary in the 

future to meet the increasingly strict emission standards. 

I 

~ I 
Engine 

I 

EGR cooler 

~ 

The fuel pressure in the 

common rail system with 

respect to: 

Horizontal: the revolutions 

of the engine in 

revolutions per minute; 

Vertical: the torque of the 

engine in Newton meter. 

The fuel pressure of the 

common rail system varies 

from 1150 to 1290 bar; this 

is a difference of 

approximately 11 %. 

In a conventional system this 

varies from 1250 bar, dark 

blue to 110 bars, light blue 

to at the lowest load 70 bar, 

yellow. In the yellow area the 

engine is running at a very 

low partial load and the fuel 

pressure is so low that the 

atomisation and therefore 

combustion is poor . 

¢=I 

..... .. 
<=-

Cooled exhaust-gas recirculation 
on a MAN engine 
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... 
The Cummins common 

rail system. 

These are high speed four 

stroke engines running on 

M.0.O. 

... 
The Caterpillar common 

rail system. 

These are high speed four 

stroke engines running on 

M.0.O .. The high pressure 

fuel pump 1s driven by high 

pressure lubncat1ng oil 

supplied by a separate 

pump from the rna1n 

lubricating oil system of the 

engine. 

Green: low pressure suct10n­

and discharge lines. 

Red: high pressure supply 

and common rail lines. 

Light red: discharge lines 

with an adjustable minimal 

pressure. 

Brown: normal pressure 

lines of the regular 

lubricating oil pump. 

E.C.M: Engine Control 

Module. 
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9.18.6 Example 6: 

common rail systems 

The Cummins common rail system for 

high-speed four stroke diesel engines, 

fuel M.D.O. - Engine Category II 

9.18.7 Example7: 
common-rail systems 

The Caterpillar common-rail system for 

high-speed four stroke diesel engines, 

fuel M.D.O. - Engine Category II 

ACCELERATOR ENGINE 
SPEEMIMING 

SENSORS 
PEDAL ACCELERATOR 

BACK OF 
CAM GEAR 

PEDAL 
POSITION 
SENSOR 

This system also uses a high-pressure pump unit 

that maintains the fuel at the correct pressure in 

the extensive supply line to the injectors . The fuel 

supply to the injectors is electronically controlled 

from a central computer. 

FUEL PRESSURE 
REGULATOR 

ENGINE BOOST PRESSURE SENSOR l 'l----------1 

AK AIR EATER RE AV 

ATMOSPHERIC PRESSURE SENSOR 

(SPECIFIC RATINGS OHL V) 

INTAKE AIR HEATER I.AMP 
FAST IDLE I.AMP 

CHECK ENGINE LAMP 

CRUIS£ ON/OFF 
& SET/RESUME 

SWITCHES 

SPEEDOMETER 
& TACHOMETER 

SERVICE 
BRAKE SWITCHES 

NEUTRAL 
& CLUTCH SWITcttES 



HaUIHl30 

A 

Fuel System 

Peak injection pressure 
of up to 23,500 psi 

or 162 MPa. 

The injectors ensure that the fuel is injected in a very 

fine spray into the cylinder . 

In the common rail systems of Caterpillar the fuel injection 

pressure can increase to 162 MPa or 1620 bar. 

9.18.8 Example 8: 
common-rail systems 

The common-rail system by MTU for 
high-speed four stroke diesel engines, 

fuel M.D.O. - Engine category II 

,. 
The common rail system of MTU. 

This common rail system has together with a suction filter for 

the engine driven high pressure fuel pump a low pressure­

suction pump and a fuel cooler. The common rail pipe lines 

have a diameter, so that pressure waves are limited. 

& 

The position of the injector in the cylinder head. 

The lowest part is significantly cooled with coolant. 

Non-return valve 

2 Pressure relief 
valve 

"" 
E3l Fuel supply, low pressure 

Fuel supply, high pressure 

Esll Fuel return 

11::l Leak-off fuel 

EsS Return, lubrication/cooling for high-pressure pump 

CH9 FUEL-INJECT ION SYSTEMS 

1 

& 

The fuel system for fast 

speed four stroke 

MTU-diesel engines, 

fuel M.D.O. 

~ 

The fuel filters of a 

MTU-diesel engine. 

fuel filters 
2 lubricating oil filters 
3 fuel pump 

215 



DIESEL ENGINES > PART I 

... 
The injector in 

cross/section. 

fuel supply 

2 injector needle 

3 injector needle spring 

4 solenoid valve 
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... 
The multiple plunger 

pump for the MTU 

common rail engines. 

The parts of the shaft that 

drive the plungers are 

asymmetrically placed with 

respect to of the shaft drive . 

The MTU common rail 

fuel system. 

common rail 

2 high pressure fuel 

injector 

3 combustion chamber 

4 discharge fuel lines 



9.19 Injector system 

ln rhis system the high-pressure fuel pump and 

the injector have been placed in one casing. The 

fuel injector is situated in the cylinder and is 

mechanically driven from the cam shaft, as are the 

inler- and exhaust valves, by means ro a fuel cam, 

guide pulley, push rod and lever. 

9.19.1 Mechanically driven injector by 
Cummins-diesel engines 

High-speed four-stroke engines, 

fuel M.0 .O. - Engine category II 
The PT-pump is a low-pressure system, with self 

compensating wear and tear; easy maintenance 

and repair. When compared to the conventional 

system there is relatively little risk of leakage in 

the PT-fuel system, because the pressure between 

the pump and the injector is low. Cummins has 

designed the fuel supply in such way that it runs 

through internal ducts in the cylinder heads to the 

injectors, thus further reducing the risk of leakage. 

Although the fuel pressure in the PT-system is 

low, the injection pressure is much higher than 

in ordinary systems. This is achieved by the 

mechanical movements of the injecto rs generated 

by the push rod, rocker and a separate cam on 

the cam shaft for each cylinder. The high injection 

pressure effects efficient fuel consumption, which 

results in low exhaust gas emissions, without 

requiring a complica red combustion space with 

high whirling as do other engines. 

Fuel regulation 
A gear pump in the fuel un it draws fuel from 

the tank through a filter and forces this into the 

pump. The fuel flows from the gear pump through 

a combined speed - and pressure regulator, then 

through a throttle valve and a shut off valve ro 

the injectors. A central supply line transports 

the fuel to all the injectors of an in-line engine 

and to each bank in V-engines. This fuel line 

provides equal fuel pressure to each injecror, and 

an evenly distributed amount of fuel and power 

output to cylinders. Prior ro injection, cooling, 

lubrication of the system and bleeding, the fuel 

circulates through the injecrors. The superfluous 

fuel is returned to the tank by a return pipe. 

The warm return fuel, which was sent back to 

the tank, improves the flow of the fuel, which is 

advantageous in a cold climate. 

CH9 > FUEL-INJECTION SYSTEMS 

Fuel pumps function 
Fuel consumption in individual injectors depends 

on the pressure in the supply line. This pressure is 

fully controlled by the fuel pump. 

Therefore it is not necessary to set the timing of 

the pump, since it only has to provide the specific 

pressure and the flow to the injectors as a function 

of revolutions, load and the position of the 

throttle control. 

Operating under pressure 
Since the high injection pressure is built up 

mechanically in the injector, the fuel pump only 

has to ensure that fuel is supplied under relatively 

low pressure and in the correct quantity. This is 

the reason that the pressure in the fuel lines is 

lower than 17.5 bar as opposed to a pressure of 

700 bar and higher, which is required for systems 

with hydraulically functioning injectors. 

a 

... 
The mechanically driven 

injector for Cummins­

diesel engines. 

1 Fuel tank 

2 Fuel filter 

3 Gear wheel pump 

4 Vibration damper 

5 Riter with magnet 

6 Governor en pressure 

control parts 

7 Throttle lever 

8 Air -fuel control 

9 Shut-off valve 

10 Injector 

11 Rocker arm, push rod 

and cam shaft follower 

12 Exhaust manifold air 

i.:..-.========~~==~~ 
:;:; 
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T 

Operation of the 

Cummins injector. 

The start of the upwards stroke 
(the fuel circulates). 

Injector function 

The Cummins-injector provides both the dosage 

and the injection of the fuel. The fuel pressure 

at the supply port and the rime the supply port 

is open, which is determined by the camshaft 

velocity, measures the quantity of fuel which 

then flows ro the so-called cup. The downward 

movement of the injector plunger subsequently 

injects the fuel from the cup into the cylinder of 

the engine. 

Optimum timing in the S.T.C.- injection 

(Stepped Timing Control) 

This facility is applied to special engines with a 

high power output in order to obtain optimum 

performance and economic fuel consumption. 

Cummins- PT-fuel injector 

Dosage and injection 

The injector plunger movement is produced by the 

camshaft, a push rod and a rocker combination. 

Therefore, during the regular maintenance 

inspections all that is required, is that the rocker 

be put under a certain torque in order to tune the 

injecro,; similar to tuning the valve setting,. 

A 

B 

Dosage operation 

The working of the dosage is shown below. When 

the plunger is in top position the fuel flows from a 

calibrated opening into the cup under the injector 

plunger. 

Injector calibration 

The amount of fuel in the reservoir is dependent 

on the pressure at port B, the diameter of rhc 

port and the rime that the calibrated port C 
is open. Port B can be increased so that each 

injector capacity can be correctly calibrated. In 

this manner, new or repaired injectors can be 

imralled in a cylinder of an engine suitable for 

that particular injector, without having ro replJcc 

or recalibrate the other injectors. Due to rhe 

numerous port variations each basic fuel injector 

can be used for vanous engine types. 

Two-part injector 
The injector consists of two clements, the cup and 

the cup holder, The space between the cup holder 

and the cup is sufficiently large to centre the cup 

on the injector plunger. This self-centring cmures 

a meticulous alignment of the injector plunger in 

de cup. 

D--.i.a---W 

C,----t-t- <l'li 

The finish of the upwards stroke 
(fuel enters the injector cup), 

The downwards stroke 
(the fuel injection), 

The fuel is supplied under low pressure 
to the 1n1ector (A) and flows through the 
inlet port (B) via internal channels 
through opening (D) back to the fuel 
tank, The amount of fuel that flows 
through injector depends on the fuel 
pressure before the inlet port (B), 

When the 1n1ector plunger rises, the 
calibrated opening (C) opens and fuel 
flows into the inJector cup. The amount 
of fuel is determined by the fuel 
pressure, 
Passage (D) is blocked and temporarily 
stops the fuel circulation, so that the 
calibrated opening (C) 1n not influenced 
by pressure fluctuations. 

When the plunger moves downwards 
and the calibrated opening (C) closes, 
the fuel supply to the cup is stopped, 
When the plunger travels further 
downwards the fuel present is 
compressed with a large pressure out 
of the cup through small apertures, so 
atomisation occurs. This leads to a 
completer combustion of the fuel. 
When the passage (D) opens again due 
to the constnct1on 1n the plunger. the 
fuel starts to flow through channel (E} 
back to the fuel tank. 

The complete downwards stroke. 
After inJection the plunger remains 
under pressure 1n the cup until the 
following fuel dosage and 1n1ect1on 
occurs. As no fuel can enter the 
1n1ector cup. the fuel flows freely 
through the 1n1ector back to the tank 
through channel (E}, This results 1n 
1n1ector cooling and the warm,ng of the 
fuel 1n the tark. The fuel pressure 1s dependant on of 

the eng,ne revolutions, the speed 
governor and the gas valve, 
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Fuel preparation 
The fuel intake (in the correct composirion) in the 

cup occurs at rhc end of the inler stroke. During 

the compression stroke, the fuel is pm under a 
compression pressure hy the plunger and heated 

air Aows though the injector orifices in the cup. 

Injection 
The injector plunger scares irs downward 

movement before the compression stroke is 

complcn:d, hur injtction only commences 

when the pressure of the air/fuel mixture in the 

reservoir exceeds the compression pressure in 
the combustion space. Then pre-injection rakes 

place and subsequently the main injection. As 

the downward 11101 emenc of the injector plunger 
hits the fuel, the fuel is forced into the cylinder 

under pressure. The PT-injector ~lowly starts the 

combustion after which the fuel is fully combusted 

11ith optimal economy and efficiency. 

Highest injection pressure 
The Cummins-injector develops an injection 

pressure of up co 1330 bar. This is twice as high 

as observed in orher hydraulically controlled 
m1ecrors. The higher the injection pressure, the 

better the fuel atomises, which in turn improves 

the combination with the air for an efficient 

combustion. 

Corresponding timing, advancing or 
retarding 
At lower capacities, the injector cup is not 

completely filled. Therefore the injector plunger 

must travel a longer di~rance to reach the fuel. 
This results in a delayed injection at low capacities 

and an accelerated injection at high capacities (as 
the re,ervoir is fuller). 

Cummins BIG/CAM-concept 
The PT-fuel system, combined with the Cummins 

BIG /CAM-technology produces engines with 

reduced fuel consumption. 
These cam shafts with large diameters produce 

shorter injection times, higher injection pressures, 

reduced emissions and an improved fuel 

con,umption. 

Top Stop injectors 
Some engine types have a predetermined mechanic 

srop, which w,rricts the injector plunger stroke. 

This version is nor shown in the diagram. 
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Cummins-PT-fuel pump 

Flexible design 
The PTG-type fuel pump is Oexible, so the basic 

fuel pump can be adapted to fir a large range of 
designs and capacities. With minor adjustments 

the same fuel pump can be applied to: tractors, 

buses, locomotives, ships, building machines and 

other industrial application. 

The PTG-fuel pump has a wide range of coupling 

characteristics ro atrnne engine performances to 

requirements. 

Fuel pump function 
The PT-fuel pump takes care of the fuel pressure 

at the inlet of the injectors in order to ohrain the 

RPM requi red for that particular engine type. 

Fuel pump components 
The basic components of the flow control system 
and its functions are: 

A self priming gear pump for flow and 

pressure. 
A governor and plunger with porrs and a 
groove in the plunger to allow the fuel to 

flow through the governor when the port and 

grooves arc opposite. 

A gas valve flanked by a speed control and the 

fuel pump exit porr controls the pressure from 

rhe fuel line in order to regulate the power 

output. ln most instances the gas valve is 

directly operated by an ·engineer'. 

A fuel line to the injectors. 
A fuel -hypa,s circuit ro re-circulate the fuel 

from the control plunger back to the inlet side 

of the gear pump. 

A.F.C.-fuel pump 
A fuel pump with A.F.C. (Air Fuel Control ) 

includes an extra valve to control the fuel pressure 
during acceleration in turbo engines. This valve 

is placed between the gas valve and the stop 

valve and is activated by the air pressure in 
the inlet manifold. During accelera tion the air 

supply lags behind the fuel injection due to the 

turbocharger. Without this control there would 
be a fuel overdose in the cylinders. This A.EC.­

valve reduces the fuel pressure to the point that 

the turbocharger can provide sufficient air for full 

combustion of all the injected fuel that is required 

to generate the correct power output. 
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.A 

The low pressure - fuel 

pump of Cummins. 

1 fuel inlet 
2 vibration damper 
3 gear wheel pump 
4 fllter with magnet 

5 governor plunger 
6 by-pass plunger 
7 stationary spring packet 
8 stationary adjusting 

screw 
9 gas valve 
10 air-fuel control housmg 
11 fuel to injectors 
12 shut-off valve 
13 drive coupling 
14 governor weight 
15 linkspnng 
16 mam drive shaft 
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Other PT-fuel pump components 
Other essential fuel pump components: 

A filter with a magnet between the gear pump 

and the speed regulator to fi lter out possible 

metal particles in the fuel, wh ich could damage 

ocher pares of rbe system. 

A stop valve (electrically-, manually-or air 

.:ontrolled) mounted on cop of the pump. 

A pulsation damper on the gear pump co 

absorb pulsations in the fuel flow in order to 

obtain a constant fuel pressure. 

A speed regulating drive shaft for installing a 

rev counter. 

A fuel filter directly mounted on the pump to 

prevent dirt and air from penetrating between 

the filter and the pump. 

9.19.2 Mechanically driven injectors by 

Caterpillar-diesel engines 

These are high-speed four-stroke engines; 

fuel M.D.0 . - Engine category II. 
The injeccor is equipped with a magnet valve 

to regulate the fuel injectio n. This fu el sysrcm 

comprises fuel injectors that arc mechanically 

driven from the cam shaft as well as a rail system 

with a separate high-pressure fuel pump 



• 
The mechanically driven injectors in 

Caterpillar-engines. 

Green: suction lines, low pressure 

Red: pressure pipe 1nes to the fuel priming pump, 

low pressure 

C H9 FUEL-INJECTION SYSTEMS 

V 

COOLANT FLOW SWITCH 

FILTERED/ UNFILTERED 
OIL PRESSURE SENSORS 

TURBOCHARGER INLET 
PRESSURE SENSORS 

INJECTORS 

ATMOSPHERIC PRESSURE SENSOR EXHAUST TEMPERATURE SENSORS 

engine management system (E.C.M. Electronic Control 

Module) if certain requirements are met. When engine failures 

occur the fuel is immediately cut off and the engine stops. 

The fuel flows through a very fine fuel filter with a mesh size 

of two micron and then flows to the electronically regulated 

fuel injectors. In the discharge lines after the injectors is a 

adJustable pressure control valve. 

FUEL 
PRESSURE 

REGULATOR 

2 MICRON 
BREATHER 

FILTER 

TANK DRAIN 

A low pressure -priming pump draws fuel via a fuel filler/ 

water separator out of the day tank. The fuel flows through a 

~~71~~ 
~ ---Jt' '"I'.\..""-':,..."'/. :,,. ""'_/. 

c,rt,;a,, • I 
Valve 7_ Tappet 

Plunger CD 

Nozzle @ 
Assembly 

Injector Components 

~ 

The mechanical injector from Caterpillar. Outside the 

injector the fuel pressure is very low so fire hazards are 

limited to a minimum. 

This inJector comprises four parts: 

The high pressure compression part with a mechanically 

driven pump plunger that draws fuel from a fuel supply 

line. 

2 The injector part underneath the fuel plunger with a 

spring loaded in1ector needle. 

3 A electronically operated solenoid valve that supplies the 

fuel supply to the high pressure part. 
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J,,. 

The mechanical injector 

of Caterpillar. 

1 push rod 
2 spnng 
3 rocker arm 
4 rocker arm sha~ 
5 In1ector 
6 valve spnng 
7 In1ector spnng 
B soleno,d valve 

(not visible) 
9 cylinder head 
10 cylinder head cover 
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Operation 

The pressure exerted by the 1n1ector spnng results 1n the 

upwards stroke of the high pressure plunger and 

thenfore at a fully adJustable point the suction valve opens 

which 1n turn 1s operated by the solenoid valve and the 

pressure chamber is filled. 

In the downwards stroke of the high pressure plunger the 

pressure 1ncruases and the injector needle opens at 

app-ox1mately 38 MPa or 380 bar. Fuel still flows via the 

solenoid valve to the u111x.:tor d1sctlarye lines. nien the 

solenoid valve shuts and due to the high speed of the 

plurger the 1n1ection pressure quickly increases to 152 MPa 

or 1.520 bar This is the main 1n1ection. 

The end of the 1n1ect1on occurs at the moment that the 

solenoid valve quickly opens and the 1n1ector needle caused 

by the spnng pressure closes. 

The supply and discharge of fuel oc~urs on the nght side 

outside the 1n1ectors. A fuel nes C•Jts de the 1n1ectors have a 

harmless low pressure of approx1rnately 3 bar. 

With an electrical of hand driven priming pump the low 

pressure system can be filled and vented. 

Since 1999 this is the standard-fuel system for all Caterpillar­

diesel engines. 

The entire system operation can be controlled with a pc and 

contains all modern control - and failure programmes. 

The system is abbreviated M.E.U.I. and means: 

Mechanically Actuated - Electronically Controlled Un t 

Injector. 

As 1n all previous systems this system has all the knovm 

advantages such as lower emissions, lower fuel consumption 

and better balancing and harmonisation of the different 

cylinders and therefore less vibrations. 



j. ... 
Filling. Compression. 

The 1nJector 1s filled with fuel, The solenoid valve is closed. 

the press plunger moves The moment the press 

upwards. The solenoid valve plunger moves downwards. 

opens and admits fuel. the pressure 1n the 1n1ector 

increases. The needle is 

raised as soon as the force 

the fuel pressure exerts on 

the needle exceeds the 

force of the needle spring. 

9.20 Fuel injectors 

For largt: two-siroke crossheac.l engines these arc 

also called fuel valve, and for ,mall high-speed 

cng111es the term injccror i, frequently applied. 

Function of the inJector 

To in ject the fuel inro the cylinder at such a 

speed that the extremely fine fuel c.lroplcts, in the 

litrlc rime available, arc spread over the entire 

combustion ,pace without coming inro conract 

with the 'walls' ,uch a<, the C)' linder head, cylinder 

liner ,lll<l pisron crown. 
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... ... 
Injection. The end of the injection. 

The injector needle moves The solenoid valve opens, 

upwards against the spring the fuel pressure falls 

pressure. Then the fuel is and the in;ector needle 

finely distributed 1n the quickly closes. The in;ect1on 

extremely hot, compressed is f1n1shed. 

air via the the 1n;ector and 

ingnites. The injecllon 

pressure subsequently 

increases drastically. 

Some technical data: 
Injection rime dependent on engine type anc.l 

RPM, several hundredths of a second. 

Injection ,peed over 300 metres per second. 

Injection length in the cylinder dependent on 

the cylinder conrcnr, several centimetres ro 

decimetres. 

Droplet sire of the fuel 20 to 60 micro 

millimetres (micron). 
Opening pressure of injector, I 00 to 400 b.ir. 

Maximum injection pressure of injectors up co 

2000 bar. 

Diameter injector holes 0.2 ro 1.0 millimetres. 

Number of injectors per cylinder 

Virtually all four-moke engine~ are equipped with 
an injector which is cenrrally placed in rhc crlinder 

head. The two-stroke crosshcad engines have rwo 
or three injectors which arc placed around rhc 

periphery of the cenrral exhaust va lve. 
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~ 

The injector position in a 

small high speed four 

stroke engine for yachts. 

1 fuel filter 
2 high pressure fuel pump 
3 high pressure fuel Imes 
4 fuel m;ectors 

~ 

The three injectors on the 

cylinder head in a two 

stroke crosshead engine. 

They are positioned 

around the central 

exhaust valve. 

common rail fuel supply 
Imes 

2 high pressure fuel lines 
to injectors 

3 fuel injectors 

~ 

A fuel injector in the 

cylinder head of a large 

four stroke engine, 

category Il l. 

high pressure fuel 
supply line 

2 injector housing 
3 gland 
4 ad1ustable bolt for the 

opening pressure 
5 in1ector spring 
6 injector needle 
7 injector tip 
8 inJector holes 
9 cap 
10 high pressure fuel 

supply 

@ 

@) 

Rounded off 



9.20.1 Construction of the injector 

A snnple injector consists of an injector casing 

w1rh a needle guide at rhe bottom and a tension 
sleeve connects the needle guide liquid with rhe 

mjecror housing. The needle valve sirs in a tapered 
valve seat and is held hard against the valve scat 

hy a compression spring. The pressure pen bridges 
the distance between rhe compression spring and 

rhe aromising needle. 
The spring tension of the compression spring can 

be adjusrcd with a screwed tensioner. The injector 
is equipped with a fuel supply connection and a 

spill fuel connection. 

9.20.2 Working of the nozzle 

Ar rhe moment that the high-pressure fuel 
pump starts to compress the fuel, there is still a 

remaining fuel pressure in rhc high-pressure fuel 

line, the so-called residual pressure. This is much 

lower than the closure pressure of the valve and 
avoids dripping from the noale rip. The supply 

lme leads ro a chamber in the nozzle just above 

the needle valve. This needle has two diameters, D 
large and d small. Ar rhe bottom the needle valve 

has a milled, polished surface wirh an angle a 

which seals it against rhe valve seat of rhe needle 
guide, this seat is also milled and polished, ar an 

angle~- The angle a is slightly larger than angle 

~ causing the valve to rapidly close and rhe fuel 

flows co the cylinder. As the fuel pressure rises the 
force exerted on the underside of the needle va lve 

increases which overcomes the spring pressure and 

opens the needle valve. 

TT ' , P0 =-(D· -d·). 
4 

Now the fuel injection rakes place. As the fuel 

pressure decreases the needle closes, because the 
force of the spring exceeds the upward force of 

the fuel on the circular surface of rhe needle va Ive. 

The opening and closing of the needle must occur 
very swiftly in order to obtain optimum atomising. 

Opening and closing the needle valve too slowly 

reduces the pressure near the noule apertures, 

thus deteriorating the atomising process. 

Opening and closing of the spray needle 

Let's assume: 
PO = the fuel pressure ar the time of the needle 

valve opening. 

Pc = the fuel pressure ar the time of the needle 

valve closure. 

CH9 FUEL-INJECTION SYSTEMS 

Spring resilience 
F Supply of 

high-pressurized fuel 

F, = the force of the spring exerted on the needle 
valve via the needle guide. 

D = the largest diameter of rbe needle. 

d = the smallest diameter of the needle. 

The following applies for the opening time of the 
injector needle valve: 

TI 2 2 PO x 4 (D - d ) = Fs. 

As rhe valve needle closes, the fuel pressure pushes 
against the entire bottom surface of the needle 

valve with surface area% x 0 2. 

f = F X ..'.'.. X D2 
S C 4 

Deducing from equation I and 2 

p X _'.'.. (D2 - d2) = p x ..'.'.. x D2 
0 4 C 4 

Therefore, the closing pressure is lower than 

rhe opening pressure. Often Pc= 0.7 x P0 . The 
pressure that remains in the high-pressure fuel 
line after the injection is terminated, the residual 

pressure, is lower than the closing pressure in 

order to avoid dripping. This often amounts to 0. 7 
of the residual pressure. 

So for example: 

P0 = 400 bar 

Pc= 0.7 x 400 bar= 280 bar 
1\ = 0.7 x 280 bar= 196 bar 

A cross-section of an 

injector tip. 
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D-001 OIESEL ENGINE 
FIL -021 STRAINER 

HE-005 NOZZLE COOLING WATER COOLER 
P-005 NOZZLE COOLING WATER PUMP 
T-039 COOLING WATER STORAGE TANK 
T-056 NOZZLE COOLING WATER EXPANSION TANK 

TCV-009 'EMPERATURE CONTROL VALVE FOR HEATING 
TCV-016 "EMPERATURE CONTROL VALVE FOR NOZZLE COOLING WATER 

3471 NOZZLE COOLING WATER INLET 
3495 NOZZLE COOLING WATER DRAIN 
3499 NOZZLE COOLING WATER OUTLET 

SICHT CLASS WITH DOUBLE PANE (FIT 
ILLUMINATION ADDITIONALLY ON REAR 
SIDE) 

0,2 BAR OVER PRESSURE 
0, 1 BAR VACUUM _____ \ 

I JO 110•0106B/ 
IJ0.210·0~0A 
!JO 210·0106B 

... 
The injector cooling system of a MAN- B&W four 

stroke-diesel engine running on H.F.O .. 

?-031 

VELOCITY IN TANK 
, 0. 1 m/sec . 

injector at the correct temperature when the engine stops. 

A cooler to the circulation pumps control the temperature 

during operation. 

Short description: With two circulation pumps the coolant is During repairs the coolant can be drained to a storage tank. 

supplied from a supply and expansion tank that can be kept When heavy fuel oil leaks into the coolant 1n the injector this 

at a certain temperature using steam, thermal 011 of electricity. is visible 1n the expansion tank. The 011 floating on the water 

The temperature of the coolant keeps the heavy fuel oil 1n the surface can be skimmed to a sludge tank. 



Details 
~umber of nonlc holes. This varie, from one 

for rhe single hole injector, which i, solely used 
for indirect injection in pre-chambers, to four. 

\ maximum of sixteen apertures for multi-hole 

injectors for direcr injection into the combustion 

space. The injecror apertures have a diameter of 

approximately 0.2 ro I millimetres. Aperture, 

;mJllcr than 0.2 millimetre, <1re rare as they 

are difficult ro drill and clog up easily. lt is also 

possible for injector nozzles ro contain apertures 

wirh varying diameter, and for apertures to be 
placed above each orhcr. 

Aperture diameter 
for two-stroke crosshcad engines, approximately 

one thousandth of rhe cylinder diameter. For four· 

,troke engines sl ightly over one thousandth of 

the cylinder diameter. The length of the injector 

aperture is at lea5t four times the aperture 

diameter 111 order ro acquire a good fuel focus. 

Injector cooling 
ln larger enginc5 the injectors are cooled wirh 

coolant or fuel. This is necessary to prevent the 

fuel that remains in the injector space or cup to 

vaporise, crack and form carhon on the outside of 
rhe injecror nonle, thus di,rupting the atomising 

process. Ir is also possible co use the cooling 

system to pre heat the engine and in rhis insrance 
ensure that the injector nozzle achieves rhe correct 

temperature for a smooth start. In this way rhe 

rempcraturc is controlled, including rhar of the 
injector nonlc itself. Modern diesel engines do nor 

normally have direct injector cooling. The reason 

1s, among others, to avoid fuel conramination of 

the cooling circuit. One generally uses indirect 

cooling, which means that the coolant circui t of 

rhe cylinder head i, close to rhe injector nozzle. 

9.20.3 Various examples of injectors 

CH9 FUEL- INJECTION SYSTEMS 

A 

Different injector tips of 

four stroke· and two 

stroke engines. 

~ 

An injector for a large two 

stroke crosshead engine. 

mjector housmg 
2 bolts with spring packet 
3 ad1ustable bolts for the 

spring pressure 
4 spring 
5 spindle 
6 injector needle 
7 m1ector tip 
8 fuel supply 

9 cylmder cover/head 
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.. 
A modern injector in a 

four stroke-high speed 

Caterpillar-diesel engine. 

high pressure fuel 
supply of the common 
rail system 

2 solenoid valve for the 
control of the fuel 
injection 

3 injector t,p 

.. 
Entire injector tips on a 

vibrating sanding disc for 

the accurate planing of 

the packing face with the 

injector housing . 

..... 
The correct angle of the 

seat of the injector needle 

is important in the good 

operation of the injector . 

.. 
The position of the 

injectors in the cylinder 

head. 

The injectors are not always 

placed vertically in the 

cylinder head. Shown here is 

a Deutz diesel engine for 

~achts with the injectors 

pos1t1oned in the side of the 

head. The engine distributor 

here is the Vetus company. 
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9.21 Residual-pressure valves 

\losr small plunger conrrollcd fuel pumps and 

also some larger plunger conrrolled and valve 

conrrolled fuel pumps are equipped wirh residual 

pressure ~alvcs. As the effective compression 

stroke of the pump plunger is terminated these 

residual pressure valves reduce the fuel pressure 

in the high-pressure supply line to such an extent 

that post-injecrion of fuel is avoided. The effective 

co111press10n stroke of rhe high-pressure fuel 

pump is terminated when the pressure over the 

plunger drops due ru the opening of the spill valve 

(other rype, of rw<Htroke crosshead engines) 

or spill porrs. A pressure va lve, if pre,enr, will 

close immediately. The spray needle could lift 

due ro prcswre waves that move up and down 

the high-pressure fuel line , thus delivering poor 

qualiry posr-in jecrion. This reduces thi: quality 

of rhc post combustion process, which results in 

conraminarion as well as extra fuel consumption. 

The residual pressure valves make sure that the 

pressure in the lines is kept sufficiently low ro 

ensure rhar post-injection is avoided. This residual 

pressure should not he too low as this would 

increase the injection delay of the following 

injection. 

There arc two types of residual valves: 

pressure relief; 

2 volume relief. 

9.21 .1 Pressure relief 

Operation 
These can be fitted near or inside the pressure 

valve. The valve allows a certain amount of fuel 

to flow back into the pump cylinder after fu el 

injection and pressure valve closure. 

CH9 FUEL-INJECTION SYSTEMS 

The residual high-pressure fuel line is determined 

by the spring force of the residual pressure valve. 

T he residual pressure valve operates independently 

of engine load and fuel pump capacity. The 
residual pressure valve including pressure relief 

is predominantly used for larger four-s troke- and 
two-stroke diesel engines that run on H.F.O .. The 

residual pressure can be adjusted to prevent it 

from falling to the extent that vapour bubbles arc 

produced in the extremely hot fu el. 

In fact, these residual pressure valves work 

similarly to a safety valve on a pressure vessel; 

they open at a predetermined pressure and ensure 

that rhe desired temperature is nor exceeded. 

9.21.2 Volume relief 

Operation 
These arc usually part of a normal pressure valve 

in the high-pressure fuel line. They are equipped 

with a collar or a piston body underneath the 

actual valve setting. 

High pressure discharge systems ~ 

Low 
load 

Medium 
load 

High 
load 

Constant volume Constant pressure 

EE 
~ 

E6J [dj 

Left the residual pressure with volume relief and right 

the residual pressure valve with pressure relief. 

With volume relief cavitation can occur at partial engine loads 

because the residual pressure of the fuel can fall below the 

vapour pressure of the fuel. Residual pressure valves with 

pressure relief can be used in fuel injection systems for large 

engines that run on heavy fuel oil. Through the very high fuel 

temperatures required for the correct inJection viscosity of the 

fuel there is no danger for the formation of a vapour lock at 

partial loads. Residual pressure valves with volume relief have 

a pressure loss 111 the fuel supply line that is independent of 

the engine load. The pressure loss must be low enough to 

prevent fuel injection. 
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9.22 Cavitation 

Opening the residual pressure valve may generate 
pressure waves in the pump, supply lines or piston 
valves found, for instance, in valve controlled 
pumps of some crosshead engines. An accurate 
plunger design and or valves may prevent this. 
In plunger controlled pumps a spread bolt or a 
cavitation bolt at the spill port in the fu el pump 

ensures that this phenomenon is reduced to a 
mm1mum. 

900 

800 

700 

600 

... 500 
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9.23 Fuel-injection 
characteristics 

The pressure curve of the fuel in the high-pressure 

fuel line prior to, during and after the injection 

may vary considerably. Depending on rhe engine 

type, the engine load, the fuel type and the type 

of fuel ~ystem there arc many different injection 

patterns. 

Several examples 

Two-stroke crosshead engines by 

MAN-B&W-ME 

-- Classic 
-- Constant pressure 
-- Double injection 

165 170 175 180 185 190 195 200 205 210 215 
Deg. after BOC 

• 
Fuel-injection characteristics of the two stroke 

crosshead engines from MAN-B&W-ME. 

Horizontal: crank degrees after the bottom dead centre. 

B.D.C. - Bottom dead centre- 180 crank degrees is the top 

dead punt. 

Vertical: the fuel injection pressure in bars. 

The pressure curve is shown here for a seven cylinder ME-C­

diesel engine with a cylinder diameter of 50 centimetres at a 

load of 75%. 

Green pressure line 

The conventional iniection starts at 1 73 crank degrees after 

bottom and so 7 crank degrees before top and the iniection 

ends at approximately 192 crank degrees after bottom and 

so 12 crank degrees after top. 

Total in1ection lime Is 7 + 12 19 crank degrees. 

The maximum In1ectIon pressure Is approximately 750 bars. 

Red pressure line 

For the constant pressure process. 

The inJection begins slightly later (3 crank degrees before top) 

and finished slightly earlier (11 crank degrees after top). Total 

inJection time 3 + 11 14 crank degrees . 

The maximum injection pressure is approximately 780 bars. 

The pressure curve Is at the in1ect1on smoother than the 

former conventional injection. The injection Is slightly better 

over the entire 1n1ection area due to the slightly higher 

injection pressures. 

Purple pressure line 

Double in1eclion: this is especially intended to lower the 

maximum combustion temperatures so the nitrous oxide 

content in the exhaust gasses decreases. The first In1ectIon 

takes place approximately 3 crank degrees before top and 

the second In1ectIon finishes at approximately 21 crank 

degrees after top. Total injection time is 3 + 21 = 24 crank 

degrees. 

The first iniection peak Is approximately 450 bars and the 

second injection peak is approximately 7 40 bars. 

The entire combustion process is less explosive and take 

place later so the maximum combustion pressures and 

temperatures are lower that the two former systems. In 

electronic regulated fuel injection In this engine type every 

required 1n1ection profile can be obtained. 

This engine does not have a camshaft and the exhaust valve 

is Operated independent electronically. 



.. 
The two-stroke crosshead 

engine from Wartsila, 

the Sulzer RT-FLEX­

version. 

Four-stroke trunk piston engines by 
MAN-B&W with electronic injection 

2.4 
2.2 
2.0 

,,... 1 .8 
0 

1.6 
X 

1.4 ~ 
£ 1.2 
~ 1.0 ::, 

"' "' 0.8 
~ a.. 0.6 

0.4 
0.2 
0.0 

Time 

... 
The four stroke-trunk piston engines from MAN- B&W 

with electronic injection. 
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2.0 E 
1.5 .§. 

1.0 ~ ., 
0.5 'g 
0.0 

., 
z 

--- Version A 
--- Version B 

Version C 
--- Conventional in1ection system 

Above in the figure: the injector needle lift in millimetres 

The most conspicuous difference between the three new 

versions and the conventional injection is that the 

In the figure: conventional system takes longer to reach the full in1ect1on 

Horizontal: the pos1t1on of the crank shaft, not given in crank pressure of± 1250 bar. 

degrees The three new versions reach the maximum pressure faster 

Vertical: the fuel 1nject1on pressure in bars and therefore have a better injection and so a better 

In the figure three new 1n1ection versions are compared with a combustion. 

conventional fuel inJect1on system (green). Due to this the soot particle and nitrous oxide emissions are 

decreased. 

Two-stroke crosshead engine by Wartsila, 

the Sulzer RT-FLEX-design 

-30° oo 

Needle lift 

Cylinder pressure 

Injection 
pressure 

30° 60° 
Crank angle, degrees 

At partial load operation, the injection pressure can also be 

kept at such high levels and the differences in exhaust gas 

emissions between the electronic and the conventional 

mechanically regulated fuel 1nject1on larger. 

In the figure: 

The green line shows the pressure curve in the cylinder. 

Conspicuous is the 'depression' at the moment that the 

injection starts. The cause is that the in1ected fuel requires 

sufficient heat to vaporisation and gasification. Slightly later, 

combustion takes place. 

The purple line shows the pressure curve 1n the common 

fuel line for all cylinders. At the opening and closing of the 

fuel inJector needle a variation 1n the fuel pressure takes 

place. 

The red line shows the pressure curve of the inJected fuel. 

Note the very fast increase 1n the beginning and at the end of 

injection with respect to the crank shaft position. Due to the 

common rail system with a large volume capacity is the 

steep pressure line is possible. 

After the closure of the inJector needle, the pressure 'ripples· 

fora time. 

The blue line shows the injector needle lift. 
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Cooling engines is essential in order to 

avoid overheating of engine parts and 

subsequent damage. Approximately 

30% of the heat in the injected fuel is 

cooled by fresh water coolant, lubricating 

oil- and air coolers. Shown here are 

cooling-water pumps for cooling the 

lubricating oil-system for a two-stroke 

crosshead engine. 
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~ 

Each diesel engine 

requires cooling in order 

to avoid overheating of 

the parts. 

~ 

An overview of the heat 

flow in a small diesel 

generator category I with 

radiator cooling. The 

radiator is cooled by 

means of a mechanically 

driven ventilator. 

Approximately 33% of the 

heat supplied by the fuel is 

available as mechanical 

energy on the shaft. 30 to 

40% is dispersed 111 the 

exhaust gases and 20 to 

40% is utilised for cooling. 
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10.1 Introduction 

Internal combustion engines such as the diesel 

engine arc provided with cooling systems. During 

the combustion proce~s the temperatures in the 

cylinder can reach 1500 ro 2000 °C and the 

temperatures during the initial release of the 

combustion gases can increase to temperawres 

of 700 to 800 °C. Finally, the exhaust gases in 

the exhaust lines have temperatures of 325 to 

600 °C and in fully loaded engines these gases 

pass through the turbo-blower. Without a cooling 

system, the material properties of the parts 

that come into contact with these gases would 

be damaged irreparably and undergo thermal 

distortion. In practice an uncooled engine would 

be seriously damaged in a very short period of 

time. Therefore cooling is an absolute necessity 

and a constant point of interest for engine 

des igners. 

Wlirtsilli 46 DCC heat balance 

• 
An overview of the heat flow around the combustion 

space. Shown here is a four-stroke medium -speed 

diesel engine by Wartsilii 46 DCC - Category Ill. 

Fuel energy supply is 100% 

Shaft power is 48% 

Losses: 

exhaust gases 

cylinder head cooling 

valve seat cooling 

32.0 % 

1,5% 

1,5% 

cylinder liner cooling 1,0 % 

piston cooling with lubricating oil 4,5 % 

radiation losses 2,5 % 

air cooling 9,0 % 

Total losses 52,0 % 

T 

The combustion chamber. 

The parts in proximity to the combustion chamber, such as 

the piston, cylinder liner, cylinder cover, and valves require 

intensive cooling. Shown here; the cooling water is light blue. 



• 
Guides of a two-stroke crosshead engine, viewed from 

above. 

All modern crosshead engines use lubricating oil to cool the 

guides. 

crosshead p,n 
gwdeshoes 

3 crosshead gwdes 
4 A-frame 

The following engine parts come into contact with 

the hm combustion ga\es and therefore require 

cooling: 

cylinder covers 

2 piston crowns with the pi,ton ring package 

3 upper part of the cylinder liners 

4 exhaust valves and the exhaust valve-casings 

pans of the fuel injector closest to the 

combustion chamber 

6 pam of the turbo-blowers, ,uch as the 

bearings and sometimes their casings 

In two-stroke crosshead engines the crosshead 

guide\ are also cooled because of generated 

frictiona I heat. 

:--toreovcr, the temperature of the compressed air 

in the air cooler after the rurbo charger decreases 

considerably, cooling the combustion space 

internally. FouMtrokc-trunk piston engines have 

the suction stroke which takes in fresh air and 

an additional phase in the process: exhaust gas 

scavenging. Herc the piston is in T.D.C. position 

whilst both the inlet- an the exhaust valves are 

opened for a considerable part of the crank 

CH10 COOLING DIESEL ENGINES 

• 
A cross-section of a four-stroke engine. 

In this four st roke diesel engine the 1resh water is indicated in 

blue. A conspicuous detail 1s the fact that only the upper rim 

of the cylinder liner protruding from the block 1s cooled. So, 

the 'dry' engine block 1s not expcsed to the coolant, which 

means that corrosion of the block by coolant does not occur. 

... 
The air supply in a 

four-stroke high-speed 

Perkins diesel engine -

category I. 

The combustion space is 

intensively cooled by the 

rotational movement of the 

inlet air. 
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There is an infinite 

amount of seawater in 

which heat generated by 

the diesel engines can be 

discharged. 

It is no longer directly used 

as a coolant. However, 

seawater is indirectly used in 

a heat-exchanger. 

Engine 

62-70 •c 
73-80 'C 

..1.. ' - .1.1 - -

curve, and so cooling hot engine parts such as the 

cylinder head, piston crown, cylinder liner and 

exhaust valves. 

cooling and supercharging of the C)rlinder rakes 

place. 

10.2 Cooling agents for diesel 
engines 

The following liquids can be considered: 

,ea water 

fresh water 

coolants 

lubricating oil 

fuel 

Furthermore, ai r is used as coolant. 

10.2.1 Seawater 
In two-stroke crosshead engines the hot engine 

parts arc cooled at the moment that rhe inlet ports Clearly, in marine shipping this i~ in cndles\ supply 

are uncovered by the downward movement of the in seas and oceans. 

piston whilst the exhaust valve is already partially 

M 

35-45 ·c 
65-70 'C 

T 93-97 'C 

r _ L 

~ ler 

Advantageous properties 
I ligh specific heat at a relatively high density. 

Therefore small cooling-water pump, and coolers 

are required ro discharge the unwanted hear. The 

heated seawater is.di rectly discharged into the sea. 

So this system concept is very simple. 

Disadvantageous properties 
Seawater has a fairly high mineral content, which 

can crystallise on the cooling surfaces after hearing 

and produce scale. This is a hard layer which 

reduces the heat transmission and can cause 

blockages in rhc cooling ducrs. Furthermore, 

the high chloride content of seawater may cause 

severe corrosion of the cooled parts. This is why 

today seawater is only used for indirect cooling; it 

then cools a closed fresh-water coolant system. 

~ 

A complete cooling-water system with a 

low-temperature system (L.T. colour, green) and 

a high-temperature system (H.T. colour, blue). 

000000~ :),a(~-~------- 7 
Both systems have two circulating pumps each, one of 

which is in operation and the other is stand-by. The LT.­

system cools the scavenging air and subsequently the 

lubricating oil. The H.T. system is the standard cooling 

system for fresh water coolant. This 1s also where the 

scavenging air is cooled for the second time. The central 

cooler is cooled with seawater (not shown here). 

Englne 
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The seawater cooling section is designed to be as <II 

short as possible and the material med is seawater A scavenging air cooler of 

proof, such as 'cunial ' or stainless steel L.._..._~_....:....Ja a two-stroke crosshead 
engine with the supply 

The cooling-, scavenging- ,rnd rnmbustion 

air in the air cooler after the turbo-blower is 

occasionally cooled by seawater; this has the 

advantage that the low temperarnre of the 

,cawater can cool the scavenging air for the engine 

to the required 35 to 40 °C. Usually the coolers 

then arc finished with a special seawater proof 

coating. 

10.2.2 Fresh water 

This has the same positive properties ,ea water. 

Additionall), there are no problems with regard 

ro corrosion and scale forming. The fresh water 

system requires proper deaerating and water 

sofrerung. Furtilermare, tile cooling-water ,;~ 
treated with chemicals. Fresh water is always 

used in a closed circuit. In case of leakage fresh 

11ater i, supplied by the storage ranks. Most ships 

can turn seawater into fresh water which enables 

them to 111ai11tain their fresh water store for both 

drinking w,uer as wcll a, fresh water coolant for 

the engines. 

Regular drinking water is nor suitable for diesel 

engine cooling and first needs to be softened. In 

roday's extremely thermally loaded engines, small 

amounts of salt in the water would cause scale 

formation on rhc warm engine parts. This could 

cause cracks. 

A seawater evaporator. 

and discharge pipes for 

the L.T. coolant system. 

The heat of the H.T. cooling-water system is also often used 

to d1st1I pure fresh water from seawater by means of a 

vacuum seawater evaporator. Sea-water reaches boiling 

point at ± 40 °C when the absolute pressure is as low as 

± 0.05 bar, so the H.T. coolant temperature of 70 to 90 C is 

sufficient to evaporate seawater . 

... 
Fissures in the cooling channels of a piston crown in a 

two-stroke crosshead engine. 

A lot of damage to cooled engine parts is caused by scale 

formation, which 1nhib1ts the heat convection of the cooled 

surfaces. The material becomes excessively hot and tears. 

Shown here is part of a piston crown in a two-stroke 

crosshead engine with bore cooling. The cracks are marked 

with chalk. 
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... 
The lubncat111g oil lines 111 

a connecting rod. 

... 
Piston cooling. 

In larger medium speed 

diesel eng,nes it 1s necessary 

to 1ntens1vely cool the piston 

with lubricat,ng 0,1 via 

perforations 111 tl,e 

connecting rod. 
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10.2.3 Lubricating oil 

Apart from e\Cellenr lubricating properties, 

much heat is discharged with the lubricating oi l. 

Hear generated 111 the combustion process, is for 

With these types of cooling methods, piston 

lcak,1ge pows few problems as opposed ro, for 

instance, lrabges 111 the \\.lter-u>olcd pisrons in 

cros,head eng111c,. 

instance, rcmon:d b> rhe pi,ron, ,1nd hearings Several disad,antages of lubricating oil as a 

remove heat generated h> friction. In small engines coolant as compared with fresh water are: 

the piston is simpl} cooled with a lubricating oil 

nozzle which is attached to rbc qlinder liner. Lubricating oil ha, a lower den,ity and a lower 

A return pipe is not requi red; the lubricating oi l specific heat. Thar is a considerable difference! 

simply falls back into the sump. 

,pccifie hear 

In larger engines the oil i, transported to the 

fre,h ,,·,Her 
lubricating oil 

frc,h water 

lubricating oil 

4. 19 kJ/kg/K 

1.68 kJ/kg/K 

1000 kg/m' piston ,ia a perforation 111 the conneLting rod, ,1nd densit} 

is sometimes discharged in a ,imilar wa>. This is 

also the case for two-stroke crosshead engines . 
9 15 kg/m' 

A. 

Spray-cooling in pistons using lubricating oil. 

Lubricating oil absorbs a large amount of heat dunng the 

lubncat1ng process, The use of spray-cooling in the piston 

crown of this smaller diesel engine helps 111 this process. 



Hear absorption per 111' at a temperature increase 

of one degree Kelvin or one degree Celsius: 

hear= mass in kg x ,pccific heat k.)/kg / K x 

temperature difference 

The following applies for fresh water: 

heat= l000x4. l9x I = 4L90kJ 

The following i.lpplics for lubricating oil: 

hear= 91 5 x 1.68 x I = 1537 kJ 

Therefore the cooling effect of fresh water is 

. . .. 4190 
compared to that of lubncatmg 01I 1s -- = 

1537 

2.7 rimes a~ high! 

One must also rake into account that lubricating 

oil oxidises at higher temperarurcs and 
comequcntly fonm caroon on the surface, of the 

cooled parts. 

Is] 

The parts of J diesel e111i;inc that arc cooled with 

lubricating oil, such a~ the inside of small pistons 

or the cooling pipes in larger pi,tom,, must be 

checked for carbon formation. 

In lubricating-oil coolers problems may occur 

when the tempera cure of the lubricating oil is roo 

high. Then carbon forms on rhe lubricating-oil 

side of the cooler. Thi\ is only visible when the 

rnrirc pipe ,lsscmbl) i, removed from rhe cooler 

casing. 

10.2.4 Air 

This coolant is ,1bo used in small high-speed diesel 

engines, category I, 0 ro I 00 kW sha fr power. 

Properties: Very low density and specific hear; this 

makes ir suitable only for small power outputs in 

low thermal I)' loaded engines. A crankshaft driven 

ventilator is required which forces cold air via a 

ducting sy,tcm to the cooling fim on rhe cylinders. 

Therefore dust and other dirt particles can 

penetrate these cooled engine pans. 

CH10 

Disadvantages of air cooling 
low cooling cap.1ciry, only suitable for small, 

diesel engines of low thermal load ; 
- contamination of the cooling fi.ns, by dust, 

grease, oil and dirt; 
no sound damping by cooling-warcr; 

requires ai r ducting to external air. 

Advantages air cooling 
no cooling-water required; therefore no 

corrosion or frost risks; 

,implc engine consrrucrion. 

Small stationary diesel engines are ncvertheles~ 

still regularly provided with air cooling. They arc 

then not supercharged. 

COOLING DIESEL ENGINES 

... 
The cooling of piston 

crowns with lubricating oil 

in a MAN-B&W MC (left} 

and a Wartsila Sulzer RTA 

(right) two-stroke 

crosshead engine. 

'f 

Small and simple diesel 

engines without 

turbochargers 

sporadically use cooling 

fins, along which air is 

forced and so cooling the 

cylinder. 
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.. 
A small diesel generator set with air cooling. 

From the fan flywheel the air 1s led to the engine via sheet 

metal casing. 

flywheel cas,ng wflh fan blades 
2 air mlet gnd 
3 sheet steel casing 

10.3 Cooling-water treatment chemicals from a small feed rank which is found 

in the cooling-water system. Metal surfaces are 

The most suitable fresh-water coolant is distilled protected by adding chemicals ('inhibitors') . 

water which is obtained with an evaporation These substances apply a very thin coating on 

installation. Large sea going ships have a seawater the surfaces in the cooling-water system which 

evaporator on board; this heats the seawater inhibits contact between the coolant and the parts. 

under vacuum and causes the seawater ro A nitrate/borate mixture is often used. 

evaporate. The cooling systems of engines serve as 

a heating source. ln diesel power plants one can Cooling- water treatment 
T distil drinking water in a similar manner with for Cooled water treatment is appl ied co numerous 

systems, amongst others: A complete auxiliary instance heat generated by the fresh water cooling 

steam installation with an system or with steam from the exhaust-gas boiler. 

oil-fired boiler and 

exhaust-gas boiler. 

The steam is utilised for 

various purposes, amongst 

others, for fresh-water 

distillation. 

CONDENSATE 
RETURN 

' 
I) 

CONDENSATE 

This distilled water contains dissolved air and 

therefore oxygen which may cause corrosion 

of the various materials. Proper deaeracion of 

the cooling-water is therefore absolutely vital. 

This is the reason that cooling-water crcacmcnt 

is always required. This rakes place by adding 

STEAM 

y ~I ~e 
COOLER ,....._ ___ _.._~ DUMP 

COOLER 

240 

MAKE-UP 
WATER 

' 

FEEDWATER TANK 

SOFTENER CHEMICAL 
DOSING 

MAKE-UP 
PUMPS 

SOOT 
BLOWER 

• EXHAUST GAS 
BOILER 

fresh-water cooling systems for diesels; 

fresh-water cooling systems for air 

compressors; 

- central fresh water cooling systems; 

- central heating systems; 

warm-water systems for tank heating; 

cold-water systems for air-conditioning 

systems. 

We will focus on the first system. 

Fresh water cooling for diesel engines 

The following problems may arise in case of 

inadequate cooling-water treatment: 

Corrosion due co a low pl I-value of che 

cooling-water or a combustion-gas leakage. 

Deposits on the cooling surfaces due to water 

hardness. This is usually the case with rap 

water. 

Oil leakage causing oil emulsification forming 

a sludge layer which absorb~ dirt and 

consequently impedes heat conduction and 

causing overheating. 

Oxygen corrosion, resulting in pitting. 

Biological contamination, producing acid 

produces which cause corrosion. 

Cavitation and erosion. Erosion results from 

hard particles that circulate and literally grind 

down the material. 
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- Electrolysis between various materials. This 

phenomenon may develop randomly and 

inclepcndcntly of the water ~upply or in close 

proximity ro two different material~. 

So a fresh-water evaporator can he ~a tu rated 

with oxygen and carbon dioxide and therefore 

contain corrosive products. After supplying fresh 

water to the cooling-water tank, the supplemented 

water requires rime ro reach the correct operating 

temperature, in order for oxygen and carbon 

dioxide to he bled off. 

1 Cylinder cooling-water systems 

.\ modern die~el engine with a relatively high hear 

rransrni~\ion coefficient, a high cooling-water 

temperature and often narrow cooling-water ports 

demands a very effective cooling water treatment 

0 001 o-,solmolOf 
01e!.el Eno,ne 

P-006 Kuhlwasserpumpe 
Coo~110 waler pump 

HE-005 Kuhler 
oooler 

T-002 AusQlelCllsbeha•ar 
Expenson tank 

FIL-021 Schmulzfinger 
S1r1uner 

OV-001 Oampl/Thermalol Reoatvonli 
Slaan,llhermal oil oonlrol valve 

TCV-004 Temperalur-Fleoetvenl~ 
T ernµeretur• control valve 

where corrosion can be reduced to a minimum 

and which ensures that deposit formation on the 

cooling surfaces is avoided. 

2 Injector cooling-water systems 

This system is particularly vulnerable ro the 

coagu lation of various subsrances due co the very 

narrow cooling-water passages, mainly fuel that 

leaks into the cooling system. In the injector­

coolant expansion rank, corrosion products can 

collect and cause blockages further down in the 

system. With flucruating levels in this expansion 

tank, the metal that does nor come into contact 

with the water corrodes. In order to avoid this, the 

expansion rank needs robe finished with a coating 

that is re~istant to high temperatures and a low 

pl I. Contamination by oil leakage is a common 

occurrence in these systems. 

SIGHT GLASS WITH OOUBLE PANE !FIT 
ILL~INATION AOO!TIONALLY ON RE•R 
SIDE) 

0, 2 BAR OVER PllESSUllE 
0, I BAR VAC\,IJM 

' 

I T-002 I 
VELOCITY IN TANK 
S O I m/sec 

240.99.2 - 101/102 
T-004 ·1 

... !:? 
WHO: 

u ... xaw .... 
,U3 

t 
2'-0.ff.2 -: t01/HY.1 

, __ 1 

~ 

A fuel injector cooling 

system with two 

circulating pumps (1), a 

pre-heater fed by warm 

cylinder coolant (2), a 

temperature-controlled 

three-way valve (3) and 

an expansion tank (4). 

The expansion tank 1s 

equipped with a heating 

system (5), ari oil separator 

(6), a filling pipe (7) and, 

amongst others, a low-water 

warning system (8). The 

expansion tank is coated 

with a special finish to avoid 

corrosion. In a low-load 

engine, the In1ector coolant 

temperature should remain 

high to prevent settling of 

sulphur on the injector 

nozzle tip. The expansion 

tank is also an observation 

tank, which can detect 

potential leakage of fuel into 

the coolant water of the 

injectors. 
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... 
The exhaust-valve casing 3 Piston cooling-water systems for crosshcad 

in a two-stroke crosshead engines (old types o f engines) 

engine. 

This is the only part of this 

engine type that still contains 

a large amount of coolant. 

All other parts have been 

provided with bore-cooling. 

Note the low cooling-water 

contents. 

'f 

Severe degradation as a 

result of a poor cooling­

water treatment and tear 

caused by rapid changes 

in the engine power 

output and low-load 

operation (cracks). 
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This system can be contaminated by lubricating 

oil leakage. The lubricating oil is predominantly 

found on the piston crown. This layer red uces the 

heat transmission considerably which can cause 

overheating of the piston crown. Corrosion is 

often the major point of attention in these types of 

cooling sy rems. The so-called galvanic corrosion 

rakes place through a potential difference between 

two different materials. This is prevented by using, 

if possible, a limited number of materials in the 

piston design. 

10.4 Corrosion 

One can distinguish the following kind~ of 

corrosion: 

Pitting, a local corrosion on unprotected 

surfaces. 

Galvanic corrosion, with two or more different 

materiab in the system. 

Cavitation and erosion, a combination of 

mechanical factors, such as oscillation, flow 

velocities and chemical damage. 

Corrosion, which is formed beneath the 

sediment or by micro-biological contact. 

Protection against corrosion 
The best protection is finishing all metal surfaces 

in the cooling system with a tough coating. 

Therefore cathodic and/or anodic products have 

been formed ro prevent the aforementioned 

chemical or electrolytic reactions. l ligh sulphur 

chloride-and sulphate concentrate, mu,t be 

avoided. Cooling-water ,hould not contain zinc. 

Zinc is corrosive at 60 °C! 

At higher temperatures zinc can become anodic 

and the iron aroms in metals will be exchanged by 

zinc aroms! 

Deposits 

These may consist of: 

salts from temporary hardeners, such as 

calcium and magnesium carbonates; 

sludge, formed by a chemical reaction when 

water is treated with alkaline- or phosphate 

additives; 

sludge, formed by corrosion products of 

metals; 

sludge, formed by micro-biological 

contamination, such as oil products. 

Prevention of deposits 

Only use distilled water that has been obtained 

from an evaporation installation so that the 

water hardness due ro dissolved salts is as low 

as possible. l lowever, this kind of water has a 

low pl I and is therefore corrosive and requires 

an anti-corrosive additive. 

Use a biocidc product to avoid micro­

biological contamination. 

Use a dispersing agent to ensure that the sludge 

remain, in solution and is not precipitated. 
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10.5 Products for cooling-water 
treatment 

There are a considerable number of products 

available, which have rhc following advantages 
and disadvantages. 

New products presuppose the usage of distilled 

water as a basis for cooling-water, simple test 

methods, dosage systems and treatment. 

10.5.1 Chromates 

Formation of the protective layer does require 

alkaline water! 
This agent also contains poly acrylics which keep 

rhe sediment in solution. 
In order to avoid micro-biological conraminarion, 

biocides are added. 

10.5.5 Carbon-xylates 

At present, these agents are used very rarely. They 

also form a coating on the metal surfaces and 

neutralise the galvanic corrosion. Only in case of 

This is a good rust prevenror, bur is not often used water leakage an additional agent is required. le is 
any longer. le is toxic and creates drainage and pocentially a good alternative for 'nitrite borate'. 

rreacmenr problems. Furthermore, it is prohibited 
when an evaporation insrallarion is used for che 

production of drinking water. 

10.5.2 Phosphates 

One can distinguish between pol)1phosphaces and 

onhophospharcs. 
Polyphosphates have properties that prevent 
corrosion and bind hardeners. In che course of 

nme and ar the present cooling-water temperatures 

rhey are convened into orthophosphates. 

Orthophosphates such as sodium triphosphace do 

nor h,1vc anti-corrosive properties. All phosphates 

form a basis for che formation of bacteria 

and micro-biological contamination. They are 

therefore less frequently used. 

10.5.3 Emulsion oils 

These arc used in piston cooling with water for 

two-stroke crosshead engines. 
There is limited protection against corrosion. 

In practice hardness and pH-value can scarcely 
be influenced and resting is very difficult. 

Bacteriological conraminarion occurs freq uently. 

10.5.4 A nitrite-borate organic mixture 

Apart from chromate nitride this is rhe most 

effective anti-corrosive compound in combating 

corrosion. This compound consists mainly of 

nitrite borate, and dependant on the producer, 

some additives. These cooling-water treatment 

~ 01 1e n 1nrk., 

Treated coolant should be clear. Opaque rnolant is 
indicative of the presence of corrosive products. 

The only way to remove these is ro drain, flush 

and re-fill the system. A temporary solution is 
rhe addition of a 'dip solution'. The nitrite value 

should be maintained at approximately 1500 

parrs per million (p.p.m.) In the case of a water 

leakage nitrite muse be added during the suppl)' 

of new water co maintain th is value. Whenever 

combustion gases leak into rhe cooling-water the 
pH and rhe 'P' Alkalinity will decrease to a stable 

nitrite content. In order to quickly resolve the 

problem and increase the 'P' alkal inity and the pH, 

caustic soda or soda is added. 

Normal 'P' alkalinity at least 20 p.p.m., pH at 

least 8.5. 

10.6 Cooling-water treatment 
products, brands 

Nalfleet 
Engine Warer Treatment 9 - 108. 
For aluminium protection 9 - 1 l 1 or Nalcool 

2000, for severe combustion gas leakage into the 

cooling-water 9 - 13 I. 

Drew 

DEWT NC usually in solution liquidewr. 

For hard water: Maxiguard. 

agents are nor roxic and can also be mixed with Vecom 
anti-freezing additives. QC - 2. 
The compound forms a coating on all the 

material, thus protecting it from oxygen corrosion Unitor 
and chemical corro ion. 
A nitrite surplus maintains the coating and the 

borate increases rhe pH of the water ro 9 or 10. 

Diesel guard NB or ROCO R B liquid. 
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10. 7 Cleaning cooling-water 
systems contaminated with 
oil 

10.8 Bacteriological 
contamination 

Although most chemicals for cooling-water 
Contamination of cooling-water systems by oil or treatment contain substances which suppress 

oil residues can produce severe over heating due to bacteria and fungi growth, these organism\ rnn 
a decrease in heat conduction. In the long term, it rapidly propagate in favourable conditions. 

can cause metal cracking. Oil contaminated bilges and supply-water 
drain tanks arc the main ~ource of thc~e 

When cooling-water has been contaminated by 

oil it is imperative that the system is cleaned 

immediately! 

Procedure 
Reduce the engine capacity to 60 to 70% of 

rhe normal maximum capacity. 
Continuously add far-dissolving chemicals 

to the cooling-water roan approximately 
3% content. Apply a non-emulsifying rype. 

Ideally, this agent is added at least four hours 

prior to arrival in port, at a diesel power 
plant or another insta llation (four hours prior 

to stopping the engine). The agem may not 

circulate in a cooling system for over 24 hours. 
Keep the cooling-water pump running for at 

least 4 hours after stopping the engine. 
Any oil or grease on the surface of the liquid in 

rhe expansion rank needs to be 'skimmed'. 

Drain the entire cooling-water system 

immediately. 
Replenish the system with newly disti lled 

water and keep rhe circulating pump running 
for an hour. 

Drain rhe entire cooling-water system again. 
If the water remains clear after having 

replenished-filled the system, rhe system is 

clean. If nor: drain and re-fill! 

Products 
Nalfleet: Clearbreak 79103 

Drew: Drew dean 2000, Amcroid OWS 
Yecom: Veclean clear break or Yeclean Tank 

Unitor: Clean break 

conraminatiom .. Central freshwater cooling 
systems wirh their favourable temperatures 

can form an ideal environment for rhc rapid 
development of these organisms when air, 

combustion gas or oil enters the system. Ir c~cn 
occurs in warcr used for piston cooling. Some 

organic cultures flourish ar 70 °C. 
This bacterial growth can be controlled by adding 

a biocide like the ones used in seawater system,. 
NalAeet advises a do,age of 0.2 litres agent 9-321 

per ton of cooling-water per week. 
For severe comaminarion one may u,c Nalco 

7.330 with a dosage of I lirrc per ron of cooling­

water per week. 

10.9 Testing cooling water 

Every manufacturer has rheir own cooling­

water treatment agent rest method. Overall, rhc 

following resrs arc important. 

The 'P' alkalinity and the chloride perccnragcs can 

he reseed similarly as those for boiler water. 

For the nitrite surplus reaction agent' I' is added 
to rhe sample to which reaction agent '2' is tttrared 

until the colour change,. All manufacturers apply 

different rest sets, so the inscructiom must be 

carefully read. 
As with boiler water, the pH-value is ccsred wirh 

lirrnus tesr scrips or an electronic pl I tesr meter. 

By performing this test at regular intcn·als and 
carefull y following the instructions many problems 
with the cooling-water system can be avoided, 
which is vital in engine maintenance. 

TI1e Project Guide of diesel engine describes the 
following: 

the requisite water quality; 

the permitted water rreacmenr products; 
the method in which the glycol or orher ami 

freeze products can he u,ed. 

In addi tion, the instructions of the cooling­

water treatment manufacturer and the water 
resting method have robe carefully read. 



10.10 Macro-biological 
prevention in seawater­
cooling systems 

This is a common feature in seawater cooling 

systems. The larvae that arc found floati ng in 

seawater settle in the system and grow from I 

ro 15 mm in a fortnight! The growth of these 

barnacle larvae can be such char the resistance in 
the system increases dramatically and the capacity 

of the sea water cooling pumps is drastica ll y 

reduced. In fresh water the barnacles will die 
within a matter of days. I !owever, the shell is left 

behind and rhey can cause serious blockages if 

they come loose, especially in the plate coolers. 

Mussels occur less frequently, but cause similar 
problems. In ,omc instances fighting is an absolute 

necessity. There are special pesticides avai lable. 

The current method includes adding copper to 

retard growth. Nor all organisms respond to this. 

The annually recurring polishing of propellers is 

an example. 

Biocide treatment of seawater systems 
Biocides are delivered in liquid form in order to 

faci litate the dosage. 

The following products are often used: 

1 alAeet: 9 -321 
Drew: Amersperse 280 of Drewspcrse SWD 

Vecom: SWT Vecosperse 

Unitor: Biogard SW 

They are used as anti-fouling and to fight actual 

fouling. 
The dosage, product dependant, amounts 

generally from four ro , ix grams perm' of 
seawater, in the course of one hour per a day; in 

particular for coastal waters where the fouling is 

extensive. This includes diesel power plants that 
are situated along the coast as well as floa ting 

diesel power plants. The treatment often has ro 

continue for an extended period, several days for 

instance, in order to bear effect. Increased dosages 

have no effect. Lower dosage'> extend the period of 

treatment considerably. The dosage is injected by 

means of a special dosage pump which introduces 

the agent into the warmest section of the system. 

At a dosage of 5 to 6 p.p.m. the barnacles remain 
open and are promptly destroyed. At, for example, 

IO p.p.m. the barnacle\ ~hut instantly and 

therefore cannot be destroyed. During the dosage 

a thin coating is applied to all metal surfaces 

which inhibits the barnacles from adhering to 

them. 
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Important: When applying cooling-water 

treatment agents and biocides the instructions 

musr be strictly fo llowed. 

Seawater evaporator 
In cases when the seawater evaporator is 
operational during biocidc treatment, health is 

not affected; only pure water evaporates and the 

biocides are discharged through flushing. 
Even under extreme circumstances seawater can 
be converted into drinking water, and will not 
contain biocide levels that pose a heath hazard! 

10.11 Design of cooling-water 
systems 

General 
In engine cooling-water systems, the pump 

pressure, pump capacity, fluid veloci ty in the pipes, 

cooler resistance, control system and temperature 
are meticulously designed for optimal engine 

cooling. Both insufficient cooling and overcooling 

of engine parts can be unfavourable for the life 

time of these components. Phenomena such 
as cavitation, pipe vibration and corrosion of 

materials should also be taken into account. 
It is also important to maintain the cooling-water 

system at a constant temperature. 

Corrosion in the exhaust­
valve casing wall of a 

two-stroke crosshead 
engine. The corrosion 

holes are all the way 

through. 
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... 
A complete fresh cooling-water system with a low 06 L.T. thermostatic control valve 

temperature (L.T.) and a high temperature (H.T.) section Maintains the L.T.-coolant temperature at a predetermined 

for a four-stroke diesel engine. value by means of a three-way valve. 

01 High temperature (H.T.)-coolant pump 07 Adjustable restriction, usually referred to as an 

In four-stroke engines most circulating pumps are driven by orifice 

the engine itself. It takes care of the closed coolant system of In both systems, this type of adjustable restriction is applied. 

the engine block. These orifices are set in such a way that when the engine is 

Temperatures between 80 and 95 °C. operated, the three-way controlling valve does not produce 

significant pressure differences in the coolant system. 

02 Low temperature (L.T.)-coolant pump 

These circulating pumps are usually driven by the engine. It 08 Safety valve 

takes care of the closed coolant system for the air cooler and This is installed to avoid damage to the cooler casing when 

the lubricating oil cooler. the supercharged-air pressure is too high. 

Temperatures between 40 and 50 °C. 

Connection outside of the diagram 

03 Air cooler 401 and 402: H.T. coorer inlet and outlets 

Cools the compressed air using a turbo-blower in 404: H.T. system air vent. 

combination with the L.T. system, before the air is led into the 406: 

inlet line of the engine. 408: 

connection to the H.T. pre-heater system 

H.T. coolant from the stand-by coolant pump 

04 Lubricating- oil cooler 

Cools the lubricating oil heated by the engine. 

411 : drainage H. T. cooling-water system 

451 en 452: L.T. coolant inlet and outlet from the 

L.T. seawater-cooler 

454: L.T.-cooler air vent 

05 H.T. thermostatic control valve 457: L.T.-coolant from stand-by pump 

L.T.-coolant drain Keeps the H.T.-coolant temperature at a predetermined value 464: 

by means of a three-way valve. 

404 ,---------
1 

I 
I 

I 
I 

I 
454 

I 
08 

I TO BILGE 

I Ofi'\""'1__,07 

L _ _ _ _ _ , :f---L;.._--=---=-----=-J 
452 

System components 

01 HT-cooling water pump 
02 LT-cooling water pump 
03 Charge air cooler 
04 Lubricating oil cooler 
05 HT-thermostatic valve 
06 LT-thermostatic valve 
07 Orifice 

464 

Pipe connections 

401 HT-water inlet 
402 HT-water outlet 
404 HT-water air vent 
406 Water from preheater to HT-circuit 
408 HT-water from stand-by pump 
451 LT-water inlet 
452 LT-water outlet 
454 LT-water air vent. 
457 LT-water from stand-by pump 
464 LT-water drain 

402 

401 

406 
408 

457 

451 



"" A corroded valve casing. 

On board ship attempts 

have been made to weld the 

leaking corroded cast-iron 

valve casing with steel plate 

strips. This is obviously not 

very effective as cast iron is 

not surtable for welding! 

The welds will tear after 

temperature fluctuations. 

10.11.1 Pump capacities 

Most engine-driven cooling-water pumps are 

centrifugal pumps. 

Each pump has an accompanying head/capacity 

curve generated at a certain RPM. Here the 

capacity is indicated in m' per hour, the discharge 

head in metres water column and the number of 

revolutions per minute. 

A conspicuous derail here is that the discharge 

head drops considerably when the capacity is 

increased. Cause: the resistances in the pump 

casing and the discharge resistances of the whole 

system! 

for certain engine types, the maximum capacity 

and head are specified . 

.. 
A series of coolant circulating pumps in a propulsion 

engine. 
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... 
Centrifugal pumps are 

often used as coolant 

circulating pumps; they 

have a simple design, 

sufficient head and a 

consistent capacity. 
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... 
Two pump characteristics 

or Q-h curves. Vertically 

the head is shown in 

metres water column and 

horizontally the capacity 

in cubic metres per hour. 

As shown the discharge 

head decreases as the 

capacity Q increases. 

Pipe dimensions 

H [m] I . 
L-engine 

40 

30 
-~~ 

~ 
20 

10 

50 100 150 200 250 

Q [m3/h] 

10.11.2 Pipe diameters 

These are stated in a table for pipe diameters in 

which the velocities on the suction and delivery 

side of the pump are provided. 

Al~o see Chapter 8, Fuels, fuel -line ~y~te1m anJ 

fuel cleaning. 

Recommended maximum fluid velocities and flow rates for pipework* 

H [m] I 

Vee-engine 

40 
~ 

~ 
30 

~ 

"' r-----20 

10 

100 200 300 400 

Q [m3/h] 

10.11 .3 Cooler capacities 

A cooler has to be designed to have some 

over capacity in connection with poss ible 

contamination on both sides of the heat 

exchanging surface. 

.... 

Manne diesel 011 
Mild steel 

The pipe dimensions and 

recommended maximum 

flow velocities. 

32 1.0 1.4 1.5 1.5 0.6 1.0 0.9 
2.9 4.1 4.3 4.3 1.7 2.9 2.6 

40 1.2 1.6 1.7 1.7 0.7 1.2 1.0 
5.4 7.2 7.7 7.7 3.2 5.4 4.5 

50 1.3 1,8 1.9 1.9 0.8 1.4 1.1 
9.2 12.7 13.4 13.4 5.7 9.9 7,8 

65 1.5 2.0 2.1 2.1 0.8 1.5 1.2 
17.9 23.9 25.1 25.1 9.6 17,9 14.3 

80 1.6 2.1 2.2 2.2 0,9 1.6 1.3 
29.0 38.0 39.8 39.8 16.3 29,0 23.5 

100 1.8 2.2 2.3 2.3 0.9 1.6 1.4 
50.9 62.2 65.0 65,0 25.5 45.2 39.6 

125 2.0 2 .3 2.4 2.4 1.1 1.7 1.5 
88.4 101 .6 106,0 11 .4 48.6 75.1 66.3 

150 2.2 2.4 2.5 2.6 1.3 1.8 1.5 
140,0 152,7 159.0 165.4 82.7 114.5 95.4 

200 2.3 2 .5 2.6 2.7 1.3 1.8 
260.2 282.8 294.1 305.4 147,0 203.6 

Aluminium brass 2.6 
294.0 

250 2.5 2.6 2,7 2.7 1.3 1,9 
441 .8 459,5 477.2 477,2 229.8 335.8 

Aluminium brass 2 .7 
447.2 

300 2.6 2.6 2,7 2,7 1.3 1,9 
661,7 661 .7 687.2 687.2 330.9 483.6 

Aluminium brass 2.8 
712.5 

350 2.6 2.6 2.7 2.7 1.4 2.0 
900,5 900.5 935,2 935.2 484,9 692,7 

Aluminium brass 2.8 
969.8 

400 2.6 2.7 2,7 2.7 1.4 2.0 
1176.2 1221 .5 1221.5 1221 .5 633.3 904.8 

Aluminium brass 2.8 
1266.7 

450 2.6 2,7 2.7 2.7 1.4 2.0 
1488.6 1545,9 1545,9 1545.9 801.6 1145.1 

Aluminium brass 2.9 
1660.4 

500 2.6 2,7 2.7 2.7 1.5 2.1 
1837,8 1908.5 1908.5 1908.5 1060.4 1484,6 

Aluminium brass 2.9 
2049,9 

The velocit ies given in the above table are guidance figures only. National standards can also be applied. 
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1.1 
3.2 
1.2 
5.4 
1,3 
9.2 
1.4 

16.7 
1.5 

27.1 
1.6 
45.2 
1.7 

75.1 
1.8 

114.5 

0.5 
1.4 
0,5 
2.3 
0.5 
3.5 

0.6 
7.2 
0,6 

10.9 
0.7 
19,8 
0,8 

35.3 
0.9 
57,3 

0.6 
1.7 

0,7 
3 ,2 

0.8 
5.7 

0.9 
10.8 
1.0 
18.1 
1,2 

33.9 
1.4 

61 .9 

1.6 
108.2 

The velocities are denoted in 

metres per second. 

For coolant pipe diameters 

of 32 to 200 millimetres, this 

lies between 1 .5 and 

2.5 metres per second on 

the suction side and 

between 1.5. and 

2.7 metres per second on 

the delivery side. This data is 

shown in the column 'Fresh 

water - Mild Steel' . 

The capacities on the 

suction side are 4.3 and 

294 m3 per hour respectively 

and 4.3 and 305 m3 on the 

delivery side. 

Too high a flow velocity 

generates too much 

resistance and consequently 

pressure losses in the pipes. 

This table also provides a 

good guideline for other 

liquids, such as seawater, 

lubricating oil and fuels. 

This is particularly significant 

for fuels when designing 

'booster units'. 



Important data with regard to coolers 

This concerns: 

the capacity in kW; 

- the amount of flow in m3 per hour; 

the temperature difference before and after the 

cooler in degrees Celsius; 

the maximum pressure drop over the cooler on 

the fresh water side in kilopascal; 

the amount of flow for seawater or another 

liquid in m3 per hour; 

the maximum pressure drop over the cooler on 

the seawater side in kilopascal; 

the maximum fresh water temperature after 

the cooler; 

the contamination factor of rhe cooler. This 

constitutes often approximately 15%. 
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• 
An example of the 

identification marking of 

pipes. 

By means of a standard 

coding, the identificat on of 

which gas or liquid flows 

through the pipes at a1y 

given point in the installation 

is possible. 

Plate coolers in a 

MAN-B&W four-stroke 

medium-speed diesel 

engine. Shown here the 

lubricating-oil and fresh­

water cooler. 

A 

The air coolers (1) after 

the turbo-blowers in this 

high-speed four-stroke 

MTU-diesel engine are 

plate coolers. 

• 
In designing coolers, it 

should be taken into 

account that there may 

be some contamination 

of the cooling surfaces. 

Here a cut-way view of a 

pipe cooler. 
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A plate-cooler deta il. 

On the right, the bolts are 

sufficient in 'length' to 

increase the cooling 

capacity by fitting more 

plates. 

.... 
A coolant storage 

expansion tank in a small 

high-speed four-stroke 

diesel engine. 

The system is under excess 

pressure. Opening the filler 

cap (1), can be very 

dangerous (burns). 
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10.11 .4 Fresh water-expansion-tank 

This compensates for water volume fluctuations at 

different temperacures in the system. Furthermore, 

the fresh water cooling expansion-tank serves as 

an air bleed system, srorage tank and generates 

the required static pressure on the suction pipe 

of rhe cooling-water pumps. So in stationary 

cooling-water pumps there is always pressure 

on the suction side of the pump which is why 

water is produced the instant the engine stares. 

T he centrifugal pumps are no t self-priming and 

consequently experience problems w ith initial 

coolant flow when this connection is excluded. 

Static pressure is fo rmed by placing the expansion 

tank at a certain he ight in relation ro the pumps. 

This is ofte n between 5 and 15 metres water 

column. The volume is usually at least 10 to 

15% of the system content. The cooling-wa ter 

treatment chemicals can often be dosed in this 

tank . The individual bleeding pipes of each 

engine are fitted co the tank. These pipes should 

never be placed horizontally in order to avoid air 

accumulation. 

10.11 .5 Cooling-water drain tank 

It is recommended in larger systems co drain the 

cooling-water into a tank so it can be re-used after 

cooling-water system repairs. 

10.11 .6 Cooling-water pre heater 

For the slightly larger engines it is advisable to 

either preh eat the cooling-water and th er efore the 

engine block or mainta in the correct temperature 

for an extended time before starting the engine. 

This is particula rly impo rtant for back up gensets 

in order to achieve an easy start and to avoid hea t 

tension. At sea stopped diesel engines arc generally 

kept at the correct temperature with pre heating 

systems. This also a pplies to heavy fuel systems. 

As a result of short berthing times a large pa rt of 

the machinery, such as pumps, remains operational 

and the temperatures of fresh water cooling, 

lubricating o il and fuel remain at a constant 

operating temperature. 

... 
Two fresh-water expansion tanks for high-speed four­

stroke Deutz-diesel engines. 

The cooling-water treatment shown here colours the coolant 

pink. The tank is provided with a manhole for inspection 

purposes, a gauge glass and a low-water alarm. The system 

is not under excess pressure; the expansion tank is placed in 

an elevated position in the engine room and therefore there is 

a static pressure on the coolant pumps. 



... 
An electric heating 

element mounted on the 

coolant system of a 

stand-by diesel generator. 

A stable coolant temperature 

guarantees a smooth quick 

start of the diesel engine. 

Obviously, this is absolutely 

imperative in emergencies. 

This also applies to stopped diesel engines in diesel 

power plants. Heared cooling-water is a lso often 

used for emergency diesel engines or back-up 

gensets. Finally, in cold regions, small diesel 

engines are warmed up or placed in heated spaces 

to achieve suitable temperatures prior to starting. 

10.11. 7 Deaerating systems 

These are very important in cooling-water 

systems. Air and other gases can cause corrosion 

of materials and cool the engine parts poorly, 

... 
Cooling-water vents. 

Cooling-water vents are 

fitted on the top side of a 

system and should run 

upward to the cooling-water 

expansion tank. In 

horizontally placed vents, 

potential air bubbles can 

remain in the system and 

cause damage to the engine 

(tearing). 

coo/mg-water vents 
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which can cause severe damage. Pumps do not 

operate properly in systems containing air. Vents 

should be fitted on top of the systems or engines 

and be connected to a vent tank or expansion 

tank by pipes mounted vertically and preferably 

without bends and horizontal sections. 

10.11 .8 Adjustable restrictions or orifices 

These have been fitted to adjust the cooling-water 

circulating pumps and the pressure drop when the 

water does not flow through the cooler . 
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Central Cooling Water System 

• 

Seowot • r-
Centrol cooling wot • r 
Jacke t cooling wot • r 

S • o wot e r 
outlet 

~~,W-•-l 
s . o . ot e r- ~ 

inl et ~ 

The r-•oatot le 
volv • 

A .45 660 

s . o wot e ,. 
lnl • t 

lett e rs r e fer t o ·Ltat or rtonges~ 

cooling 
• ot e r 
ou111pa 

A .45 651 

A central cooling-water system for a large two-stroke 

crosshead engine. 

The seawater cooling system has been designed to be as 

short as possible and is manufactured from corrosion­

resistant material. It consists of two sea inlets, two cooling­

water circulating pumps and a central cooler. Further along in 

the ship the seawater is discharged over board. The closed 

cooling system comprises two fresh-water circulating 

pumps, the central cooler where the heat is discharged to 

Expansion tonk 
c e ntral 

cooling • ot e r 
A .45 668 

N 

p 

Scov • no • 
ai r cool e r 

A 5.4 150 

• Th••• valv e s to be 
provtd• d wih groduot • d 
scot e a 

cooling wot e r dro\n 
scave n g e oir coo l er 

the seawater, the scavenging-air cooler, the lubricating-oil 

cooler and the fresh-cooling water cooler Oacket water 

cooler). At the top of the system the coolant expansion tank 

has been installed. A thermostatic control valve regulates the 

amount of fresh-water coolant circulating through the central 

cooler,. This is dependent on the required temperature of the 

fresh-water coolant system. 

It is, of course, important that the scavenging air has a 

sufficiently low temperature of between 40 and 50 •c. 
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• 
A complete cooling-water system for a four-stroke 

medium-speed propulsion engine. 

System parts 

01 HT cooling-water pump 

02 LT cooling-water pump 

03 Scavenging-air cooler 

04 Lubricating-oil cooler 

05 Three-way valve, thermostatic HT 

06 Three-way valve, thermostatic LT 

07 HT level at cooling-water pump 

08 LT level at cooling-water pump 

09 Central cooler 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

18 

11 
10 

Pre-heater pump 

Pre-heater 

Expansion tank 

Seawater pump 

Seawater inlet filter 

12 

Lubricating-oil cooler reduction gear 

Seawater discharge valve 

Vent 

Drain tank 

Transfer pump 

C H1 0 COOLING DIESEL ENGINES 
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Shown here each engine 

10.11. 9 Cavitation 

This is a phenomenon that may occur at low 

water pressures and relatively high cooling-

water temperatures. At 1 bar, water boils at 

approximately 100 °C. For instance, when the 

H.T.-cooling-water system on the suction side of 

the cooling-water pump, has a temperature of 75 

°C and the piston pressure drops below 0.4 bar 

absolute, which is 0.6 bar under pressure, then 

the water will boil ar the entrance of the pump; 

vapour bubbles will form in rhe inflowing liquid. 

In rhe compression section of the pump the water 

pressure is increased considerably to, for instance, 

3 bar and water only achieves its boiling point ar 

133 °C. The vapour bubbles are rhen compressed 
the so-called imploding. During this process huge 

forces are released. Vapour bubbles which implode 

against the material surface cause severe damage 

to the material. Pump vanes begin to show an 

open structure and wear very rapidly. The pump 

has an individual cooling- capacity is then quickly reduced. 

water expansion tank. 

The connections of the 

cooling-water expansion 

pipes are found below the 

tanks. 

cooling-water expansion 

tank 

2 manhole 

3 liquid-level gauge 

4 shut-off valve for the 

liquid-level gauge 

5 float for /ow-water level 

indication 

6 pipe to cooling-water 

system 
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Note 
Keep the pressure in the suction line at a minimum 

of 0.5 bar above the vapour pressure of the 
cooling-water present at its boiling point. 

Example 
Cooling-water temperature 45 °C 

Boiling point at 0.1 bar absolute 

Safe suction pressure 0.1 + 0.5 = 0.6 bar absolute 

Boiling point at 0.6 bar absolu te is 85 °C 

So play is 85 - 45 = 40 °C 

10.12 Cooling-water system 
defects 

10.12.1 Air in the cooling-water system 

Air in the system inhibits the flow and results in 

little or no cooling of engine parts, which causes 

damage such as tearing, cracking and piston 

seizure. Solution: ensure that the expansion tank 

is filled ro the correct level and ensure chat the air 

bleeder pipes are open to air. The air deaerators 

sho uld be fitted below the water surface in the 

expansion rank . 

Make sure there are no flattened or bent pipes 

and/or incorrect packing between the flanges that 
have under sized holes. There should be a pipe 

running straight from the expansion tank to the 

suction side of the cooling-water pump in order 

for the pump to always be filled with water. 

10.12.2 Exhaust gases in the 
cooling-water system 

In cooled exhaust gas manifolds or double walled 

casings of turbo-blowers, exhaust gas can enter the 

cooling-water of a running engine due to tearing. 

This can also occur as a result of a packing 

leakage under the cylinder head. In stationary 

engines the cooling-water can fin ish up in the 

exhaust manifold, turbo-blower or combustion 

space by tearing or a faulty packing and produce 

severe problems! Controls and safety alarms for 

the water level in the expansion tank are therefore 

abso lutely imperative. A humming sound in 

the expansion tank is usually indicative of gas 

leakage- often leaking cylinder head packing. 

10.12.3 Cooling-water capacity is too low 

Apart from (shut off) valves that are not entirely 

closed, the pump impeller can be affected by 

cavitation, thus reducing the capacity. Severe 

contamination in the system produces an increased 

head due to the increased resistance in the system. 

Consequently, the heat transmission to the second 

cooling-water system is reduced. 
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The SPEX-exhaust 

system of engine 

manufacturer Wartsila. 
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~ 

A crankshaft with 

counterweights for 

balancing the moving 

parts. 

The combustion sequence is 

very important when 

balancing the engine. 

The manner in which the exhaust gases manifolds 

of each cylinder are connected to a shared pipe 

is entirely dependant on rhe selected ignition 

sequence. Let's assume chat the ignition sequence 

as a result of the desired crank degrees balancing 

conditions is as follows 1-5-3-6-2-4. Then the 

cylinders should be connected as follows : 1 to 3, 

2 to 5 and 6 to 4. The crank degrees between the 

pressure surges are 240°. 

Trick 
In an ignition sequence, one cylinder can be 

skipped each time. Consequently, for an ignition 

sequence of 1-2-4-6-5-3- l , 1 is connected to 4 

and 5 co 2 and 6 to 3. 

~ 

The curved individual 

exhaust-gas pipes from 

each cylinder are 

attached to the common 

exhaust-gas receiver by a 

radial pipe. 

12.10.3 SPEX-system 

The single exhaust pipe-system comprises a single 

exhaust pipe in which the individual exhaust ducts 

from each cylinder are bent at right angles into 

the pipe in the exhaust gas flow direction. In this 

manner, the exhaust gases from the cylinders do 

not disrupt one another; therefore a very simple 

exhaust pipe is obtained. 

12.10.4 Pulse-Converter system 

Here, the advantages of both the pressure pulse 

and constant pressure system are used. So, the 

pressure pulses, combined with the even flow in 

the gas turbine are used to increase the efficiency. 



The exhaust gas manifolds o f rwo cylinders, of 

which the ignition time is shorter tha n the rime 

char boch exhaust valves are open, are connected 

ro a diffuser via jet nozzles, this leads to a joint 

collectio n pipe for t he exha ust gas turbine. The 

cylinder exhaust pressure pulse is converted into 

speed through the nozzle. The gas from the other 

cylinders is not accelerated and therefore flows to 

the joint collection pipe at a lower speed. Here the 

kinetic energy is exchanged. The exhaust gas speed 

from the first cylinder is slo wed down by rhe 

exhaust gas speed from the second cylinder; this 

in contrast is accelerated due to the velocity of the 

exhaust gas from the first cylinder. 

ln the diffuser rhe collective speed is converted 

into pressure and the exhaust gases then flow at a 

constant bur increased speed to the turbine. 

Spex charging 

• 
The SPEX supercharging system of Wartsila 

with next to it a pulse-charging system. 

~ 

A single turbo-blower is 

adequate for the air 

supply of this six cylinder 

in-line engine, a Wartsila 

46 medium-speed heavy­

fuel oil engine. 

The exhaust-gas receiver is 

of simple construction and is 

not cooled. 

exhaust- gas pipe 
2 turbo-blower, exhaust 

section 

3 turbo-blower, air section 

4 coolant discharge pipe 

s cylinder heads 

Advantages and disadvantages 

Constant pressure and pressure pulse system 

In practice one would like to see the advantages 

and the disadvantages o f the co nstant pressure 

and pulse surge system (see picture below). 

Advantages constant pressure system 

- The number of turbo blowers and pipes is 

nor dependant on the number of cylinders. 

Genera ll y, o ne rnrbo blower placed at the end 

of the central exha ust gases pipe suffices. 

- The mean exhaust gas pressure is lower 

during the exhaust stroke in comparison to 

the pressure pulse system, as the gases are led 

to more capacious manifold, this reduces flow 

resistance. 

- As a result of the even flow of the exhaust 

gases, turbine efficiency is high, and therefore 

the compressor can operate at maximum 

capacity. 

Pulse charging 

CH12 > AI R SUPPLY 
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Disadvantages constant pressure system 

At low engine loads, the scavenging air 

pressure may drop below that of the exhaust 

gases, it is therefore possible that the exhaust 

gases can flow back into the scavenging air 

line. This negatively affects the efficiency of the 

exhaust air scavenging process. Instead of the 

exhaust air scavenging removing the residual 

gases and cooling the hot parts near the 

combustion space, the parts are poorly cooled, 

thus causing various problems. 

Rapid power increase of the engine may cause 

temporary incomplete combustion, as the large 

volume of the exhaust gas manifold results in 

a delayed reaction in the power ramp up of the 

engine. 

Time passage chart of a four-stroke-diesel 
engine 

... 7 

In this line chart of a 

four-stroke diesel engine, 
6 

the scavenging process is ro 5 
encircled. 

.0 

.!:: Charge air 
~ 4 

At the top position of the 
::, 
(/) 
(/) 

cyl-pressure ~ 3 
piston, shown here at Q. wide outlet area 

360 crank degrees, the 2 

exhaust - and inlet valves 

are momentarily open to 1 
90 180 

cool the hot engine parts. BOC 
The scavenging-air pressure 

remains at approximately 

four bar during scavenging. 

In total, scavenging takes 

approximately 90 crank 

degrees. 

... 0 

The scavenging process .c 

in top dead centre with ~ 
-2 ~ --different valve overlap. 

Cl 

.!:: 
X 
0 -4 

At approx. 65% the NOx 
z 
<J 

<.5 content, the specific fuel 
0 -6 u. 

consumption and the (/) 
<J 

exhaust valve temperature 

are at their lowest level. 
-8 

30 45 

12.11 Air supply in two-stroke 
crosshead engines 

T his diHers from the four-stroke engine in that 

the piston of a two-stroke engine in no way 

contributes to the aspjration of fresh air, because 

there is no separate suction stroke. Moreover, 

there is no actual exhaust stroke. Therefore, 

an independently driven scavenging pump is 

required. First, the supplied scavenging air should 

scavenge all exhaust gases from the cylinder and 

subsequently fill the entire cylinder with clean air. 

Presently, there are three manufacturers in the 

world market that produce crosshead engines: 

MAN-B&W, Wartsila Sulzer and Mitsubishi. 

Essentially, the scavenging principle in all th.ree 

systems is identical, namely: 

uniflow scavenging. 

270 360 450 540 630 
TDC BOC 

Crank Angle 

0 

llNOx 

-10 ~ 
.!: 
ci. 
E -20 2 

llSFOC 
-30 

Q) 

> 
~ 
<l 

-40 
60 75 90 

Ratio outlet-inlet area in % 



12.11.1 Uniflow scavenging 

Exhaust 
gas receiver 

Scavenge 
air receiver 

Scavenge 
air cooler 

Water 
mist 
catcher 

12.11.2 Scavenging effect or Scavenging 
ratio R 

ln this type of engine one refers to scavenging 

effect or scavenging ratio. 

This is the air volume which is added per cycle 

and per cylinder in relation to the stroke volume 

of the cylinder. 

Actual added ai r volume 
R=-----------

Srroke volume of the cylinder 

Exhaust valve 

Cylinder liner 

Large two-stroke crosshead engines use vast 

amounts of air. 

The capacity of the largest turbo-blowers is limited and 

therefore two to four turbo-blowers are mounted on the 

central exhaust-gas receiver in order to supply sufficient air. 

Note, the size of the mechanical engineer left on the platform! 

During the uniflow process R is approximately 1.2 

to 1.3 and over 95% of all the exhaust gases are 

removed. Five percent is residual gas. 

. ff Volume of clean air in cylinder 
Sea vengmg e ect = S k 

1 rro e vo ume 

= 90 to 95% 

CH12 > AIR SUPPLY 

~ 

The principle of uniflow 

scavenging in a 

two-stroke crosshead 

engine. 

When the piston is in bottom 

position and the inlet ports 

are open, the scavenging air 

flows from the scavenging ­

air space through the inlet 

ports in a screw movement 

through the cylinder in the 

direction of the opened 

exhaust valve. 

In this way, the air is 

supplied from the 

scavenging ports mounted 

at the bottom of the cylinder 

liner and discharged via the 

exhaust valve mounted in 

the cylinder head. 

Scavenging occurs from the 

bottom to the top. 
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.. 
The pressure-charging 

system of a two-stroke 

crosshead engine. 

ambient air 

2 air-inlet filter 

3 turbo-blower 

4 air cooler 

5 moisture separator 

6 flap valves (not visible) 

7 scavenging-air space 

8 exliaust valve 

9 exhaust of one cylinder 

10 central exhaust 

gas-receiver 

.. 
Via the inlet ports bottom 

side liner, air enters the 

cylinder (see arrow). 

Cross section classlc Sulzer RTA engine 



Description of the scavenging process 

The entire circumference o f the lower part o f 

during the downward stroke, the scavenging air 

pressure is higher than the exha ust gas pressure 

the cylinder is fitted with tangentia lly placed so scavenging occurs swiftly and effectively. This 

inlet ports connected to the scavenging air space 

around the bottom pa rt o f the cylinder. The 

cylinder cover has one large, centrally positioned 

exhaust va lve, which is hydraulically opened . 

When the inlet ports are released by the pisron 

is the reason that the exha ust va lve o pens just 

prior to the release of the scavenging ports by the 

piston, to bring the exhaust pressure below that o f 

the scavenging air pressure. 

cross 
section 

Oro$ I~~ 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 

Jo = inlet ports open 
le = inlet ports closed 
Ea = exhaust valve opens 
Ee= exhaust valve closed 

= injector 

~ 

The principle of the 

two-stroke engine with 

right the crank circle. 

The height of the scavenging 

ports varies between 

approximately 10 tot 15% of 

the piston stroke. 

From the scavenging-air 

receiver, the air is supplied at 

the moment that the piston 

releases the inlet ports via 

the tangentially positioned 

scavenging ports. Due to 

this, the scavenging air a 

moves in a rotating 

movement in the cylinder 

and removes all the residual 

gases via the exhaust pipe. 
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~ 

The hydraulically 

operated central exhaust 

valve. 

The hydraulically operated 

central exhaust valve of 

every cylinder opens during 

the power stroke at 

approximately 11 O crank 

degrees after top to 

discharge the exhaust gases 

and scavenge the cylinder. 
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Cylinder liners of a 

DETROIT high-speed 

two-stroke trunk-piston 

engines. 

Left a indirectly cooled and 

nght a directly cooled 

version . Note: the difference 

in port height. 

Heat transfer: 

- indirectly via the material 

of engine block 

- directly via coolant in the 

cylinder liner 

...... 
Cylinder liners in large 

two-stroke crosshead 

engines have a height of 

approximately 4 metres 

and a mass of 11,000 kg. 

340 

Tbe tangentially placed scavenging pons guide the Air compression can now effectively start! At this 

incoming air along the cylinder liners, therefore stage at least 20% of the upward stroke bas been 

scavenging shadows are minimized. The ports 

themselves often have 'fingers' fitted; notches 

which further increase the turbulence of the air 

and assist in the removal of the residual gases. 

Tn this type of scavenging one also refers co the 

'swirl factor'. 

r 
This is the ratio R; r is the radius of the circle 

of the inlet air pipe and R is the radius of the 

cylinder. 

ln modern engines the swirl factor is 

approximately 0.3. After the scavenging period the 

inlet ports are closed by the upward piston stroke 

and shortly afterwards the exhaust valve. 

... 
The tangentially 

positioned inlet ports 

have a 'ribbed' profile to 

promote the scavenging 

-air turbulence and 

therefore better remove 

the residual exhaust 

gasses. 

completed! 

12.12 Supercharging in two­
stroke crosshead engines 

Equal- or constant pressure system 
Here the exhaust gases of all cylinders are 

discharged to a capacious, central exhaust gas 

manifold or 'exhaust gas receiver'. 

Pressure pulses are levelled off, therefore the gas 

Aow to the exhaust gas turbinc(s) takes place at a 

constant pressure and velocity. 

Due to the constant gas flow both curbine Aow 

efficiency and capacity arc high. The number of 

turbo blowers depends solely on the mass flow of 



the exhaust gases and the turbo blowers capacities 

rhar arc available. 

Impact- or pulse system 

Each cylinder is connected to a narrow, short 

exh,1ust gas manifold, wh ich is directly connected 

to the exhaust gas turbine. The kinetic energy of 

the discha rged gases and the expansion energy of 

the exhaust ga es can be easi ly conven ed in turbo 

blowers which are placed in close proximity to the 

crlinders concerned. 

Disadvantages of this system 

- The Aow efficiency of the tu rbine is lower as 

the exhaust gases Aow in pulses o r bursts. 

- The cylinder number is often limited to a 

maximum of three in o rder avoid disturbing 

the scavenging of the adjacent cylinders. 

- A nine cylinder engine therefore has three 

turbo blowers. 

ln practice, all three types of two-stroke crosshead 

engines that are sci ll manufaccured are eq uipped 

with the constant pressure system. Experience has 

shown that the constant pressure system is the 

optimum system for high cylinder capacities with 

mean effective pressures between 1.6 and 1.9 M Pa 

o r between 16 a nd 19 bars. 

However, diffusers arc used to convert kinetic 

energy into pressure. Observe, for instance the 

RTA-series by Warrsila Sulzer and the MC-series 

byMAN-B&W 

The third two-s troke-crosshead engine 

manufacturer Mitsubishi also uses the constant 

pressure system, including a d iffuser. This type has 

three cylinders connected to one diffuser, which 

leads to the central exha ust gas receiver. 

.... 
The electrically driven 

auxiliary blower in a 

two-stroke crosshead 

engine. 

This starts automatically as 

at reduced power the 

scavenging-air pressure is 

too low . 

.... 
A ten-cylinder two-stroke 

crosshead engine w ith 

the exhaust pipes from 

every cylinder directly 

attached to the very 

spacious central exhaust­

gas receiver. 

Depending on the engine 

dimensions, one to four 

turbo-blowers can be 

installed. 

CH12 AIR SUPPLY 
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12.12.1 Three engine manufactures The efficiency of the centrifugal compressor 

depends on the suction lift. 

The latest de ign by MA - B&W is the MC-series, For every RPM, there is a certain supply 

for Warrsila 'Sulzer' the RTA-series and t he UEC- characteristic. 

LS-series for Mitsubishi. 

They a ll uti lize the equal- or constant pressure Turbo blower supplier a lso use these charts. They 

system with diffusers, uncooled turbo blowers and are often ca lled MA P's instead of charts and have 

non-return Aap valves in the supply pipes to the the pressure ratio or the compression ratio on the 

scavenging air spaces. In order to avoid scavenging vertical axis, in stead of the compressor pressure. 

problems in low loaded engines, an extremely low 

scavenging air pressure in relation to the exhaust 

gas pressure, all manufacturers make use of electro 'f 

driven auxiliary blowers which a utomatically Absorption characteristic. 

switch on when the scavenging air pressure drops 

below a certain poi nt. 

I or ,Ill <."1.tl'lhl\\'. engine Jc~a,prion ~Cl' 

( h,1ptcr 2 1, D1t:~d rnginl'~ manut,1..:run·r~. 

12.12.2 Absorption characteristics 

The turbo blower compressor delivers a certain 

amount of a ir to the scavenging air receiver which 

has a certain scavenging air pressure. It then Aows 

through the opened inlet valves into the cylinder 

(four-stroke engines) or through the inlet ports 

released by the piston into the cylinder (two-stroke 

crosshcad engines). 

Description: Horizontal; the volume flow in m3 per second. 

Vertical; compression ration, MPa of bar or as shown in the 

compression ratio. 

Speed: In the graph, four speeds are shown with their own 

delivery characteristic. The point where the compressor 1s set 

is known as the operating point. Connecting these four 

points gives the absorption characteristic. 

Left of the of instability boundary line, the compressor 

becomes instable. The piping characteristics are also shown 

and in this case also the four points where the compressor 

map cuts the four speed lines. 

Left of these four intersection points the pressure in the 

scavenging air piping is higher than the pressure supplied by 

the compressor. The air flows backwards in a pulsing motion; 

at the moment that the scavenging air pressure falls below 

the compressor map, the flow reverses and flows in the 

correct direction. This is known as compressor 'Surge'. 

The sound produced is known as 'shock waves·. The 

vibrating rotor may be damaged through this. 
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Example of compressor map for TPL85-B 
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12.12.3 Bypass- valve 

To prevent compressor instability at a reduced 

capacity in a four-stroke engine and stop engine 

surge or 'barking', a bypass valve placed in the 

pressure supply line can be ope~ed, in order for 

the compressed air on the suction side of the 

compressor to flow back into the non-pressurized 

end of the intake. This requires increased 

compressor output and the compressor remains 

to the right of the instability boundary line. 

This usually occurs in propulsion engines with a 

variable RPM. 

Most four-stroke propulsion engines have a 

permanently high RPM and control the speed and 

consequently the engine load with an adjustable 

pitch propeller, therefore 'barking' very seldom 

occurs. Four-stroke engines gensets should not 

experience any problems either as they operate at 

a constant RPM. 

]n two-stroke crosshead engines with a 

fixed propeller used for propulsio n which is 

reversible and has a va riable RPM, instability 

35.0 V[m3/s] 

• 
A compressor map of 

an ABB-TPL 85-B turbo­

blower. 

Example: With an air output 

of 30 rn3 per second and a 

compression ratio of 3,5, the 

speed is 90% of full load 

and the compressor yield 

86% (red point). 

of the compressor does not normally occur. The 

compressor actually becomes more stable at a 

reduced output and/or RPM. 

12.13 Some important points of 
interest with regard to the 
air supply in diesel engines 

12.13.1 Air temperature 

This is the temperature of the air after the inter 

cooler, at the instant it passes the inlet valves 

(four-stroke engines) or the inlet ports (two-stroke 

engines) . 

The air temperature is important for the tota l 

process. 

The mass air per time u.nit that can be brought 

into the engine depends heavil y on the a ir 

temperature. 

So in essence the capacity of the engine is 

reduced at higher air temperatures. 

CH12 > AI R SUPPLY 
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... 
The influence on the air 

temperature on the air 

mass that per time unit is 

drawn into the engine. 

Upper graph: 

horizontal: the air 

temperature 

vertical: the correction factor 

Clearly shown is the 

influence of the air 

temperature on the air mass 

per time unit drawn in the 

engine. The difference 

between - 1 O °C, correction 

factor 1, 10 and 40 °C, 

correction factor 0,95 is 

large. The HT coolant 

correction factor changes a 

lot from of 0,75 at -1 0 °C 

air temperature to 1 .1 O at 

40 °c. 
Lower graph: 

horizontal: the air 

temperature 

vertical: the influence of the 

air temperature on the 

exhaust gas temperature 

Between a suction air 

temperature of O °C and 

30 °C is an increase of the 

exhaust gas temperature of 

approximately 44 °C. 

... 
The cylinder of a large 

two-stroke crosshead 

engine. 

central exhaust- gas 

pipe 

2 exhaust gas pipe one 

cylinder 
3 exhaust valve 

4 cilinder cover 

5 cilinder liner 
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12.13.2 Effects of the air temperature on 
the temperature of the exhaust 
gases, coolant, lubricating oil and 
the radiant heat 

The air temperature has a direct effect on the 

engine output. At higher air temperatures the 

power output decreases because the specific air 

mass is lower at higher temperatures and therefore 

the coral air mass per time unit which is available 

co the engine. Therefore less fuel can be supplied 

co the engine, thus reducing the available shaft 

power. 

12.13.3 Air pressure 

Air pressure affects the engine's capacity, the 

higher the engine is a bove sea level, the further the 

air pressure decreases and the engine output. 



• 

At a higher atmospheric pressure the specific air 

mass increases and more power can b e generated . 

At a lower atmospheric pressure the specific mass 

decreases an d less power can be generated. 

12.13.4 Air moisture content 

The moisture content of air is also an important 

factor. At too low a scavenging air temperature 

the water vapour in air can con densate. The water 

droplets will then precipitate on the lubricating oil 

film o n t he cylinder liner, causing extra w ear and 

tear of cyli nder. 

For this reason, two-stroke-crosshead engines 

are equipped with a water mist catcher in th e 

scavenging air space which can collect the 

conden sed water vapour an d discharge it, so 

avoiding additional wear and tear of the cylinder 

l iner. 

CH12 > AIR SUPPLY 

The atmospheric conditions that influence diesel-

Particularly in moist tropica l areas, l arge amounts 

of water are drained in this manner ! 

engine performance. 

1 air temperature, Tai, 
2 air pressure, P .,, 

Engine room ventiilation (4V69E8169) 

Dieselengine 
2 Suction louver· 
3 Watertrap 
4 Combustion air fan 
5 Engine room ventilation fan 
6 Flap 
7 Outlets with flaps 

• Recommended to be equipped with a filter for 
areas with dirty water (rivers, coastal areas. etc.) 
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1+1 

Condensation in charge air coolers 
Example, according to the diagram: 
At an ambient air temperature of 35 °C 
and a relative humidity of 80%, the 
content of water in the air is 
0.029 kg water/kg dry air. If the air 
manifold pressure (receiver pressure) 
under these conditions is 2.5 bar 
(= 3.5 bar absolute), the dewpoint will be 
55 °C. If the air temperature in the air 
manifold is only 45 °C, the air can only 
contain 0,018 kg/kg. The difference, 
0.011 kg/kg (0.029 - 0.018) will appear 
as condensed water. 

.... 
The upper schemat ic diagram shows a standard 

ventilation system in an engine room. 

Sufficient air supply is very important tor not only the 

combustion process in the engine, but also discharging the 

radiation heat around the engine and refreshing of air in the 

space for personnel. 

The lower graph show s the amount of condensed air in 

an air cooler after the turbo-blower. 

Example: air conditions for turbo-blower: 35 °C and a relative 

humidity of 80%, the water content in the air is 0,029 kg per 

kilogram dry air. In the air-inlet manifold the pressure is 

2,5 bar and the dew point is 55 °C. If the air temperature in 

the inlet manifold after the air cooler is 45 °C, the air can only 

contain 0.018 kg water per kilogram dry air. The difference, 

0.029 - O.Q18 = 0.01 1 kg per kilogram dry air, will appear as 

condensed water. 

In this way in small engines, several litres of water per hour 

and with large engines, thousands of litres per hour are 

produced. 

The water drops have a negative effect on lubricating-oil film 

on the cylinder liner; so in two-stroke crosshead engines, a 

water mist catcher is installed after the air cooler that 

discharges the water outside the engine. 
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... 
The water-mist catcher at 

the bottom of the 

scavenging air supply to 

the cylinder. 

346 

Scavenge 
air cooler 

Water 
mist 
catcher 

12.14 Maintenance of 
turbo-blowers 

Proper maintenance of the turbo blowers, 

including air filters and air coolers is essential for 

optimum operation of the diesel engine. 

If the air filter is contaminated the resistance on 

the suction side increases and the air capacity of 

the blower diminishes, so less air is supplied to the 

engine . 

... 
The water-mist catcher is 

placed at the lowest point 

in the air-piping system 

so that the water droplets 

cannot reach the cylinder. 

Exhaust valve 

Cylinder liner 

Contamination of the exhaust gas turbine of 

the air compressor also causes a reduction in 

produced air. Therefore, the turbo blowers are 

provided with a wash- or scavenging system to 

clean both wheels at regular intervals. 

Detergents are: clean water and solid subscances 

such as burned wa lnur shells or other organic 

materials that burns virtually ash free in the 

exhaust gases turbine. 



I 
I 

I 

I .. -

A water-wash system 

with the water supply 

above and both waste­

water discharge pipes 

below. 

~ 

Dirty filters impede the 

passage of fresh air to the 

turbo-blowers. 

Shown here, the air filter is 

badly soiled. A pressure 

difference meter will show 

that this filter should have 

been cleaned a while back! 

~ 

Damaged turbine blades 

cause a reduct ion in the 

air capacity of the turbo­

blowers. 

Regular cleaning and 

periodic maintenance can 

prevent this. Repair is 

essential. 

CH1 2 AIR SU PPLY 

.. 
A water-rinsing system 

for the exhaust-gas 

turbine of the turbo­

blower. 

The dirty water is discharged 

at the bottom. 

rinsing pipes 
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... 
A rinsing system is 

available for air coolers. 

When the engine is stopped, 

the cooler can be cleaned 

without removing the air 

cooler. Blind flanges are 

installed in the air cooler 

ducts and the air side is 

cleaned using a hot fat 

soluble solution and a 

circulating pump. 
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12.14.1 Air coolers 

Contamination of air coolers reduce the heat 

transmission and increase the pressure drop over 

the air cooler. 

Many engines are designed in such a way that 

the air side including the cooling fins can be 

cleaned without having to dismantle the cooler. 

By applying a n isolating plate, the cooler side 

can be filled with a solvent and cleaned using a 

circulation pump. With the use of filter mats 

all the dirt particles are then removed from the 

solvent. 

LadeluftkOhler, Luftseits 

12.14.2 Arctic conditions 

At ex tremely low air temperatures it is absolutely 

imperative to exceed the minimum scavenging air 

temperature. 

In order ro start a diesel engine, a minimum a ir 

temperature of 5 °C is required in the engine. 

At low load, a minimum air temperature o f - 5 
oe, 

At full load, a minimum air temperature of -

20 °C. 

At air temperatures lower than the 

aforementioned, special heating to pre-heat the 

air is required. 

charge air cooler, air side 
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The objective of the engine gearing is 

to convert the reciprocating up- and 

downward movement of the piston into 

a rotary movement of the shaft. This is 

performed by the crankshaft, making it the 
most important component of the driving 

gear. Shown is a large crankshaft at the 

engine recondition ing company of Mark 

van Schaick in Schiedam, The Netherlands. 
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... 

13.1 Introduction 

The engine gearing is subjected to huge forces. 

The pressures generated in the combustion space 

are transferred by che piston to the piston pin 

the connecting rod and the crankshaft. In today's 

heavily charged diesel engines, the pressure 

exerted on the piston during the power stroke 

varies from 500 kilograms for a category I 

engine to 1100 tons for a category JV engine. 

Furthermore, these forces vary continuously and 

swiftly. Therefore engine designers pay special 

artenrion to the construction of the gearing in 

order to control these tremendous forces . 

A modern four-stroke medium-speed diesel engine 

(Wartsila 46) suitable for H .F.O. 

Note: 

, two piece piston 

2 big end, type 'marine head' 

3 underslung crankshaft 

4 hot box for the fuel section 

5 a,r-inlet manifold integrated in the engine block 

6 uncooled exhaust with protective casing 

The piston skirt with its large surface area is suitable for the 

absorption of the lateral forces and transmission to the 

cylinder liner and the engine block. 

During both the compression and power strokes, the forces 

are considerable and constantly changing direction. During 

the compression stroke they are, as seen in a cross-section, 

directed to the left and during the combustion stroke to the 

right with a right-turning crankshaft. 

354 

13.2 Driving gear of four-stroke 

diesel engines 

The engine running gear consists of the following 

parts: 

piston including the piston rings; 

piston pin; 

connecting rod and bearings; 

crankshaft and bearings; 

drive of the camshaft and pumps; 

camshaft; 

va lve drive. 



13.2.1 Pistons 

Pistons in four-stroke diesel engines not only 

transmit the gas forces to the crankshaft via the 

connecting rod, but also absorb the la teral forces 

which are produced by the crank-connecting rod 

mechanism. 

Construction of the pistons 
This is different for each engine category. 

As the RPM decreases and the cylinder bore 

increases, the piston comprises two parts, namely 

the steel piston crown which is resistant to 

the huge forces that are exerted w ith materia l 

temperatures at 300 to 400 °C, and the piston 

skirt for absorbing the late ral forces. The steel 

crown is provided with piston rings and often an 

oil scraper and a distribution ring. 

The light metal or cast iron skirt absorbs the 

lateral forces. The skins often have special fin ishes 

comprising a special coating which enhances the 

running properties. 

In small engines the pistons are usually 

manufacrured from a single piece of high-grade 

light metal, mainly aluminium. 

Accelerating- and decelerating forces 
1n order to restrict the accelerating- and 

decelerating forces, the pistons as generally kept 

as light as possible. 

A 

A modern two-piece piston. 

- The steel piston crown, transfer of the combustion forces 

via the gudgeon pin to the connecting rod. Heavy-loaded 

top rings are found in the piston crown. 

The material, cast steel or forged steel, has heat 

resistance properties to maintain strength with the high 

piston-crown temperatures which rise to 350 to 400 °C. 

- The huge forces on the piston crown necessitate a stiff 

gudgeon pin to prevent bending of the pin and 

subsequent problems with the gudgeon-pin bush. The 

diameter of the pin is large in comparison to its length. 

This mears that the perforation in the piston is also large! 

In fact this weakens the piston skirt! 

~ 

A cut-away view of a piston of a Scania diesel engine. 

Note the special shape of the piston crown, designed for 

optimal combustion. The piston consists of two materials. 

Clearly visible is the colour difference in the p iston crown. 

The piston only has three rings, two compression rings and 

one scraper ring for oil distribution. The piston is cooled with 

lubricating oil from the gudgeon pin oil via drillings. 

CH13 > DRIVING GEARS 
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• • 
A piston for a small engine with two compression rings A set of spare parts for a modern highly charged 

and one oil-scraper ring. four-stroke high-speed diesel engine (Cummins). 

A large section of the sides where the gudgeon pin is camshaft section 

normally positioned is missing. Only the section where the 

piston rings are placed is round and seals the combustion 

space. The skirt on the left and right in the picture absorbs 

the lateral forces. 
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2 connecting rod 

3 cog wheel 

4 valves 

s gudgeon-pin bushes 

6 cylinder liner 

1 piston, two pieces 

• 

... 
An aluminium piston for 

an engine category I or II. 

New pistons with a steel crown and a cast iron skirt of 

Caterpillar-Mak 25 engines. 

Note the sunken piston crown for optimal combustion space 



Piston rings 
The piston rings serve to seal the combustion 

space and to conduct the piston in the cylinder 

liner. The number o f rings varies from two to five, 

depending on the cylinder bore, the RPM and the 

forces exerted on the pisron crown. 

CH13 > DRIVING GEARS 

... 
A 'cut-away' section of a 

two-piece piston in a 

four-stroke medium­

speed diesel engine. In 

the centre; the 

lubricating-oil spray 

nozzle directed at the 

piston crown for cooling. 

The piston rings are located 

in the cast steel piston 

crown. Note the shape of 

the piston crown; the 

atomised fuel is injected to 

the sides. 

... 
A large piston for a four-stroke medium-speed 

MAN-B&W diesel engine. 

Note the amount of cast iron removed around and 

underneath the gudgeon pin, to reduce the weight of the 

piston. 

At the bottom of the skirt the studs of the top section of the 

connecting rod and the eye, still attached to the gudgeon 

pin, are barely visible. 

1 piston crown 

2 ring pack 

3 piston skirt 

4 gudgeon pin including seal 

5 removed material 

6 studs for the connecting-rod eye 

7 cylinder-head studs 

8 anti-polishing ring 

357 



DIESEL ENGINES > PART I 

358 

• 

• 
A special aluminium piston 

for a Cummins-NTA 855 

four-stroke high-speed 

diesel engine. 

Due to the temperature 

expansion coefficient of the 

light-metal piston, the diameter 

of the piston-crown section is 

slightly decreased (extra 

clearance with the cylinder liner). 

The notches in the piston crown 

serve to create space for the 

valves which are not entirely 

closed in the piston T.D.C .. 

A modern piston for a four-stroke medium-speed 

diesel engine of MAN-B&W, type 48/60. 

In view of the high compression and combustion pressures 

the liner, with bore cooling, is very thick and placed partially 

above the block. In this manner the engine block is smaller 

and lighter! The studs for the connecting-rod eye are visible 

at the bottom of the cylinder liner. The exhaust valves have 

flaps for valve rotation. 

• 
Attention is given to the 

piston-ring grooves. 

Cr- plated 

Cr-ceramic 

Hardened 

Cr-ceramic 

A 

Induction 

0 
0 
0 

Piston rings, in combination with an adequate 

lubricating-oil film between the cylinder liner and the 

piston/ piston rings, provide sealing for the increasingly 

high final compression and combustion pressures. 

Here the following aspects are important: 

- heat absorption capacity for the lubricating oil, also 

expressed in µm (microns); 

- adequate clearance between the piston and cylinder liner; 

- correct spring and its specific properties such as tension 

on the liner, shape and size of the running surface area; 

- the ring groove dimensions. 

In the drawing above the top ring has a thin chromium 

coating and the ring is hardened. The running surface is 

A steel piston crown has a chromium plated and finished with a wear-resistant ceramic 

better resistance to the 'hitting' coating. Induction hardening has been applied to the piston-

of the hard cast iron rings than a ring groove. The cylinder liner is provided with an anti-

light-metal one-piece piston. polishing ring and has bore cooling. The piston lubrication is 

The materials used for the pushed towards the oil-scraper rings under pressure. 

grooves are either hardened or 

chromium-plated, to increase 

wear resistance . 

... 
Piston rings are available in 

many variations. 

Generally, each engine type and 

make has its own specific ring 

package. For high wear and 

corrosion and other piston-ring 

problems, modifications are 

made to improve ring-package 

properties. 

----



Piston pin 

The piston pen serves to trans fer the forces 

exerted on the piston c ro wn to the connecting 

rod. The connecting rod 'swings' around the 

p1sron pin and impedes hydrodynamic lubrication. 

The bearing surface and therefore the piston pin 

and the connecting rod bearing must be large 

enough to ensure that the surface pressure is low. 

The diameter of rhe piston pin increases as the 

pressures exerted on the piston increase; this also 

applies co the perforations in the piston skirt. The 

p,~ron pin must be rigid and so avoid problems 

with the piston skirt and piston pin bearing. 

In order to sufficiently lubricate the connecting 

rod bearings, lubricating oil is supplied under 

pressure via perforations in the connecting rod. 

The piston pins arc manufactured from a steel 

alloy and a re o ften hardened or provided with a 

thin chromium coating. 

' Small engines often have lower loads (lower load 

numbers) and therefore have a less complicated 

construction. 

Shown a OAF-diesel engine with spray cooling for the piston 

lubrieatJOn and cooling. 

& 

anti polishing ring 

water supply-distribution 
ring for the drillings in de 
cylinder liner 

chromium-ceramic 
piston ring 

piston skirt; lubricated 
under pressure 

nodular cast iron skirt, 
with a low-friction design 

CHI 3 D RIVING GEARS 

An 'optimum package' of components in the 

combustion space. Shown the Wartsila 32 four-stroke 

medium-speed diesel engine. 

~ 

The gudgeon pin placed 

in the cast iron skirt of the 

piston. 

The diameter of the gudgeon 

pin is such that bending of 

the pin is prevented. Note 

the lubrication of the 

connecting-rod eye and 

gudgeon pin bush. The 

lubricating-oil supply to the 

piston nngs is not visible; the 

cooling lubricating oil for the 

piston crown is visible. 

~ 

Installing the gudgeon pin 

in the world's largest four­

stroke diesel engine, a 

Wartsila 64 medium­

speed diesel engine with 

a cylinder output of over 

2000 kW. 

The pin is too heavy to fit 

manually. 
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... 
Roughly forged steel 

connecting rods for 

Caterpillar-Mak engines. 

13.2.2 Connecting rods 

In modern, heavily lo aded diesel engines, 

connecting rods are manufactured from forged 

steel. 

Only in the smallest engines in categor y I 
connecting rods arc m anufactured from specia l 

During machining the cast iron. Connecting rods are often manufactured 

connecting-rod eye is by sing le drop forging in a mould from a cherry-

severed from the base of the red piece of alloyed steel. I t is larer sawn through 

connecting rod along the at the big end o r at the Range connection of the 

white dotted lines. connecting rod. 
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A 

Roughly forged steel connecting rods for Caterpillar­

Mak engines. 

During the machining process. the connecting-rod big end is 

obliquely severed. 

The grain flow in the material during forging produces strong 

components. This occurs to a lesser extent when the pieces 

are forged separately. 

- - - - - = saw cut 

... 
Overhauled connecting rods with an angled big end, 

a common construction. 

A 

A traditional connecting rod of an older engine type. 

The partition through the big end of the connecting rod is 

horizontal to the rod. The cylinder-liner diameter is larger than 

the connecting rod big-end width; this means that the load 

parameter is low. 



Since the diameter of the crank pin is increased 

to minimi e the surface pressure increase on 

rhe crank pin bearings, which is the result of 

rhe increased cylinder capacity at an identical 

cylinder bore, the crank pin bearing dimensions 

and consequently those of the big end will also 

increase. 

A horizontal big end split is no longer sufficient, as 

the width of the big end is too large for drawing 

the piston. An oblique division can also be 

problematic. The big end was therefore split into 

three sections (SWD 410) and today the marine 

version has a separate, small big end mounted 

on a separate upper- or lower cap or a division 

of the connecting rod close to the piston. Tn this 

construction, dismantling remains an option. 

T 

A robust angled partition of the connecting-rod big 

end. An outdated model. 
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~ 

A connecting-rod big end 

with a partition below the 

connecting-rod eye for a 

Caterpillar-Mak diesel 

engine is clamped down 

for machining. 

, position gudgeon pin 

2 partition 
3 position crankpin 

~ 

Connecting rod for a 

Caterpillar-diesel engine. 

See detail. 

~ 

Detail of a connecting rod 

for a Caterpillar diesel 

engine. 

Big end and cover are fitted 

together at an angle (circle}. 
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... 
'Connecting-rod eyes' for 

installing the gudgeon 

pin . 

Note the large lubricating-oil 

grooves and the size of the 

bottom of the gudgeon-pin 

bush; these are subjected to 

combustion forces of 

approximately 250,000 kg or 

250 tons! 
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... 
The lubricating-oil channels in a modern connecting 

rod. 

This connecting-rod version is known as a 'marine head'. 

The base of the connecting rod has been narrowed to such 

an extent that the piston including the connecting rod can be 

hoisted out of the engine. 

The lubricating oil is supplied through drillings in the 

crankshaft and flows to the gudgeon pin via the crankpin, the 

grooves in the bearing shell, both drillings in the upper 

crankpin cover and the drilling in de connecting rod. 

Subsequently, the lubricating oil cools the piston and 

lubricates the piston rings. 

13.2.3 Crankshaft 

The crankshaft transforms the reciprocating, 

up- and downward, movement of the piston tO a 

rotary motion. Small category I crankshafts are 

manufactured from a special cast iron. However, 

all larger crankshafts are manufactured from one 

piece forged iron, and are depending on the load, 

alloyed with chromium and nickel. The engines 

in the high-speed category usually have surface 

hardened crankshafts for higher bearing load. 

The crank pins are often hollow and therefore 

restrict the centri fugal forces of high speed 

crankshafts. The webs are relatively thin and so 

ensure that the centre to centre distances between 

the cylinders are as small as possible. In this way 

the engine is shorter and the deflections between 

the main bearings a re limited. 

... 
Three crankshafts for Detroit-diesel engines. 

Note the narrow webs and large crankshaft diameter and the 

crankpin. 

The drive gear, amongst others, for the camshaft is installed. 



A 

A crankshaft for a four-stroke high-speed engine. 

The two lubricating-oil supply holes on each crankpin are 

,ndicative of a V-engine. The counterweights, which serve to 

balance the crankshaft, are an extension of the crank webs 

and not, as in larger engines, bolted to the crank webs. 

Forging these crankshafts rakes place using 
a crankshaft mould in which the hot steel is 
hydraulically pressed into shape with large forces. 

Thi~ is followed by a machining process. 

... 
The crankshaft is the most elementary component of 

the drive gearing in a diesel engine. 

Crankshaft damage often entails high costs. Replacing a 

crankshaft costs: 

category I : ± € 1,000 - € 4,000 

category II : ± € 50,000 - € 100,000 

category Ill : ± € 200,000 - € 400,000 

category IV : the overall damage can amount to millions of 

euros. 

The main problem with the total loss of a crankshaft is the 
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T 

A roughly forged 

crankshaft. 

removal of the crankshaft and installation of an overhauled or The steel is heated to a light 

a new crankshaft. red/yellow colour, 

approximately 900 degrees 

and is then shaped using a 

hydraulic press and mould. 
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Forcing of a crankshaft in 

'one throw'. 

Maschinenfabrik 

Alfing Kessler GmbH, 

Aalen, Germany. 

Larger crankshafts are 

hydraulically pressed into the 

correct shape throw by 

throw; each time one crank 

throw and web is heated 

and formed. 

... 
Drilling holes for fixing the 

studs tor the counter 

weights. 

Reconditioning workshop 

MAN-B&W in Hamburg, 

Germany. Shown, a new 

crankshaft. 
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The crankshafts of category III engines, the 

medium-speed diesel engines running on H.F.O. 

are also forged from steel; however, the journals 

are not hardened. Crankshafts with a cylinder 

bore of 400 to approximately 450 mm are forged 

in one throw over their entire length. Larger 

crankshafts in this category are generally forged, 

crank by crank from a single piece of metal using 

a throw by throw forging process; this entails 

partially heating the crankshaft in the area where 

the crank is ro be forged. 

This is followed by a machining process and then 

the mounting of counter weights . 

The final manual machining of the crankpin for a new 

crankshaft. 

The pin surface is polished with a honing mould to remove 

the last surface irregularities. 



13.2.4 Bearings 

The bearing caps of the main shaft and the crank­

pin are the so-ca lled tri-metal bearings or the ' hard 

bearing caps'. The steel caps are often coated 

with a thin copper layer, fo llowed by a very thin 

running surface layer, often an aluminium alloy. 

• 
Both main bearing shells for a Wartsila 38 diesel • 
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... 
A fitted bearing for the 

crankpin in a MTU-diesel 

engine. 

Note the notches on the left 

of the bearing shells and the 

lubricating oil hole in the 

upper part of the bearing 

shell for lubricating oil flow to 

the connecting-rod eye and 

gudgeon pin . 

engine. Bearing shells for a Caterpillar diesel engine. 

left: the upper bearing with a lubricating-oil groove with holes Bearing shells are replaced after disassembly. As 

for lubricating-oil supply to the shaft. maintenance intervals have become increasingly longer, 

right: the bottom bearing with a large bearing surtace for new bearings are fitted, thus warranting an extended 

absorbing the large forces during the compression and operating time without problems that could occur by re-using 

combustion strokes. the bearings. 

... 
White-metal bearing shells for a two-stroke crosshead 

engine by MAN- B&W. 

These bearings have been recast, provided with a new 

white-metal coating and subsequently machined to the 

correct specifications and dimensions. Shown are traditional 

'thick' bearings for the main bearings which referred to as 

the "thick shell" bearings. Modern bearings are "thin shell" 

bearings and used in the crosshead. Due to the rising 

suriace pressures, caused by the increasing gas forces on 

the piston, MAN-B&W also uses "thin shell" bearings for the 

main bearings. The material is a tin-aluminium alloy, Sn40AI. 
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For rhe main bearings found in an engine, 

oversized thicker bearings are available thereby 

allowing rhe main journal ro be polished and 

provided with an oversized bearing after being 

damaged. Depending on the degree of damage 

to the journal this can be repeated twice or three 

times. 

The main journals and 

crankpins must be 

absolutely round and 

have a very smooth 

finish. 

Naturally, the machining 

must occur when the 

crankshaft has been aligned. 

Alignment Is done with both 

supports, the so-called 

rests. Shown: grinding 

a used crankshaft at 

Mark van Schaick, 

Schiedam, The Netherlands. 

\l,n ~et l h.1ptl'r U,, (h crluul111g d1Lsel rngmt, 

and their p.ut, 

The bearings of the connecting rod small end 

and/or the piston pin bearings in smaller engines 

are made of a copper alloy (bronze) and in larger 

engines, a hard tri-metal alloy. 

... 
The bronze bush bearing 

of a connecting rod 

small-end. 

Note the lubricating-oil 

groove and the drilling for 

lubrication of the gudgeon 

pin . 

... 
A connecting rod for 

overhauling. 

Clearly visible is that one 

side (bottom part) of the 

piston-rod bushing of the 

connecting rod small-end 

has a larger surface area 

than the other side (top 

part). The larger surface area 

is required to absorb the 

high combustion forces. 



13.2.5 Camshaft drive 

In small category l and occasionally category Tl 

engines, this occurs sporadica lly by means of a 

chain drive. This is light, inexpensive and takes up 

little space. Replacement takes place a fter a certain 

amount of opera ting hours, therefore avoiding 

propulsion prob lems such as cracking or chain 

elongation. 

In most category II engines and certainly in 

category IJl engines, the camshaft is driven using 

tooth wheels, which as with cha in drives, may 

also drive ocher engine components, such as the 

pumps. The steel tooth wheels have polished and 

hardened teeth and operate with as little clearance 

as possible. In these four-stroke engines the 

number of revolutions of the camshaft is ha lf the 

RPM of the crankshaft; a foll four-st roke process 

lasts 720 crank degrees. 

13.2.6 Camshaft 

The camshaft carries the cams which control the 

fuel pumps and the inlet- and exhaust valves. Tn 

small engines, the steel camshaft is manufactured 

from a single piece of metal with fixed cams. The 

'bearing surfaces' are hardened with a cerrain 

surface finish. Larger engines, in particular 

rhose in category HI, have built-up camshafts in 

which each cylinder has its own section which 

is connected to the following section by means 

of fitted bolts. This simplifies the removal of a 

damaged cam. 

... 
A Daihatsu four-stroke medium-speed diesel engine 

operating on H.F.O. 

The camshaft is driven by gearwheels connected to the 

crankshaft: on both shafts one gearwheel and one 

intermediate shaft are mounted, a standard version. 

The four-stroke process has 720 crank degrees; therefore 

the camshaft rotates at half the revolution rate of the 

crankshaft. This is observed by the ratio between the 

diameter of the gear on the crankshaft and the diameter of 

the gear on the camshaft (twice as many teeth on the 

camshaft wheel). 

.... 
Camshaft for a 

MAN-B&W medium­

speed diesel engine. 

The high-pressure fuel pump 

and the inlet- and exhaust 

cams are operated by the 

camshaft driven by gears or 

cog belts (smaller engines 

category I) from the 

crankshaft. 

CH1 3 > DRIVING GEARS 

367 



DIESEL ENGINES > PART I 

... 
The camshaft drive for a 

high-speed four-stroke 

Cummins diesel engine. 

The ratio between the cog 

wheel (gear) on the 

crankshaft and the camshaft 

(half the RPM of the 

crankshaft) is clearly visible. 

... 
A helical drive. 

The objective here is the 

pressure reduction on the 

gear teeth. An angled tooth 

has a larger surface area 

with an identical cog-wheel 

width, thereby reducing the 

tooth pressure. The angled 

teeth generate an axial force 

on the shafts which must be 

absorbed by a thrust 

bearing. 
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... 
The drive of both camshafts in a V-engine, of RK 280, 

now MAN-B& W. 

crankshaft 

2 camshaft 

3 intermediate wheel 

... 
A crankshaft and a camshaft; both forged from one 

piece for a diesel engine, category II. 



Camshafts with separate cams 

In older engines, cams were bolted to the 

camshaft. Today there are numerous engines with 

hydraulic cams. They are fitted to a finely polished 

shaft using oil pressure. It is therefore possible 

to slightly adjust the position of the cam and 

therefore adjust the timing of the exhaust valves 

or fuel pumps. 

13.2.7 Inlet- and exhaust valve drive 

These are driven by the camshaft by cams which 

when the camshaft rotates, the lobe on the cam 

pushes upwards putting the valve into motion via 

the push rod and the leverage system of the roller 

guide. As most of today's engines are equipped 

with two inlet- and two exhaust valves, the drive 

of these valves on the cylinder head can be very 

complex. The valve springs ensure that the valves 

close as soon as the cam position allows this . 

... 
A cylinder head with mounted valves. 

1 cylinder head 
2 inlet port 
3 exhaust port 
4 location for cylinder-head bolts 
5 inlet valve 
6 exhaust valve 

.. 
Hydraulic cams. 

They are mounted on the camshaft using oil pressure. 

They can be easily exchanged when damaged . 

... 
This version has three cams: for the inlet and exhaust 

valves and the high-pressure fuel pump. 
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... 
A cross-section of a four­

stroke medium-speed 

diesel engine of 

MAN-B&W type 51/60 V 

dual-fuel. 

The valves are driven by two 

rocker arms, left for both 

inlet valves and right for both 

exhaust valves. 

... 
The drive for the inlet 

and exhaust valves in 

medium-speed 

Caterpillar-MaK diesel 

engines. 

location for the push rod 

2 rocker 
3 rocker shaft 

4 adjusting bolt for the 

valve clearance 

5 spreader 
6 spreader guide 

7 ad1usting bolt for the 

valve clearance 

8 valve springs 

9 cylinder head 

10 ,nlet duct 
11 exhaust duct 
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• 
Top view of a valve drive. 

The valves are deflected in relation to the cylinder centre line. 

This allows a good air movement in the cyt1nder for the air 

supplied via the inlet valve. 

, rocker 

2 spreader 
3 valve spring 

4 cylinder-head bolts 



A 

A complete valve drive. 6 rocker arm seat 

7 spreader 

camshaft with inlet cam 
8 inlet valve , 

pulley with guide 
9 valve spring 

2 
10 exhaust valve 

3 push rod 
11 piston 

4 rocker 

rocker shaft 
12 piston pin 

5 
13 connecting rod 
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.... 
Construction of a 

Caterpillar-MaK engine at 

Kiel, Germany. 

The valve rockers are 

upright; the push rods 

placed over the camshaft. 

valve rocker 

2 push rods 

3 cylinder head 

4 high-pressure fuel pump 

.... 
The driving gear for a 

four-stroke MAN-B&W 

diesel engine. 

Note the position of the two 

camshafts; one for the valve 

movement and one for the 

high-pressure fuel pump. 

1 piston crown 

2 piston rings 

3 piston skkt 

4 piston pin 

5 connecting rod 

6 "Marine head big-end" 

7 connecting-rod stud 

8 top cover big-end 

9 bottom cover big-end 

10 crankshaft 

11 counterweight 

12 crank web 

13 camshaft for high-

pressure fuel pump 

14 camshaft for the mlet-

and- exhaust valves 

15 push rod 

16 valve /ever/rocker 

17 spreader 

18 exhaust valve 

19 inlet valve 

20 high-pressure fuel pump 
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... 

13.2.8 Fuel pumps drive 

In four-stroke trunk piston engines most fuel 
pumps are driven in the traditional manner: 

Individual high-pressure fuel pumps for each 

cylinder wirh camshaft. 

In diesel engines with a concentrated combined 

high-pressure fue l pump, the so-called block 

fuel pump, tooth wheels are used. 

A six-cylinder MTU-diesel engine category II with a 

common-rail fuel system. 

The high-pressure fuel pump is directly driven with the 

cogwheel train. 

high-pressure- -fuel pump 

... 
The fuel system of a MTU-diesel engine, series 2000. 

1 fuel-supply line 

2 fuel pump 

3 common-rail high-pressure fuel line 

4 fuel injectors 

5 fuel-discharge line 

Four-stroke engines equipped with a common-rail fuel 

system require camshafts for driving the inlet - and exhaust 

valves. The main reason is that hydraulically driven valves at 

high engine speeds are complicated and therefore 

expensive. 

The high-pressure fuel pump is driven with a cogwheel train 

connecting the crankshaft and camshaft. 
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Diesel engines with the la test common-rail system 

use the following methods: 

In high-speed diesel engines a high-pressure 

fuel pump is o ften installed near the cog 

wheels. 

In medium-speed diesel engines the high­

pressure fuel p ump is driven by the camshaft; 

however fewer high-pressure pumps are 

present, normally half the number of cylinders. 

These pumps operate in tandem with a mutual 

pressurised buffer which leads the fuel to the 

cylinders . 



~ 

The high-pressure fuel 

pump of l'Oranje for 

MTU-engines with a 

common-rail system. 

The common-rail system 

of MAN-B&W for 

medium-speed engines, 

category 11 1. 
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• 
The fuel-injector drive in 

four-stroke high-speed 

Caterpillar engines. 

Left: electronic control and 

1 buffer tank right: mechanical control. 
2 high-pressure fuel pump 
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• 
Two-stroke low-speed 

crosshead engine of 

MAN-B&W MC 98. 

The reciprocat ing movement 

of the piston converts 

combustion pressure to a 

rotating motion of the 

crankshaft via the crank 

connecting-rod mechanism. 

1 piston 

2 piston rod 

3 piston-rod stuffing box 

4 crosshead 

5 gu.'deshoe 

6 crosshead guides 

7 connecting rod 

8 crankpin 

9 crank web 
10 crankshaft 

K98MC 
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13.3 Engine-driving gears in 
two-stroke crosshead 
engines 

Here the drive gears comprise the following parts: 

piston with piston rings; 

piston rod; 

cross head; 

crosshead guides and crossbead shoes; 

connecting rod with the crosshead bearings; 

crankshaft with the crank pin-and main shaft 

bearing; 

camshaft drive; 

exhaust valve drive; 

conventional fuel pump drive; 

common rail system drive for crosshcad 

engines; 

reverse gears. 

13.3.1 Pistons 

The pistons of two-stroke crosshead engines 

transfer the gas forces to the piston rod, the 

crosshead and via the connecting rod co the 

crankshaft. 

The lateral crank- connecting rod mechanism 

forces a re entirely absorbed by the crosshead and 

via the crosshead guides conveyed co the crosshead 

shoes which are fi xed to the welded A-frame. The 

piston, together with the piston rings ensures a 

gas proof sealing of the cylinder. When the piston 

is short; the cylinder diameter is often larger than 

the height of the piston. Therefore the piston ring 

package does not contain a separate scraper and 

distribution ring; the cylinder lubricating o il is 

supplied through the perforations at the beginning 

of the compression stroke. 

.. 
A new piston for a two-stroke crosshead engine of 

MAN-B&W. 

Note the large number of hydraulically tensioned studs used 

to attach the piston to the piston-rod flange and the bronze 

guide rings in the piston skirt. 



A • 
A dismounted piston for a large two-stroke crosshead A cross-section of the combustion space in Wartsila 

engine. RTA 58 T - B and RTA 68 T - B engines. 

Note the ·seized' top ring and the ribbed profile on the piston The following parts in the proximity of the combustion space 

skirt; this profile serves as a lubricating-oil chamber. are provided with drillings, also referred to as bore cooling. 

' A cross-section of an earlier piston type and a more 

recent piston type of MAN-B&W- MC. 

The differences between the combustion chambers are 

remarkable. The shape is different and the mean material 

temperature is approximately100° C lower on top of the 

piston crown. The piston is cooled with lubricating oil which 

1s circulated by pumps. 

1 cylinder liner 

2 cylinder head 

3 exhaust-valve seat 

4 exhaust-valve casing 

5 piston crown 

Comment: In comparison to other two-stroke crosshead 

engines these engines have very little cooling water! 

Therefore, draining the cooling water of a cylinder during 

repairs takes up little time! 
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Previous Oros geometry 

Features: 
• High topland 
• Oros piston top geometry 
• CPR top ring 
• Alu-coat piston rings 
• Bore cooled, forged piston 

of heat resistant steel 
• Piston cleaning ring 

Improvements: 
• Approx. 100 °C lower temperature 

on top compared to former type piston 
• Elimination of lnconel coating on piston top 
• Increased chrome layer thickness in bottom 

of ring grooves 
• Anti-erosion bushing in oil outlet in piston 

rod foot 

Verification: 
• Extensive calculations 
• Comprehensive tests on K90MC and 

K90MC-C 
• Service test on K90MC 
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... 
The temperature developments in the parts found in 

the combustion space of the Wartsila RTA 58 T-8 and 

RTA 68 T-8 engines. 

The engine design is continually being adapted to ensure 

that material temperatures of the parts do not dramatically 

increase when the cylinder output increases. In fact, 

temperatures of the parts are slightly lower in new designs. 

Temperatures: 

piston crown: ± 300 to 375 °C 

piston crown, lubricating-oil cooled interior: ± 150 to 170 °C 

cylinder liner: ± 200 to 260 °c 400° 

200° exhaust valve disc: ± 450 to 550 °c (highest in the centre, 

lowest at the seat; here intensive cooling occurs when the 

valve is closed.) oo ~r----+-------+-----+-----· . ........... . 

exhaust-valve seat:± 250 to 350 °C 
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200° 

Today, all pistons are cooled with lubricating-oil 

via a separate piston cooling oil system. Due to 

the high load, the pistons are manufactured from 

forged steel, allowing repairs to ta ke place using a 

rewelding process. 

13.3.2 Piston rod 

This is permanently fixed to the piston and 

crosshead using bolted heavy flanges. The rod is 

manufactured from forged steel and has a very 

smooth fini sh. The piston rod stuffing box forms 

the seal between the scavenging air space and the 

crank case . 

... 
A piston rod in a lathe. 

In this Instance. the piston rod is to be cleaned (removal of 

the coating) and polished. The rectangular flange in the 

foreground is used to attach the rod to the crosshead. 

0° 200° 400° 



4 

A piston with piston rod and a bare piston rod after 

repair. 

13.3.3 Piston rod stuffing box 

The piston rod scuffing box separates the space 

m·er the sealing rings, the scavenging air space, 

from the space below the sealing rings, the crank 

case. The scavenging air space always contains 

some type of dirt. Residues from the combustion 

process above the pisron can reach this space 

through the piston ring package, which is subject 

to wear and tear. This, combined with cylinder 

lubricating-oil and condensed water from the inlet 

air, can form a soiled layer on the bottom of the 

scavenging air space. A scraper ring on the upper 

part of the stuffing box scrapes the dirt from the 

piston rod and transports it outside the engine. 

The base plate of the scavenging air space is 

provided with a drain pipe which transports dirty 

oil substances to a dirty oil tank outside the engine 

via a ball valve. The amount of contaminated oil 

drained from the scavenging air space is checked 

at regular intervals using a measuring cup. In this 

manner the amount of cylinder lubricating-oiJ that 

is burned in the cylinder is measured. The amount 

of lubricating-oil that is supplied to the cylinder 

is known. Once the amount of lubricating-oil 

drained from the dirty scavenging air is measured, 

the amount of combusted lubricating oil in the 

cylinder combustion space is also known. 

There is a relatively clean space underneath de 

piston rod stuffing box, the crank case with drive 

gears such as the crosshead guides, connecting 
rod and crankshaft. These are provided with 

lubricating oil from the main lubricating-oil 

system which is continuously circulating the 

lubricating-oil in the engine. The pistons are 

cooled using this clean system. The bottom pan of 

the piston rod stuffing box scrapes the relatively 

clean lubricating-oil from the piston rod and 

subsequently drains into the crank case. 

A 

Dissembling a piston with piston rod. 

The piston crown is grooved so the hoisting gear can be 

attached. When the piston is in its top position, it Is 

sufficiently high above the cylinder liner for attachment of the 

hoisting gear. 
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... 
A complete piston-rod 

stuffing box. 

Note the large holes in the 

upper section for 

contaminated cylinder 

lubricating-oil discharge. 

The packing is vertically 
divisible for assembly and 

disassembly. 

... 
A piston-rod stuffing box 

for sealing the 

scavenging-air space and 

the crankcase. 

The top ring package 

scrapes the contaminated 

cylinder lubricating oil from 

the scavenging-air space 

and discharges it outside the 

engine. The bottom ring 

package scrapes the clean 

oil off the rod, after which it 

fails back in the crankcase 

sump. 
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A 

The piston with piston rod after removal from the 

engine. It is temporarily placed on the floor next to the 

cylinders. The piston-rod stuffing box (1) can now be 

renewed. 

... 
The two halves of the 

casing of the piston-rod 

stuffing box. Note the 

drainage holes for the 

clean lubricating oil for 

the crankshaft and the 

contaminated cylinder 

lubricating-oil discharge . 

... 
A piston-rod stuffing box 

mounted on the piston 

rod. 

On the left the rectangular 

piston-rod foot for 

attachment to the 

crosshead. 

A 

A complete ring package for the stuffing box. 

Each package-retaining ring contains three segments which 

are kept pressed against the piston rod by a spiral spnng . 



13.3.4 Crosshead 

The crosshead connects the piston rod and the 

connecting rod. The pisron rod is attached to 

rhe crosshead and the connecting rod can pivot 

around the crosshead. 

The lateral forces acting on the connecting rod 

mechanism are transferred to the crosshead shoes, 

fixed ro the frame, via crosshead guides. 

The forged iron connecting rod is attached to the 

crosshead with a forked connection, so that there 

are two bearings on each side of the crosshead pin. 

In the past the bearing caps were manufactured 

from a ductile white metal. Today, modern engines 

have hard tri-metal caps which have better 

resistance ro the significantly increased surface 

pressures, produced by the higher combustion 

pressures exerted o n the pisron. 

A 

Maintenance on the crosshead. Fitting hydraulic 

jackets to the studs for attachment of the connecting 

rod to the crosshead. 

1 hydraulic jack 
2 connecting rod 
3 crosshead 
4 crosshead guide 
5 hydraulic pressure bolts for aHachment of the top cover 

of the mam journal beanng 

A 
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A crosshead in an engine. 

1 welded A-frame 
2 crosshead guide 
3 connecting rod 
4 crosshead 
5 (crosshead) gwde shoes 
6 steps in crankcase 

.... 
A complete crosshead 

with crosshead pin and 

guide shoes. 

The crosshead pin for a Wartsila Sulzer RTA two-stroke 

diesel engine. 

The piston rod is attached to the top of the pin by four bolts. 

In the centre of the pin is a perforation for the cooling 

lubricating-oil supply and removal to and from the piston. 

The connecting-rod bottom bearing supports the entire 

bottom section of the crosshead pin. The top bearing 

comprises two parts: they are mounted on the left and right 

side of the piston rod. 
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... 
The connecting rods for 

MAN-B&W 50 MC 

engines. 

1 crankp,n side 

2 crosshead side 
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13.3.5 Connecting rod 

The connecting rod is bolted to the top of the 

crosshead by means of a 'fork' on two complete 

crosshead bearings. The bottom of the connecting 

rod is bolted to rhe crankpin. Connecting rods are 

forged from steel which is either alloyed or nor. 

The forces in the drive gears for these category 

IV engines can be several hundred tons with a 

max imum of I I 00 tons! 

Therefore all drive gears, including the bearings, 

have a heavy-duty finish. Today, tri metal bearing 

are increasingly used as opposed to the soft white 

metal bearings, as tbey have a better resistance to 

high engine loads. 

... 
The driving gears for a 

Wartsila Sulzer RTA 96 C 

engine. 

Note the large dimensions of 

the parts of the driving 

mechanism in relation to the 

piston. 

diameter: 

diameter piston rod: 

375mm 

diameter crosshead pin: 

980mm 

diameter connecting rod: 

530mm 

diameter crankpin: 

1350 mm 

diameter crankshaft: 

1200 mm 

• 
Connect ing rods for MAN-B&W K 50 MC engines. 

Left: the connection with the crosshead and right: the 

connection with the crankpin . 

• 
The connecting-rod head for a MAN-B&W K 50 MC 

engine. 

Between the notches, the crosshead oscillates in relation to 

the reciprocating movement of the piston rod. 



• • 
Mounting the connecting rod on the crankpin with four The crankshaft in the engine. 

hydraulically tensioned connecting-rod bolts. 

The counterweights on both crank webs are visible in the 

crankcase ( 1 ) . 

13.3.6 Crankshaft 

All crankshafts o f two-stroke engines are 

constructed by jo ining individual forgings 

comprising one crankpin with two webs forged 

from a single piece of metal with ma in sha fts 

shrunk onto the webs. 

Long cranksha fts are manufactured in two parts 

connected by large flanges. 

As a result of increasing combustion forces, the 

crankpin and crankshaft diameters have also 

increased with a decrease in the distance between 

the crank webs to avo id distortion of the o f the 

crank pin. 

This also serves ro shorten the engine in spite 

of increasing cylinder capacity; this translates 

into a smaller engine room, thus providing more 

1 connecting rod 
2 big-end with connecting-rod bolts 

3 crankwebs 
4 main journal bearing lubricating-oil supply 

5 main journal bearing top cover 
6 hydraulic bolt for attachment of the top cover 

cargo space. Cranksha fts of large crosshead 

engines a re 'soft' ; they do not have a hardened 

finish. The crankpin and main shaft bearings are 

manufactured from a tri-metal. 

13.3.7 Camshaft drive 

There are two traditional methods for the drive of 

the camshaft by the crankshaft: 

1 With tooth wheels 

This method is still applied in the \Xlansila 

Sulzer engines series RTA and the Mitsubishi 

UC engines. 

2 With chains 

... 

This method is applied in the MAN-B&W 

M series MC. 

A partially built crankshaft for a low-speed two-stroke 

crosshead engine of MAN-B&W, type MC 50. 

Crankpin and webs are made from a single forging. The main 

journals have been shrunk in the webs. The crankpins are 

hollow (weight saving) and the crank webs are positioned 

closely together in order to reduce the crankpin length. This 

results in a robust crank with little distortion. 
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... 
A low-speed two-stroke 

crosshead engine, 

manufacturer Mitsubishi , 

type 6UEC 68 LS E. 

Here the camshaft is driven 

by spur gears. 

On the right, directly next to 

the high-pressure fuel 

pumps is the hydraulic 

pump for the exhaust valve. 

high-pressure fuel pump 

2 hydraulic pump for the 

exhaust valve 

3 crankshaft 

4 camshaft 

5 intermediate wheel, two 

pieces 
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Modern engines with the common rail system 

from both engine manufacturers are no longer 

equipped with camshafts. New series: Wartsila 

Sulzer RT FLEX and MAN-B&W K ME. 

Advantages of gear drive 

Fine-tuned drive in which slight wear and rear 

of the teerhs does not affect rhe 'timing' of the 

camsha ft . 

Disadvantages 

Expensive, heavy. 

Requires meticulous alignment of the tooth 

wheels. 

Advantages o f chain drive 

Relatively inexpensive. 

Light in weight. 

D isadvantages o f chain driving 

Requires periodic tensioning due to wear and 

tear of the links of the chain, otherwise the 

camsha ft timing will lag. 

A 

A chain and a gearwheel for driving the camshaft for a 

large two-stroke crosshead engine of MAN-B&W. 

A 

A camshaft for a MAN-B&W K 50 MC two-stroke 

low-speed crosshead engine. 

The camshaft 1s chain-driven . 

... 
A section of the camshaft for a low-speed two­

stroke-crosshead engine, manufacturer Wartsila, 

type RTA 96 C. 

The cams are hydraulically fitted. The section of the camshaft 

shown has been hoisted out of the bearing horizontally and 

to the right. 



... 
The chain-drive in a low-speed two-stroke crosshead 

engine of MAN-B&W type MC. 

The drive is installed with two chains with a tensioning 

device. 

1 crankshaft 
2 camshaft 
3 tensioning device 
4 turning wheel 
5 tumingdrive 
6 double chain 

... 
In the latest two-stroke crosshead engines with a 

common-rail system the high-pressure fuel unit is 

driven directly from the crankshaft with gearwheels. 

There are two camshafts in the V-shaped unit, which drive 

the original high-pressure fuel pumps of a four-stroke engine, 

the Wartsila 46. This engine has no camshaft. 

13.3.8 Propulsion of fuel pumps 

Two-stroke crosshead engines: traditionally, fuel 

pumps were driven from the camshaft, with a 

high-pressure fuel pump placed directly above 

the cam. By rotating the cam or by shifting rhe 

camshaft, the fuel injection can be adjusted for the 

opposite direction of rotation. 

CH13 DRIVING GEARS 

... 
Traditional drive. 

The traditional fuel-pump 

drive in a two-stroke 

crosshead engine of Wartsila 

Sulzer, type RTA 96 C. Two 

pumps in one casing with 

below, the camshaft. The 

pumps are valve-controlled . 

... 
Two high-pressure fuel 

pumps driven by the 

camshaft of a MAN-B&W 

50 MC crosshead engine. 

In the centre the hydraulic 

exhaust-valve drive. 
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... 
Left: the traditional 

Wii.rtsilii. Sulzer RTA 

series, and right: the 

common-rail version 

without camshaft, the 

Wii.rtsilii. Sulzer RT-FLEX. 

The hydraulic power-supply 

unit of the common-rail fuel 

system of the Wii.rtsila series 

RTA engines (figure on the 

right) is placed at the lower 

section of the engine, here 

on the right side. 

The camshaft, driven from 

the crankshaft, in the figure 

on the left (pink), is not 

present in the right figure. 

The d1ive gearing for the 

engine has been simplified. 
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RTA Series I 

Servomotor 

Camshaft drive 

13.3.9 Exhaust valve drive 

Approximately 25 years ago engine manufacturers 

changed over from a conventional mechanical 

exhaust va lve drive to a hydraulically driven 

exhaust va lve in two-stroke crosshead engines. 

The mechanically dri ven exhaust valves, driven 

from the camshaft with a cam lobe, guide pulley, 

push rod and rocker waned and never returned. 

Today, exhaust valves in two-stroke crosshead 

engines built by the three remaining engine 

manufacturers, MAN-B&W, Wartsila (Su lzer) and 

Mitsubishi are hydraulically operated. Closing 

of the valve by means of a heavy valve (pressure) 

spring has also disappeared. Presently, the valve is 

swiftly closed by an air pisron. 

... 
The hydraulic drive for the 

exhaust valves in a 

MAN-B&W 50 MC 

two-stroke crosshead 

engine. 

high-pressure 

lubricating-oil line 

2 servo piston for the 

exhaust valve 

3 exhaust-valve casing 

4 cylinder head 

There are two techniques 
1 A hydraulic pump is mounted on the camshaft. 

It opens the valve using lubricating oil pressure 

obtained from the lubricating oil circulation 

system. T hese engines have common high­

pressure fuel pumps which a re driven by the 

camshaft. 

2 The latest common-rail fuel systems have no 

camshaft, but a fuel/lubricating oil unit placed 

next tO the crankshaft, from which it is driven. 

The part of the unit containing the lubricating 

oil forces the lubricating oil t0 the exhaust 

valves under great pressure. These valves can 

be opened and closed very precisely and valve 

settings can be easily adjusted. ln this way the 

valve movement can be optimised, depending 

on, for instance engine load, RPM and type of 

fuel. 



Fuel 10 bar 

Alpha lubricator 

Servo oil 
return to sump 

From sump 

! 

The high-pressure lubricating-oil system for fuel 

Exhaust valve actuator 

Engine driven 
hydraulic pumps 

2 electrically driven pumps when the engine has stopped, 

injection and the exhaust-valve operation of has not yet started, or is non-operational. 

MAN-B&W, ME (E = 'electronic') two-stroke crosshead 

engines. The hydraulic pumps, via a distribution block with safety 

valves(to prevent an excessive build-up of the lubricating-oil 

Operation: The main lubricating-oil pumps supply lubricating pressure), supply the fuel pump hydraulic drive unit with 

oil for the piston cooling, the bearings and the other parts servo-oil at a pressure of 200 bar and the hydraulic pumps 

that require lubrication; they also feed the hydraulic system for the exhaust-valve movement. 

through a self-cleaning fine-filter. There are two kinds of ELF!: Electronic Fuel Injection control valve 

hydraulic pumps: ELVA: Electronic Exhaust Valve Actuator 

1 engine-driven pumps during normal operation and: CCU: Cylinder Control Unit 

Suction valve 

8..A 

High pressure 
h drauic oil - inlet 

CH13 > DRIVING GEARS 

Hydraulic 
cylinder unit 

Safety and 
Accumulator 
block 

EL. driven 
hydraulic pumps 

• 
With large cylinder 

diameters in the 

MAN-B&W ME engines, 

both the fuel pump, left 

picture, and the valve 

movement, right picture 

are driven by servo-oil 

under high pressure. 

Central picture: both fuel 

injectors per cylinder. 
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.. 
With large cylinder 

diameter in the 

MAN-B&W ME engines, 

both the fuel pump, left 

picture, and the valve 

movement, right picture 

are driven by servo-oil 

under high pressure. 

.. 

/ 
Injection 
pipes 

Fuel injection 
pump with 
servo piston 

Accumulator 

The operation of the high-pressure fuel pump. 

The intake/ inlet stroke. 

The plunger moves down to the bottom position and 

because the 'ELVI' valve moves downwards, the 

hydraulic oil- pressure underneath the piston which 

moves the plunger. is bled off. 

2 The hydraulic oil leaves the hydraulic-oil chamber via 

valve 3 

3 Fuel oil flows to the top of the fuel-pump plunger. 

4 'ELVI' valve is opened and the hydraulic oil discharged. 

The accumulators are supplied by the hydraulic-oil pumps . 

.. 
The operation of the high-pressure fuel pump. 

The compression stroke. 

5 The ELVl-valve is closed and the hydraulic-oil pressure 

moves the piston and consequently the fuel plunger 

upwards. 

6 The piston moves upwards. 

7 The fuel-supply valve 1s closed. 

8 The fuel is forced to the injectors under high pressure. 

white: non-pressurised fuel 

light blue: pressurised fuel 

red: pressurised hydraulic oil 

pink: non-pressurised hydraulic oil 

Electronic 
control 

Valve pump 
with servo piston 

Accumulator 



13.4 Thrust blocks and 
thrust bearings 

In ship propulsion, propeller rotation generates 

the propulsion force on the water behind the ship. 

This thrust is transferred to the propeller shaft 

which is transmitted to the ship foundation by a 

thrust bearing. 

In large two-stroke crosshead engines the propeller 

shaft and the transmission shafts are directly 

connected to the diesel engine. The thrust bearing 

is placed immediately behind the engine. This 

ensures rhat no axial forces can be exerted on the 

crankshaft. 

1111 

• 
The propeller thrust, the red arrow, is extended in this 

flexibly arranged yacht engine. 

The thrust block in the reduction gearing, mounted on the left 

of the engine, absorbs this force. 

~ 

The thrust block 

mounted on the engine 

for a two-stroke 

low-speed crosshead 

engine, manufacturer 

Wartsila Sulzer, type 

RTfLEX 96 C. 

1 crankcase engine 

2 crankcase relief valve 

3 thrust block 

4 fly/turning wheel 

5 intermediate shaft 
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~ 

The hydraulic drive for 

both the high-pressure 

fuel pump and the 

exhaust valve. 

Red: hydraulic-oil supply, 

pressure 200 bar 

blue: hydraulic-oil return 

red: above the plunger 

left: pressurised fuel to the 

injector 

right: pressurised hydraulic 

oil for the exhaust-valve 

piston 

387 



DIESEL ENGINES > PART I 

.... 
A Renk reduction gearing 

for driving a propeller with 

two engines. 

The thrust block, located at 

the end of the intermediate 

shaft, absorbs the propeller 

thrust. The thrust block has 

been adapted for 

bi-directional thrust: small 

thrust blocks have been 

fitted on both sides of the 

thrust-block flange. 

propeller shaft 

2 engine shaft 

3 thrust block 

4 thrust-block collar 

5 small thrust blocks 

6 reduction gearing 

.... 
Reduction gearing for a 

diesel engine with a lower 

positioned propeller 

shaft. 

The thrust bearing is 

mounted to the right of the 

picture. 

1 engine-drive shaft 

2 propeller shaft 

3 reduction gearing 

4 thrust bearing 
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... 
Detail drawing of the thrust block. 

1 thrust-block flange 
2 small thrust blocks 
3 thrust-block casing 

4 

4 lubricating-oil supply from the lubricating-pump gear box 

Output shaft 

... 
A gear box with a thrust block in the right side of the 

reduction gearing. 

The engine shaft and the generator shaft are equipped with a 

thrust block/thrust bearing to maintain the shaft's position. 
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~ 

An Alpha reduction 

gearing of MAN-B&W. 

The thrust block for 

absorption of the propeller 

thrust is situated to the left in 

the reduction gearing. See 

detail drawing. 

Lub oil pump 

Input shaft 

Propeller thrust bearing 

FG1002C.OS-
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A Renk thrust block, 

normally placed in the 

shaft between the 

propeller and the engine. 

The circular discs are the 

thrust blocks. 

390 

Podustc11 beanr1g senes H 

In four-stroke trunk piston engine, which arc 

normal Ir provided with a propeller ~haft driven 

reduction gear, the thrust hearings have been 

inrcgrated in the gear box. 

... 
A thrust block without top cover. 

Tl1e round notch on the circular thrust block rs pos1t1oned 

sligt1tly of1 centre: the block rs tilted at the slightest 

movement and builds up a lubncatIng oil pressure 111 the 

wedgc-st1aped gap between the thrust block collar and the 

thrust block wnich is suttic1ently t11gh to equal the thrust 

pressure . 

... 
The thrust block in a large two-stroke crosshead 

engine of Wartsila, type RTA 84 C. 

crankcase 

2 thrust-btoch local/on 

3 llylturnmg wheel 

lurnmg engine 



Principles of the thrust bearing 

... 
The thrust block of a Wartsila Sulzer RTA 96C 

two-stroke crosshead engine in the engine frame. 

The thrust block consists of a shaft with a large collar. 

The casing consists of a number of tilting pads which in a 

directly reversible diesel engine have been fitted to both sides 

of the collar. 

The pads have an elevation, the so-called pivot; this is 

placed off-centre of the pad. 

The front of the pad has been rounded so the lubricating oil 

from the collar, which runs partially in lubricating oil, is carried 

between the collar and the pad. 

The pad is pressed on to the lubricating film by the pivot. 

There is a pressure build-up in the lubricating film between 

both parts which causes the pad to slightly tilt. 

A stable condition is then achieved as the product of the 

lubricating-oil forces are balanced with the force exerted on 

the pivot by the thrust force. 

With a fluctuating thrust the equilibrium is constantly 

recreated which allows the thrust to be transmitted to the 

foundation of the ship via the thrust collar, the lubricat ing-oil 

film, the pads and the thrust-block casing. 

The angle of tilt is so small that it can not be seen with the 

naked eye (1: 1000). 

The lubricating film in the system is not interrupted, thus 

preventing metal-on-metal contact. Therefore, friction is 

negligible. 

A number of tilting pads have been placed on the other side 

of the collar for engine reversal. Obviously these tilt in the 

other direction due to the changed direction of rotation. 

The top of the loose thrust blocks often lack tilting pads, 

so the total load on the bearing surface lies below the centre 

line. Therefore, the bending moment on the bedplate is 

smaller. 

The large loose thrust blocks normally have a separate 

lubricating-oil system. If the thrust block is integrated in the 

engine or part of a reduction gearing, the lubricating-oil 

system is often used for the engine or the reduction gearing. 

' 1203-1/A1 

Drue kl ager 
6, 7 Zylinder 

D 12030 

D 12033 

1998 

Vorausk.lOtzc 

A HEAD PADS 

Ersatzteile / Spare parts 

ZwOekk.lOtze 

ASTERN PADS 

Thrust Bearing 
6, 7 Cylinder 

D 12241 
D 12242 

D 17200 
D 17206 
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The only way in which a stationary engine 

can operate is by supplying power from an 

external source. This can be realised in 

various ways, such as manually, with batteries 

or, for example, with starting air. 

Shown here is a pair of starting air valves 

for a large two-stroke crosshead engine. 

The starting air has a pressure of 25 to 

30 bars. 
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The starting system 

of a single cylinder 

four-stroke Lister diesel 

engine Category I. 

1 crank handle 

2 decompression lever 
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14.1 Introduction 

An imerna l combustion engine canno t be sta rted 

from a standstill mode. There is no process and 

consequently th ere are no working substances 

(combustion gases) present. 

Therefore the engine has ro be started with an 

externa l energy source. The energy supplied 

during sta rting the engine is used by the piston to 

compress air so fuel can be in jected im mediately 

before it reaches top dead centre position and 

the combustion process can commence. The 

compression stroke requires a considerable 

amo unt of energy. Small single- o r multiple 

cylinder eng ines can be started manually. La rger 

engines, however, requ ire far more energy. 

14.2 Starting methods 

T he fo llowing starting systems are used: 

A M anua ll y combined w ith a deco mpressio n 

lever. 

B Starting w ith a sma ll energy source, such as 

a spring mechanism o r a hydrau lic pressure 

vessel. 

C Electrical sta rt wirh a battery. 

D Sta rting wirh starting rotors, operated by 

compressed a ir, mounted o n rhe fly-wheel. 

E Air scan w ith comp ressed ai r feel co the 

fo ur stroke engines. Me thod E is o ften applied 

in large fo ur-stroke medium-speed engines and 

always in two-stroke crosshead engines. 

14.2.1 Method A: Manual start in 
combination with a 
decompression lever 

Turning a crank handle achieves a certa in number 

of revolutions in an eng ine w ith an opened 

exha ust valve; due co this the piston has no 

compression, so the crankshaft can ra pid ly atta in 

an acceptable RPM. The energy prod uced is stored 

in the fly-wheel. By operating the decompression 

lever 1,vhich closes the exhaust valve the piscon 

starts its compression stroke and the injected fuel 

ignites. T he combustion st roke w ill swi tch on the 

engine and the engine runs. 

Obvio usly, the hand-operated starting energy is 

limited, so this method is only suitable for small 

engines, with few cylinders. 

The ' decompression lever' ensures that the exhaust 

va lve re ma ins o pen during ha nd cra nking. There 

a re a lso larger engines, w hich a re, for instance, 

s ta rted elect rica lly during which time the exhaust 

valves remain o pen automaticall y and a re closed 

as soon as the c ra nksha ft has rota ted several 

t imes. 

starting-a ir valve which is mo unted d irectly o n ~ 

the cylinder. The decompression lever on the cylinder head. 

M ethods A, B, and C are o nly applied in relatively When starting the flywheel by means of a decompression 

small four-stro ke engines in category I and ll. 

M ethod D is genera ll y used in la rger high-sp eed-

lever, the exhaust valve is opened so compression cannot 

take place in the cylinder. 
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... 
An emergency generator built by Sandfirden Technics. 

Regulations stipulate that emergency generators must be 

operated by two independent starting systems, an electric 

starting system and a second independent starting system. 

Shown a second starting-system door using a windable­

spring starter. 

electric start,ng-air motor usmg a battery 

2 spring starter 

3 spring-winder handle 

4 red starting button 

14.2.2 Method B: Starting with a small 14.2.3 Method C: Electrical start with a 
energy source, such as a spring battery 
mechanism or a hydraulic pressure 
vessel This method is often applied in high-speed four-

stroke engines. Engines with a shaft po wer of o ver 

This method is often applied in life boats as a LO00 kW a re ofren started in rhis manner. The size 

manual start may no r a lways be possible in poor of rhe battery then increases accordingly. 

weather conditions. The starring energy is srored 

in a heavy spring or in a high-pressure lubrica ting- Description 
oil system srored in a starting reservoir. The batter y consists of a large number of cells 

which generate a vo ltage of 12 or 24 volt. Ar the 

As the engine is started this energy is released and starting command by a key or a button, the rotor 

the engine starts. in this system, a decompressio n of the starter ro tor is shifted and the cog wheel 

lever is a lso o ften used. on the sta rter shaft engages the gear ring on the 

fly-wheel. 

After this, the sta rter switches on automatically 

a nd the engine begins to run. When the engine 

itse lf opera tes at a certain RPM, the RPM will 

SPRINGPACK 

... 
A different type of spring 

starter. 

1 spring-winder handle 

2 starting lever 

3 bendix, pinion 

4 spring packet 
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~ 

The electric starting 

system on a Volvo Penta 

yacht engine Category I. 

starting motor 
2 generator 

3 reduction- gearing with 

shaft 

increase and when it reaches a certain rate the 

starter is switched off by resetting the rotor 

motion to null. The engine is running. The battery 

is directly charged by a diesel-engine driven 

generator. In larger installations this can also 

be performed by a charging system using mains 

electricity. 

14.2.4 Method D: Starting with starting 
rotors mounted on the fly wheel, 
which are operated by compressed 
air 

This method is increasingly used in the larger 

high-speed and medium-speed four-stroke diesel 

engines which were previously sta rted with an 

extremely large battery (high-speed) or with 

~ 

The electric starting 

motor of a 'Vetus' Deutz 

yacht engine Category I. 

starting air fed directly to the cylinder (medium­

speed). 

In the first instance, the expensive high 

maintenance batteries are no longer required, and 

in the latter, the construction of the cylinder head 

is simplified. Furthermore, while operating the 

engine when it is started for the second time, no 

relatively cold air must not enter the cylinder. This 

wave often causes cracking of the cylinder head 

where rhe starting valve is mounted. 

Larger engines with several cylinders often have 

two or more rotors in place to provide sufficient 

power for the crankshaft. The starter rorors 

resemble simple gas turbines. 

fn order to have an adequate amount of air 

available during the start large starring air 



1 Auxiliary engine 
2 Aux. starting air bottle 

Starting air 
--- Control air 

3 Starting air valve on engine 
4 Air starter motor 

Drain 

To oddit1onol engine(s) 

,---------- -~ 
T I 

I 
I 
I 
t 
I 
I 

0 

From main engine starting air bottle 
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~ 

The starting-air system of a Sulzer S20 medium-speed 

diesel engine - Category Ill. 

The engine is also available with an starting-air valve for every 

cylinder. 

Description: The diesel generator set 1 is started using an 

air starter motor 4 that drives the flywheel. This can be done 

manually using starting valve 3 in the engine. 

Starting-air bottle 2 is automatically kept at the correct 

pressure by a main compressor or an auxiliary/emergency 

compressor. 

The manual water drain prevents the slow accumulation of 

condensed waler vapour from the compressed air. The 

starting-air bottle capacity slowly decreases! 

~ 

The starting-air turbine on 

the 'flyw heel' of a 

sixteen-cylinder Wartsila 

25 SG gas engine. 

The connection of one of the 

many starting-air turbines 

that operate the fly-wheel, is 

simpler than the traditional 

starting-air valves on every 

cylinder. 

fly/turning wheel 

2 air starter motor 
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The starting-air turbine/ 

motor and the jogging 

motor mounted near the 

flywheel on a four-stroke 

MAN-B&W engine -

Category Ill. 

starting-air turbine/ 

motor 

2 e/ectnc turning motor 
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A 

The starting-air turbine/motor on a Kromhout diesel 

engine. Built 1956! 

reservoirs are used that are automatically kept 

under pressure by two sta rting air compressors. 

The pressure in the air reservoirs is approximate ly 

30 ba r. Classification Societies have laid down 

certain requirements for a ir reservoir capacities. 

O ne propulsion engine , directly reversible 

engine: the air reservoir capacity must be 

A 

A manual air stop valve for a starting-air turbine/ motor 

on a older Kromhout diesel engine - Category I. 

The lever is kept depressed until the engine starts on fuel. 

sufficient ro sta rt the en gine a t least twelve 

rimes ahead and/or aste rn in turn, w ithout 

assista nce from the starting air compressors. 

Non- reversible engines; the air reservo ir 

capacity should be suffic ient to start the engine 

a t least six times without assistance from rhe 

sta rting air compressors . 



.. 
An air-starter for Yanmar diesel engines 
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A series of rotating starting-air turbines/ motors using 

different air capacities. 

The blue section in the three cut-away starting-air turbines is 

the air section. 

, rotor with small blades on the outer surface 

2 gearbox 
3 bearing section with space for positioning the gearwheel 

4 

4 geardrive 

There are various types. Important The air discharge of the 

starting motor is designed to reduce noise emissions. 

14.2.5 Method E: Air Start with 
compressed air fed to the starting 
air valve which is mounted directly 
on the cylinder 

This system is applied in all two-stroke crosshead 

engines and frcquenrly in large four-stroke 

medium-speed engines. 

Each cylinder has an starting air valve which 

feeds air into the cylinder jusr after the T.D.C. 

position of the piston and purs the piston into a 

downwards motion. 

The ai r starr valves are opened by air sta rr control 

valves. The starting air valves open when the 

exhaust ports- or valves are shut, as the start air 

would escape withouc exerting any force on the 

piston. The sta rting air valves remain open for a 

certain number of crank degrees. This is referred 

to as rhe starting arc. So, in two-stroke engines the 

starring air arc has a maximum of approximately 

I LO crank degrees and in four-stroke engines 130 

to 140 crank degrees. As the combustion process 

of two-stroke engines is 360 crank degrees, at 

least four cylinders are required in order to start 

the engine in any piston position. Four times 110 

crank degrees = 440 crank degrees. 

In four-stroke engines the combustion process 

is 720 crank degrees, this means that at least six 

cylinders arc required to start the engine in any 

piston position. 

... 
A cut-away of an 

air-starter with rotor 

blades . 
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... 
The water cooled 

two-stage high-pressure 

starting-air compressors 

for a large two-stroke 

crosshead engine. 

They automatically keep the 

large air receivers under 

pressure. 
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... 
The starting-air valve 

mounted on the cylinder 

cover of a two-stroke 

crosshead engine of 

manufacturer Wartsila 

Sulzer type RTA 96-C -

Category IV. 

1 starting-air valve 

2 starting-air duct 

... 
The starting-air valve of a 

Wartsila Sulzer type RT 

FLEX 96 C - Category IV. 

This is an electronically 

controlled starting-air valve . 
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& 

The air receiver in four-stroke medium-speed diesel 

engines- Category II\. 

& 

The air receivers for a large two-stroke crosshead 

engine - Category IV. 

The air receivers are manufactured and installed in 

accordance with regulations. Safety is a priority when 

working on these systems at pressures of 30 bar! 

' ~ 
The starting curve of a four-stroke medium-speed The starting curve of a two-stroke low-speed 

diesel engine - Category Ill. crosshead engine - Category IV. 

The starting curve is ,n this case 113 crank degrees from the The starting curve is 100 crank degrees, beginning at the 

start at A 1 to the end of the starting a,r at A2. start at A 1 and ending at A2. 

F2 

F1 

F1 

A1 

T.D.C. B.D.C. T.D.C. B.D.C. 

F1 
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I V-en9 1ne 
--------.--4-+----------<>---~ 

08 

1 

... 
The starting-air system of a four-stroke Wartsila 38 

diesel engine - Category Ill. 

Description: a starting-air valve is mounted on every 

cylinder. In an in-line engine on all the cylinders and in a V­

engine on a bank, therefore on half the number of cylinders. 

At 301 the starting air under a pressure of maximum 30 bar 

enters the system via non-return valve 13, main starting-air 

valve 01, flame arrestors 02 and the six starting-air valves 

003 on the cylinder heads of this six-cylinder engine. 

Activation of the starting-air valves on the cylinder heads is 

controlled by the starting-air distributor 04 mounted on the 

engine camshaft ensuring that the starting-air valves only 

open during the combustion stroke. If the electric turning 

motor has engaged the flywheel, safety valve 19 ensures no 

starting air enters the system via the main starting-air valve 

01. 

f,"4 

I 24 

-_J_ -
1 

Via connection 302 the pneumatic control air is supplied to 

the control unit, to operate the waste-gate 25 and the 

bypass valve 28. 

Control unit: This comprises a ball valve 15, an air filter 06, 

an automatic drain 10, a non-return valve 13, a buffer header 

07, a stop cylinder for the high-pressure fuel pump and a 

starting-air valve 20. 

On every high-pressure fuel pump, a pneumatic stop cylinder 

is mounted ensuring that air and fuel are not supplied to the 

cylinder at the same time. The fuel-adjusting spindle on every 

pump is set to 0. 

The module in a normal starting operation supplies control air 

to the main starting-air valve 01. 

The oil mist detector 14 is also supplied with control air. 

When mist is detected, the engine speed and therefore the 

engine load is decreased. 

The entire system is electrically activated and electronically 

controlled. 
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• 
The starting-air system of a four-stroke medium-speed 

Wartsila 64 diesel engine - Category Ill. 

01 main starting valve 

02 slow turning valve 

03 pressure control for slow turning 

04 name arrestor 

05 starting-air valve in the cylinder head 

06 starting-a,r distributor 

07 starting booster for governor 

08 air filter 

09 air receiver 

10 pneumatic cylinder 

11 blocking valve on fuming gear 

12 valve for automatic water draining 

13 dra,n valve 

14 throttle valve 

15 non-return valve 

16 ball valve 

17 non-retum valve 

1 a 312 solenoid valve 

19 3/2 valve, pilot-controlled 

20 4/2 valve, pressure-controlled 

310 301 

21 bursting disc, break pressure 40 bar 

22 ball valve 

Pipe connections 

301 starting-air Inlet 30 bar 

31 o control-air inlet 30 bar (including emergency stop) 
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... 
The starting-air system of 

a medium-speed diesel 

engine of MAN-B&W, 

type L32/40. 

Every cylinder has its own 

starting-air valve and control 

valve. The control valve 

opens the starting-air valve 

for the cylinder during the 

power stroke. The fuel pump 

output is pneumatically set 

to zero, and the emergency 

stop works via this system 

as well. 

404 

K1 

Reduction 
valve 

Nonna! stop.I 
emergency stop 

14.3 Reversing the engine 

This pertains mainly to large propulsion engines 

with a fixed propeller. A fixed screw does not have 

controllable blades and therefore has to be driven 

by a directly reversible engine. 

In practice this is often applied in large two-stroke 

crosshead engines and occasionally in the larger 

four-stroke engines. The smaller rwo-stroke­

crosshead engines are often connected to an 

adjustable propeller which is also found in most 

four-stroke engines. 

In directly reversible engines the starting- and 

fuelling systems must comply with the following 

requirements. 

The engine can start on air in two rotational 

directions. 

The fuel injection must commence at the 

correct time in both directions. 

The opening and closing of the exhaust valves 

in two-stroke crosshead engines with uni flow 

scavenging must take place at the correct time. 

Safety devices must be installed in order to 

prevent dangerous situations ensuing from 

reversing the rotational direction. 

A few examples of reversing devices in diesel 

engines. 

zx 
92 

Ventilation 

--Standard 
.. Optional 

14.3.1 Example 1: Large two-stroke 
crosshead engine, 
direct reversing 

Series MC - MAN - B&W K 98 MC. 

K = short stroke piston ratio ± 2.8 

(stroke = 2660 mm) 

98 = cylinder bore in centimetres 

M = engine program 

C = camshaft controlled 

In the modern two-stroke crosshead engines of 

the t hree remaining manufacturers the reversing 

devices are fairly simple. 

The fuel cams remain in the same position as 

during the forward rotation. 

Modificat.ion of the pressure stroke of the fuel 

cams occurs by reversing the roller-end of the 

plunger pump, which is attached to a reversing 

lever, aga inst the rotation direction of the new 

position (reverse rotation) . See the detailed 

drawing of the complete starting system. 

For safety reasons, the roller-end and the lever 

mechanism are locked in this position. 
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To fuel 
valve 

testing 
unit 

valve 

25mm 

Reducing station 
4 50 665 

Starting air 
receiver 30 bor-

4 50 615 

Oil &. ~a1er 
separator 

~ ~~ I~ 

BB'ft bilge 

Starting air 
campressars:4 50 602 

to bilge 

To bilge 

A: Valve "A" is supplied with the engine 
AP: Air inlet for dry cleaning of turbocha rger 
The letters refer to "List of flanges" 

• 
The diagram of the starting-air system of a MAN-B&W 

K98 MC - C diesel engine. 

Both starting-air compressors supply air at a pressure of 

maximum 30 bar through an oil and water separator to 

two large air receivers. The receiver capacity of both is 

sufficient for twelve engine starts without starting the 

compressors. 

The connection A with a diameter of 200 mm supplies the 

starting-air valve on every cylinder. 

The connection B is fed with com~ressed air via a fine-filter 

(100µm) and reducing valve with an output pressure of 7 bar. 

This is control air for manoeuvring and operating the 

exhaust-valve air springs. 

The connection C is fed with compressed air via a fine-filter 

(1 OOµm) and reduction valve with an output pressure of 

7 bar. This is safety air for the shutdown system of the main 

engine. 

The connection AP is fed with compressed air via a 

reducttion valve with an output pressure of 10 bar and is 

used for turbocharging cleaning (soft blast), and a minor 

volume used for fuel-valve testing. 

12mm 25mm 

ZS 650 

~ 

L- -

... 
For directly reversible engines, the camshaft can be 

moved axially allowing the fuel injection to take place 

at a different t ime. The axial movement of the camshaft 

occurs hydraulically. 
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... 
Starting-air system MAN-B&W MC 98. 

The starting-air system consists of a manoeuvring console 

on the engine for emergency situations; for example, if the 

remote control from the bridge does not work or after 

maintenance for testing purposes. The starting-air valve is 

opened using control air allowing the starting air to enter the 

cylinder and the piston begins the power stroke. 

Furthermore. there is a 'slow turning valve' which allows the 

engine to slowly turnover using starting air for testing 

purposes after maintenance. 

The starting air with a maximum pressure of 30 bar is 

supplied via A. 

Main starting valve: main starting-air valve in the supply line 

to the engine. 

Slow turning valve: valve for slow engine turnover. 

Starting valve: starting-air valve on the cylinder. 

Starting-air distributor: distributes the control air to every 

starting-air valve for opening of this valve. 

Manoeuvring console: manual starting console on the 

engine. 

.C\ .R, A:R '0 BA'l 

14.3.2 Example 2: Large two-stroke 
crosshead engine, direct reversing 
- Series RTA, RTA 96 C 

In this engine series the fuel cams are a rranged in 

such a manner that they can be moved using the 

engine lubricating oil system . 

In these engines a pump block consists of two fuel 

pumps. Each cam is served by one servo-motor. 

• 

lElVICE 

MAIN STARTING 
VALVE 

OPEN 
SLOW 11..RNrNti 

VALVf. 

OPEN 

An overview of the starting-air system of the Wartsila 

RTA 96 - C diesel engine. 

Above left: cylinder head with the starting-air valve 

Above left middle: main starting valve 

Above right middle: blocking valve on the turning gear 

Above right: manual control on the engine 

Below left: starting-air distributor to operate the starting-air 

valves in the cylinder head 

::E-----------------------------------~ 

406 

s-AR' i~G A;R 30 BB 

w------------------------, 

p• 

VE~·ING 
VALVE 

22' 

2.05 

2.03 

E6 

"'"' 
210 E3 

0 , STA~1 
l-l\'f:i:'....:5:=:3•~0~4,P£..2 _____ _,._ ___ -+----------------+- - -l ,,8 ~ 

2 02 

GEAR;~G 
FOR 

AUX!LIARV 
DRIVES 

µJ 

SHR·J~G 
AIR 

~ 

~-

\59 

• •e:s :ON\ECT ,ON i$ '-OT \EEDED l~ 
cASE or SPEED C0\TR0L ~n 
ELEC•R GOvER~OR / EL£C-R AC-GATOR 



2 

1 
3 

I . . 
I I 
' . -------r·-· ----r·--

• .,,IC 

------
----

8 

5 
EB 

6 

7 

-
AL 

LE 

LF 

QT 

6 

Hl 4 > STARTING SYSTEMS O F DIESEL ENGINES 

16 14 15 

... 

... 
Starting system of the Wartsila RTA 96 - C diesel 

engine. 

main starting-air valve 

2 non-return valve 

3 control valve 

4 safety valve 

5 air bottles for control air 

6 control-air module 

7 exhaust-valve casing 

8 starting-air valve 

9 cylinder head 

10 flame plate 

11 starting-air distributor 

12 starting-air shut-off valve 

13 pneumatic control unit 

14 turning gear 

15 shut-off valve on turning gear 

16 blow-off valve on turning gear 

LE control-air connection 

AL starting-air connection 

LF air-spring connection for the exhaust valve 

QT components delivered by other suppliers 

SL air connection for stand-by and control air 

LM air for control and safety 
EW blow-off and drain 

AZ starting-air supply 

A starting-air valve in the cylinder head of a Wartsila 

~ SL RTA 96 - C low-speed two-stroke crosshead engine. 

1 cover 

2 ring 

3 piston 

4 casing 

5 pressure spring 

6 valve spindle 

7 cylinder head 

8 control valve 

SA control-air connection from control-air distributor 

SL control-air connection from contra- airline 

AL starting-air connection 

EB connection drilling for starting air 

P1 , P2 and P3 spaces 
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14.3.3 Example 3: Similar engines with 
the common-rail system -
MAN-B&W ME (electronically), 
Wartsila - Sulzer FLEX 
(electronically) 

In both makes the fuel injection is controlled 

electronically. 

As rhe gas exchange in modern engines occurs 

almost symmetrically fo r the current equal­

pressure systems, adjustment of the exhaust valve 

in both mechanically and electronically controlled 

engines is no longer required. 

Controlling the starting air is ~imple as this can 

now be electronically activated. 

\ 1,u ,le ( h,1pt r 9, I ud 1111t,1:1on s}stcm~. 





·brations an 



The governor. which is responsible for 

the correct and safe engine speed, is 

1ndespens1ble for every diesel engine. 

Shown, a Woodward governor, type EGB, 

on a four-stroke medium-speed MAN-B&W 

propulsion diesel engine running on H.F.O. 

on the passengership the "Maasdam" of the 

Holland-Amerika line. 

- ._ 
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.. 
Woodward governors on 

three six-cylinder four­

stroke medium-speed 

Wartsila 20 diesel engines 

used for gensets on the 

'Oranjeborg ' of 

Wagenborg Shipping. The 

gensets run on heavy oil. 

camshaft drive 

2 governor type 3161 
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15.1 Introduction 

Speed regulators or governors are an integral part 

of the fuel injection system in diesel engines. 

Generally, the fuel injection governor ensures that 

a diesel engine operates at a predetermined speed 

at varying loads. 

The speed tolerances are very small, especially in 

gensets which require a constant frequency. 

15.2 Summary 

Governors have the following func tions: 

fuel quantity control when the engine is 

started; 

fuel quantity control during engine idling; 

maintenance of a certain speed at fluctua ting 

loads in gensets with alterna ting power 

decreases as well as in propulsion systems with 

varying load- and weather conditions; 

ensure that the maximum number of 

revolutions is not exceeded. Exceeding the 

maximum speed may cause damage. 

15.2.1 Examples of damage 

Drive gear fractures due to impermissible high 

acceleration and/or retardation forces. 

Common damage: breakage of the connecting rod. 
The piston can collide with the inlet- and exhaust 

valves at too high a speed, as the valve springs 

cannot close the valves in time. 

If the engine torque no longer marches the torque 

required by the propeller or generator, the result 

wi ll be an angular acceleration or retardation: 

the speed airers. An adequately working governor 

will regulate the quantity of injected fuel via the 

(fuel ) adjusting spindle in order to ach ieve the 

predetermined value. 

So the governor operates in a stare of equilibrium. 

The speed of the engine continuously changes 

slightly and time the finely tuned governor 

intervenes and modifies the injected fuel quantity. 

15.3 Types of governors 

With regard to the operation, there are roughly 

three different types of governor: 

l mechanical governors; 

2 hydraulic governors; 

3 electronic governors. 

There are often combinations of all three . 



15.3.1 Mechanic governors 

These have been in use since the first steam 

engines, steam turbines and internal combustion 

engines. Today they are predominantly used 

in small engines in engine categories land II. 

This is due to tbe fact rhar they a re reliable and 

relatively inexpensive. Their operation is based on 

a principle formulated over 200 years ago by the 

renowned physicist James Watt. 

Here the centrifugal forces work on rhe rotating 

mass of che governor weights, in counter resistance 

ro the governor spring thrust. The centrifugal force 

is squared in relation to the speed. 

These systems have two different types: 

1 The springs with which the speed can he ser 

are embodied in the rotating mass. 

2 The springs are placed outside the rotating 

mass. 

Generally, one can say char the greater rhe spring 

depression, the greater the resistance and the 

higher the speed before the injected fuel quantity 

is reduced by the governor. 

Most mechanic governors operate within small 

deviations. The degree of irregularity 

amounts to between 2 and 10%, depending on the 

type of actuation and the type of engine. 

T he various parts o f the governor have different 

functio ns: 

a speed adjustment mode; 

an actual speed measurement mode; 

a comparison of the actual speed and the 

desired speed mode; 

a manner in which rhe governor modifies the 

fuel quanrity supplied to the engine; 

an engine stabilisation mode, that is, 

maintenance of a certain number of 

revolutions after the fuel quantity has been 

altered. 

Setting the speed 
The mechanic/hydraulic governors utilise a spring. 

The more pressure that is exerred on the spring, 

the higher the speed. The higher the resistance, the 

greater the quantity of fuel supplied to the engine. 

Measuring the speed 

The governor requires a force proportional to 

the speed of the engine. In mechanic/hydraulic 

governors this is supplied by the centrifugal 

forces of the fly weights, which are driven by a 

mechanical connection to the engine. 

In electronic systems this force originates from 

measuring the freq uency of a magnetic pick-up 

and a converter, which are directly linked to the 

speed of the engine. 

CH15 SPEED CONTROL 

.... 
A Bosch mechanical 

governor mounted 

directly on the block fuel 

pump rebuilt from an old, 

eight-cylinder Kromhout 

diesel engine. 

1 block fuel pump, 1n-tme 
2 manually operated 

deaeratmg pump 
3 mechanical governor 
4 speed adjusting handle; 

the engine is switched 
off 

5 minimum speed 
6 normal speed 
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Modifying the fuel supply to the engine 

The mechanic/hydraulic governors or actuators 

of electronic speed measurement usually have a 

rotating or a linear linkage, which is attached to 

the fuel adjusting spindle of the engine. When the 

governor needs to make a modification to retain 

the speed or the load, the axis is moved in the 

required direction. At a constant fuel supply the 

engine generates a certain power output. Usually, 

the governor measures the speed and adjusts the 

fuel supply which in turn modifies the power 

output. 

Fly weights 

By increasing the speed, the weights spin further 

outwards and therefore the fuel supply to the 

engine is reduced and the speed returns to its set 

Pilot valve plunger 

Oil to 
power piston 

Pilot valve bushing port 

Droop lever 

value. Obviously, the reverse also occurs. At a 

decreased speed the weights rotate inwards and 

the fuel supply to the engine is increased and the 

speed rises to its set value. Friction in the system 

produces time delays before the speed is altered. 

This is called the 'dead band', when momentarily 

nothing happens. 

Disadvantage of fly weights 

In larger engines the flying weights do not have 

sufficient force to serve the larger fuel systems. In 

o rder to operate these fuel systems, often the fuel 

adjusting spindle, an auxiliary hydraulic system 

is used. Hence the term: mechanic/hydraulic 

governor. Most mechanic/hydraulic governors and 

actuators use the governor drive to operate the 

hydraulic-oil pump. They often are gear-driven 

pumps . 

... 
Drawing showing the working principle of the 

mechanical governor. 

The entire device is driven by the engine form below. The 

governor flyweights pivot outwards exerting pressure on the 

pilot control valve, thus depressing the spring. The control 

valve, attached to the shaft regulates the oil flow to the fuel­

control piston. Engine speed lower than pre-sets the spring 

extends and forces open the pilot valve, thus causing the 

piston to allow more fuel to enter the engine. The engine 

accelerates to slightly over e pre-set speed and continues to 

running more or less at that speed . 

... 
The complete working principle showing the piston, 

spring mechanism and levers. 

Top right: the governor is connected to the fuel-control 

system. 



15.3.2 Mechanic/hydraulic governors The number of signals is dependent on the speed 

and is in practice often equal to the number of 

Here rhe adjustment forces used ro control the fuel teeths on the fly-wheel which pass the pick-up per 

pump capacity are nor directly provided by the time unit. 

measuring device, bur by a hydraulic system. Due This system is often applied in high-speed and 

to this hydraulic system extra features are added medium-speed four-stroke engines. For low-speed 

to the governor. One of the most frequently used two-stroke crosshead engines this system is coo 

hydraulic governors is the Woodward UG 8. slow and ocher systems are used 

In rhe world of governors one uses unusual terms 

such as 'speed droop' . 

Speed droop 
This is the governor function which reduces the 

governor reference speed at an increasing load. 

In many governors the extent of the droop can be 

set on the governor. 

15.3.3 Electronic speed control 

These governors are often applied in diesel engines 

in categories III and IV and also more often in 

category II. 

Apart from controlling the set speed, electronic 

governors serve numerous other purposes: 

- avoidance of excessively high speed; 

- limiting the maximum fuel supply; 

limiting the maximum scavenging air pressure; 

- controlling rhe maximum fuel quantity 

available when the engine is started; 

- controlling the actuation of a screw with, for 

instance, two engines; 

controlling the delay of, for instance, switching 

on a coupling or in general alarms. 

Operation of the electronic governor or 
digital speed governor 
The basic principle of rhe electronic governor is 

its comparison of the set speed and the actual 

speed . At a certain discrepancy between these 

values, which can be adjusted, a signal is sent co 

the 'actuator' fixed co rhe fuel adjusting spindle 

and this is adjusted until the required speed is 

achieved. 

The actual speed is measured by means of 

15.4 Examples of engine 
configurations with different 
types of governors 

Lever Speed Setting 

Pneumatic Speed Setting 

Pneumatic 
Signal 

Electronic Speed Setting 

Mil liamp Signal 
4-20 mA 

magnetic pick-ups which are often installed closely • 

to rhe fly-whee l. There are often several (rwo to Woodward governors, mechanical. 

four) pick-ups installed for various purposes. The 

pick-up sends signals ro rhe governor. Various ways to set the speed of a propulsion engine. 

First figure: mechanic transmission 

Second figure· pneumatic transmission 

Third figure: electronic control using a 4-20 milli-ampere 

control system 

CH15 > SPEED CONTROL 
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Woodward governors, 

electronic. 

An example of a propulsion 

engine with an electronic 

governor. The engine speed 

is measured elect ronically 

with a tachometer attached 

to the gear ring on the 

turning/ fly-wheel (MPU). 

The electronic control unit 

controls the actuator which 

mechanically controls the 

fuel control shaft. The speed 

can be adjusted with an 

'electronic ' control handle. 

MPU = Magnetic Pick Up 

Woodward governors, 

electronic. 

Identical system for two 

separate propulsion engines 

a single propeller each. 

The hydraulicalty controlled 

coupling in the reduction 

gearing is incorporated. 
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Electronic 
Command 

Signal 

Electronic 
Command 

Signal 

Speed 
Control 

Speed 
Control 

MPU 

Gearbox 

Gearbox 
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.... 
Woodward governor, mechanic-hydraulic. 

Dual 
Electronic 
Command 

Signal 

A single electric genset with an intrinsic load. The pre-set 

governor ensures a relatively constant RPM at various loads. 

l ..._) _______ -'--+1•I~_1_s_o1_a_te_d_ ~ 
_ load 
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.... 
Woodward governors, 

electronic. 

A system using two 

propulsion engines for a 

single propeller. The master/ 

slave system. 

Both engines are 

electronically controlled. 

The actuators are 

electronically controlled from 

the 'Speed Control' units. 

The 'Speed Control' -units 

receive data from both the 

fuel control shaft and the 

turbo -blower pressures. 

This determines engine load. 

Two revolution counters are 

mounted on the output 

shaft : MPU1 before the 

coupling and MPU 2 after 

the coupling. 

This allows a comparison 

between the outgoing shaft 

speed of the propulsion 

engine and the incoming 

shaft speed of the reduction 

gearing when the 

connection is switched off. 

This is necessary in order to 

achieve the correct engine 

speed prior to the 

engagement of the coupling . 

The connection between 

both Speed Control units 

allows a comparison 

between both loads in 

relationship to both 

propulsion engines. 

At normal speed with two 

engines the load is 

d istributed as equally as 

possible to both engines. 

One engine has a certain 

speed to which the other 

engine adjusts its speed. 
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Woodward governors, electronic. 

A system for single or multiple diesel gensets with automatic 

synchronisation of the individual sets in the utility network 

and separate load-control units. 

Apart from the speed control with a magnetic 'pick-up' which 

controls the actuator and hence the fuel control, the 

electronic load of each set is separately measured. 

Magnetic -
Pick-up 

PT. & C.T. Inputs 

Speed 
Control 

Load 
Sensor 

SPM-A 

To Other 
Units 

AGLC 

AGLC: Automatic Generator Loading Control. This system 

serves ensure that the genset safely operates at a certain 

pre-set load. 

>- - - - ------------ - -------- ---- -- - --- 2 

SPM-A: Speed and Phase Matching Synchronizer. This 

provides automatic frequency and phase control matching 

for the generator. 

This system prevents the occurrence of undesirable loads. 

~ 

The governor in the 

complete monitoring and 

control system for a 

Wiirtsilii 26 diesel engine 

Category Ill. 

The Main Control Unit can 

transmit a start/stop signal 

to the governor. The 

electronic governor has two 

pick-up systems. 
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Engine 
sensors 

Actuator 

WECS2000 
cabinet 

Main 
Control 

Unit 
(MCU) 

Relay 
Module 

First speed pickup (pulse) 

Second speed p,ckup (pulse) 

Receiver pressure 4 - 20 mA 

Fuel rack sensor 4 - 20 mA 

I 

~ 

-

,-

Located on 
enQme 

' ' 
' ' 
' ' 
' ' 
' 
' 
' ' ' 
' ' ' ' ' 
' ' ' ' ' ' ' 
' ' ' 
' ' ' 
' 
' 
' 
' ' ' 
' 
' 
' ' ' 
' 
' 
' 
' 

' ' ' 
' 
' ' 
' 
' 
' 
' 
' ' ' ' 
' 
' ' ' ' ' 
' 
' ' 
' ' ' ' 

Magnetic ---+ 
Pick-up 

P.T. & C.T. Inputs 

Speed 
Control 

Load 
Sensor 

SPM-A 

)- - - - - - - - - - -- - - - - - - - - - - - - - - - - -- - - - _, 

------- ----- ' ' ' ' ' 
' Speed ' ' 
' controller 

' ' ' 
' ' 1- - - -------- I 

- - . 

I 

Start/stop command to speed controller I 

Engine speed (4 - 20 mA) 

Turbo A speed (4 - 20 mA) . 
Turbo B speed (4 - 20 mA) 

Engine speed (pulse) (optional) . Ships 
alarm & 

Ready for start monitoring 

Start failed ·• 
system 

Common engine alarm . 
Local control mode 

Load reduction request . 
Load switch (optional) 

Speed switch 3 (optional) . 
Shut down 

Speed switch 4 (optional) 

Fuel-oil stand-by pump control (optional) 

HT water stand-by pump control (optional) . 
LT water stand-by pump control (optional) . 
Lube oil stand-by pump control (optional) 

Pre-lubricating pump control . 
Engine stop & shutdown 

RM failure . 
Oversooed alarm 
Engine running . 

AGLC 

Load 



15.5 Theoretical background of 
speed governors 

Governors are driven by the engine and control 

the injected fuel quantity in such a manner chat 

the predetermined diesel engine speed remains 

within strict margins. One could say chat a 

governor controls the energy quantity, in the form 

of fuel chat is supplied co the engine. 

In principle each governor comprises a number of 

basic components: 

1 speed set-up mode; 

2 obtaining an actual speed reading; 

3 modifying the actual speed co the set speed; 

4 controlling the fuel supply quantity co the 

diesel engine; 

5 stabilising the speed after fuel supply 

alterations. 

Ad 1: Setting the required speed 

Modern governors have advanced systems to set 

the speed. These compensate frequently occurring 

operating conditions in order to maintain the 

desired the speed. 

Ad 2: Governor must receive a signal of the diesel 

engine speed 

In mechanic-hydraulic governors chis cakes place 

with the centrifugal forces of the fly weights, 

which can be rotated by system of linkages that 

are connected to the diesel engine. 

In electronic governors chis signal is produced by 

measuring the frequency with a magnetic pick-up, 

converter or generator which is directly related co 

the speed of the diesel engine. 

The frequency is subsequently converted into an 

electrical force which is maqe avaiJable for the 

adjustab le direction of the fuel. In both instances 

the force increases as the engine speed increases. 

Ad 3: Tuning the actual speed and the desired 

speed 

The 'force' of the required speed and che 'force' 

of the actual speed are totalled. The desired speed 

is a force in one direction and the actual speed is 

an opposing force. When these opposing forces 

are balanced, there is no change in the engine fuel 

supply and the speed remains constant. 

If the force of the desired speed exceeds the force 

of the actual speed, the governor wi ll increase the 

fuel supply to the engine. This is a lso applied when 

the force of the desired speed is lower than the 

force of the actual speed. Tn mechanic-hydraulic 

governors this difference in forces is absorbed by 

the so-called thrust block or thrust bearing. L1 
electronic governors these forces are totalled in the 

so-called summing point. 

Ad 4: Means of controlling the fuel supply to the 

diesel engine 

The mechanic-hydraulic governors usually have a 

rotating linear linkage which is connected co the 

fuel system of the diesel engine. In order to alcer 

the speed, the linkage, and therefore the control 

rod which is connected co the shaft linkage in the 

governor, is shifted. 

Ad 5: Means of stabilising the diesel engine speed 

Stabilisation can be achieved in various ways, but 

all systems have a feed-back system which exerts 

pressure on the thrust bearing or summing point. 

Speed, shaft power and load 
These terms are often randomly used where 

governors are concerned. 

The governor controls the fuel supply to the 

engine in order to maintain a constant speed o r 

engine load. 

CH15 > SPEED CONTROL 
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15.5.1 Basic principle of a hydraulic/ 
mechanic governor 

Droop lever 

A 

Working principle of the mechanic/ hydraulic governor. 

Flyweights are mounted on the shaft, which is connected to 

the camshaft of the engine via a gear transmission. When the 

engine speed is increased, the fly-weigrts pivot outwards 

around their shaft against a predetermined force set for the 

spring. 

Next, a control valve moves downward and allows hydraulic 

oil to enter the piston under pressure. The top of the piston is 

provided with compression spring. The hydraulic-oil pressure 

causes piston movement against the compression spring 

which subsequently moves a fuel-control rod attached to the 

high-pressure fuel pumps. 

" 
An example of the droop. 

r 
61,8 HZ 

(1236 RPM) 

'S 
Q) 
Q) 

a. 
~ 60,0 HZ N 
J: (1200 RPM) 
c 
Q) 

(!) 

0 25 50 75 100 

Load (%) -

1236-1200 
Here the droop is----- x 100% = 3%. 

1200 

Droop formula: 

Unloaded full-loaded 
engine speed engine speed 

% droop = ----------­
full-loaded engine speed 

15.5.2 Droop 

This term is frequently applied in relation ro 

governors. Droop is a system which prevents 

excessive fluctuation of the speed around the set 

point. This is ca lled ' hunting'. 

Droop ensures that the engine maintains a stable 

speed in spite of fluctuating loads. 

15.5.3 Actuators or operating mechanisms 

Each governor must exert a certain pressure on 

the fuel adjusting spindle of the high-pressure 

fuel pumps in o rder to contro l the fu el supply. 

The angle of actuation is a lso important. D ata 

with regard to governors always state for which 

type of engine they are suita ble. lnformation such 

as output and shaft travel, however, is also of 

significance. 

A 

An UG-3 Woodward governor on a medium-speed 

four-stroke engine ofMAN-B&W type 27-38. 

A 

Detail of the UG-3 Woodward governor with the 

'Speed droop' and 'Speed Setting ' settings. 



SPECIFICATIONS 

Governor Drive Standard drive is 5/8-36 (inch) serrated. 
Drive shafts are available with 0. 187 inch-wide keyways and threaded 
castle nut to carry gear. 

Drive Speeds and Requirements Maximum speed range of 375 to 1500 rpm. 
Recommended constant speed operating range of 1000 to 1500 rpm. 
Requires 970 W (1.3 hp) at normal speed and operating temperature. 
Rotation clockwise or counterclockwise. 

Work Output 7.1 N·m (5.2 lb-ft) for the UG-5. 7 
13.2 N·m (9. 7 lb-ft) for the UG-8 
15.9 N·m (11.7 lb-ft) for the UG-10 

PRl'-l[ MOVER 
StOP 

PRIME MOVlR 
STOP 

Terminal Shaft 

Linkage 

Steady State Speed Band 

Variable Speed Range 

Droop 

Ballhead/Drive Configuration 

Operating Temperature 

Pilot Valve Plunger Movement 
Pilot Valve Bushing 
Pilot Valve Porting 

0 

---FULl GOVERNOR TRI..V[L -- 71 r--:-- PRIIA[ IAOV[R STOP ~ 

I I NO LOAD FULL LOAD I I 

100'1: 

A OV[RTRAV[L TO INSURE PRIIAE MOVER STOPS ARE REACHED. 
8 NO LOAD TO FULL LOAD TRAV( - N0R'4ALL Y 2/3 Of" FULL 

GOVERNOR TRAVEL IS RECOIAMENDED. 

C TRAVEi FIEOUIRCO TO ACCELERA lE THE PRl'4[ MOVER 

D TRAVEL R[OUIREO TO DECH[RAIE OR SHU! DOWN 
PRIME MOVER .,.,.,~"" 

OIi 09 01 .... 

0.500 inch diameter, SAE-36 serrations. May extend from either or both 
sides of the governor. 
Shafts designed for specific applications are available. 

The relationship between engine torque output and governor terminal 
shaft travel should be linear (very important for gas or dual fuel engines). 

±0.25% of rated speed 

375 to 1500 rpm 

Adjustable on the dial governor from O to 12.5% at 1500 rpm and from O 
to 19% at 1000 rpm 
Adjustable on the lever governor from Oto 26.5% at 1500 rpm and from 
o to 40% at 1000 rpm 
All droop figures are based on 42° of terminal shaft travel. If less than 
full shaft travel is utilized, available droop will be decreased by the same 
percentage as is output shaft travel. 

A spring-driven, oil-damped ballhead and flexible drive is often used to 
dampen the high-frequency, low-amplitude torsional vibration which may 
be present in the drive to the governor. 
Ballheads are also available in undamped natural frequencies of: none, 
50, 70, 100, or 150 cpm. 

Gas-fueled engines, particularly those used on gas pipelines, often have 
not operated at optimum efficiency because automated controls to 
maintain that peak condition have not been readily available. 
Balanced between ballhead centrifugal force and speeder spring force. 
Rotated as an integral part of governor drive shaft. 
A selection of chopper, 2 slotted or 8 round. Chopper gives slow 
response in acceleration. 
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... 
Data of a Woodward 

governor type UGI 

UG-5. 7, UG-8 and UG- 9. 

Apart from the speed range, 

the mechanical stops for the 

output shaft travel to the 

fuel-control shaft and the 

forces they may exert on the 

control shaft are important. 

The droop is also provided. 

Furthermore, the operating 

principle of the governor. 

... ... 
A Woodward UG-40 

governor with an actuator 

4 on a 16 VM 32 C 

Caterpillar-MAK diesel 

engine . 

... 
Installing a governor on 

the mechanical drive for 

the diesel engine. 
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A 

A Wartsila 20 medium-speed four-stroke engine 

running on H.F.O. with a Woodward 3161 governor. 

A 

A Woodward PG - governor on a Ruston 20 RK 270 

high-speed four-stroke diesel engine running on M.D.O. 

for a high-speed catamaran of Trasmediterranea. 

A 

An UG-40 Woodward governor on a Caterpillar-MAK 

diesel engine. 

A 

The fuel control position. See arrow. 
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15.5.4 Examples of mechanic/ 
hydraulic governors 
with 'droop' 

Basic compensated mechanical covernor with droop 

8 Speed adjusting screw 

_£_ 
0 

1 Flyweight 

7 Speed droop lever 

= 
3 Thrust bearing l 

Increase 

5 Composition 
needle valve 

Increase 11 Terminal 

shaft 

Engine 

9 Servo 

Flyweights 
2 Speeder spring 

A 

N 

- Sense prime move speed. 
- Force for desired speed. 

12 3 Thrust bearing - Sum of actual speed and desired speed, 

• 

6 Pilot valve 
control land 

10 Drive gear 
To sump 

13 oil pump 

Mechanical governor with 'droop' . 

i 
oil 

supply 

The d iagram above shows a mechanical governor for 

an electric generator d riven by a diesel engine. 

Flyweights, the core of the mechanical governor, react to 

engine speed. 

2 Speed springs provide the force for the required RPM. 

3 Thrust block gives the actual engine speed and the 

required engine speed. 

4 Buffer springs compensate the hydraulic systems. 

5 Needle valve ensures the smooth running of the system. 

6 Control valve, controls the oil flow to the piston 

7 'Droop' lever. 

droop and force from compensation land. 
4 Buffer springs - Sets gain of hydraulic circuits. 
5 Needle valve - Stabilize prime mover. 
6 Pilot valve - Controls flow of oil to servo piston. 

control land 
7 Speed droop - Feed back from servo piston to 

lever speeder spring for droop. 
8 Speed adjusting - Set desired speed. 

screw 
9 Servo piston - Force to move terminal shaft. 
10 Drive gear - Connected to engine to rmate pilot 

valve bushing and ballhead. 
14 Pressure 11 Terminal shaft - Rotational output of actuator 

regulator to move linkage. 
12 Compensation - Transmits force diff. to thrust bearing 

land to assist in return of pilot valve to 
center when fuel correction is made. 

13 Oil pump - Provides pressurized oil. 
14 Pressure - Regulates pressure of oil from pump. 

regulator 

a Speed adjusting screw. Sets the required speed. 

9 Piston. This drives the shaft towards the actuator. 

1 o Drive gear. This is connected to the diesel engine and 

drives the mechanical part of the governor connected to 

the flyweights. 

11 Output shaft of the actuator, drives the fuel control for 

the high-pressure fuel pumps. 

12 Compensation piston transmits the force divergence to 

the thrust block in order to assist the control valve (6) to 

return to its original position when a sufficient amount of 

fuel has been delivered to the high-pressure fuel pumps. 

13 Oil pump provides. oil pressure. 

14 Spring-loaded overflow valve ensures a constant oil 

pressure. 
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EG ACTUATOR 

SIGNAL FROM 
ELECTRONIC 
GOVERNOR 

+ ---'--- ----

LEVEL 
ADJUSTMENT 

TORQUE 
MOTOR -ti- - - -~ 
BEAM 

I ___ _J 

I 

LOCATION OF 
PRESSURE 

REGULATING 
VALVE 

L _ ___ _ 

A 

FILTER 

TO COLUMN 
ACCESSORIES 

SUMP - - -
MODE INDICATOR 

PRESSURE S½'ITCH 
(OPTIONAL) 

SUMP 

A Woodward governor, PG-EG-version with electronic 

governor/actuator. 

Flyweights control valve are opened. This governor has no 

'select' setting, either manually, elec:rically or pneumatically. 

Light blue: d ischarge oil to sump 

Red: oil pressure 

Brown: intermediate oil pressure 

Light brown: control oil pressure 

Purple: bleed pressure 

Cyclamen: 100 PSI, constant pressure 

The flyweights (mechanical) and the electronic governors 

(with actuators) operate continually, each for their required 

fuel supply. 

~ES TORI NC-
/ LEVER "-, 

./ 

---- -----
SPEED SETTING 

' PG 
BALLHEAD 

c:=J suMP 

RANGE 
ADJ. 

0 

- PUMP PRESSURE 

SJMP 

POWER 
P'S TON 

- INTERMEDIATE PRESSURE 

CONTROL PRESSURE 

- BLEED PRESSURE 

- REGULA TEO 100 PSI PRESSURE 

PUMP 
PRESSURE 

356-510 
92-5-8 J~ 
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p G- E G WI TH MODE SELECT VALVE 

e SHOWN AT STEADY STATE CONTROLLING ON PG (BALLHEAD) 

EG ACTUATOR 

r -
SIGNAL FROM + 

ELECTRIC 
GOVERNOR 

LE VEL ADJUSTMENT -

• 

TORQUE 
MOTOR BEAM 

ORIFICE 

CONTROL VALVE 
(MANUAL.ELECTRIC 

OR PNEUMA TlC) 

L 

TO COLUMN 
ACCESSORIES 

- -

A Woodward governor, PG-EG with mode selection 

switch, shown here controlled with flyweights. 

The control valve can be set to manual, electrical or 

pneumatic control. 

- - / 

I 

_ SUMP j 

MODE 
SELECT BLOCK 

- - ~ RANGE -- ------ ADJ. 
0 • 

RESTORING 
LEVER 

/ 0 - ---
SPEED SETTING 

' 

SUMP 

-

PG 
BALLHEAD 

~SUMP 

~~~~ 

SUMP 

POWER 
PISTON 

O t lNCREASE 

SERVO 
OUTPUT 

- PUMP PRESSURE 

- INTER MEDIA TE PRESSURE 

c::J CONTROL PRESSURE 

PUMP 
PRESSURE 

366-519 
94_q_11 ANM 
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~ 

A large MAN-B&W four­

stroke medium-speed 

diesel engine in 

V-arrangement. The 

governor, (to the left of 

the stairs), is significant in 

ensuring that large 

engines such as these 

operate safely. See arrow. 



fuel-line systems :Vibrations and 



One of the world 's largest private sailing ships "the Athena" was built 

by Royal Huisman, Vollenhove, The Netherlands. 

These enormous yachts have elaborate technical installations. 

In this instance two Caterpillar 3516 propulsion engines of 1472 kW 

and a large genset of 870 kW. 
Today, the requirements with regard to noise (damping) on ships are 

very strict. 

The same is applied to the reduction of vibrations. 

Customers of these great yachts are very demanding regarding to 

noise and vibration reduction. 

This forms a tremendous challenge for specialised companies! 
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16.1 Introduction 

Diesel engines produce a large amount of noise. 

o ise pollution is a nuisance and can be da maging 

to health for humans and animals. Excessive 

sound levels in a working environment can 

negatively affect an employee's well-being and 

result in a loss of productivity. 

Measures ensuing from the guidelines pertaining 

to environmental and legal requirements reduce 

sound levels to acceptable levels. These are valid 

for the surroundings of a diesel engine, which is 

co say, in the immediate vicinity of a diesel power 

plant. 

Anyone working with diesel engines should have 

proper hearing protection. 

Working on or in the vicinity of extremely highly 

loaded modern diesel engines, with consequently 

16.2 Origin of noise in diesel 
engines 

Diesel engines operate on the principle of internal 

combustion. Tn the cyl inder above the piston 

combustion processes continuously take place 

with a high freq uency. In this process, the pressure 

development of, for instance, a four-stroke 

engine throughout the course of the inlet/intake, 

compression, power and exha ust strokes fluctuates 

rapidly. These pressure wa ves generate enormous 

amounts of noise. 

high load numbers, which are operating at full l' 

load can be very unpleasant, despite the use of An example of a MAN-B&W 6 L 80 MC Mk 5 

protective gear. Working near or on an operational two-stroke crosshead engine. MCR = 20,580 kW at 

diesel engine should be avoided when possible. 93 rev/min. 

l' sound of exhaust gases 

Three sources of engine noise. 2 sound carried by the engine-room air 
3 sound carried by the constructions 

Exhaust gas noises: this is especially important in the 

vicinity of the accommodation. Noise abatement, by 

good silencers in the exhaust-gas ducting. 

2 The sound carried by the air in the engine room, 

particularly important in the engine room itself. Noise 

abatement, by good sound proofing of the engine room. 

3 The sound transmitted through the construction, 

particularly important with regard to the ship's 

accommodation. Noise abatement. by vibration proof 

arrangement of the diesel engine. 

Accom­
modation 

t Funnel top 

~ 
Exhaust gas 
pulsations 

Bridge 
wing 

2a high efficiency blower 

2b conventional blower 

horizontally in the diagram: frequency in Hertz 

vertically in the diagram: sound procuction in dB (A) 

The highest sound production is carried by the air in the 

engine room. Obviously, adequate soundproofing is 

absolutely imperative! 

dB 
130 7'-.'7r-~-.~r"''=i==:=rP.ml 

Maximum 

Average 

40 -1-_,_,,.,.,_,,__,..,,,'-",,,,__...._~=...J_-I--~ 
31 ,5 63 125 250 500 1k 2k 4k Bk Hz 

Centre frequencies of octave bands 

dB(A) 

A 

Maxi 
2b 
Average 

- 1 . Exhaust gas noise - distance 15 metres (re 2 x 1 

Tank top 

- 2. Airborne noise - average and maximum (re 2 x 1 
a: High efficiency turbocharger I b: Conventional turbocharger 

- 3. Structure-borne noise - engine foundation, vertical (re 5 x 1 



16.2.1 Sound 

Sound is a physical phenomenon. 

One can distinguish two aspects: 

1 the pitch or frequency, denoted in Hertz; 

2 the volume, the level. 

- The sound output level is denoted in Watts. 

- The sound pressure level is denoted in N per 

m2 = Pa. 

Difference in sound levels are expressed in 

decibel, dB. 

16.2.2 Weighting filters 

The human ear with respect to frequency is 'non 

linear' and 'level dependent'. This means that the 

ear is nor equally sensitive to both low and high 

frequencies. Generally, one can say that the human 

ear is less sensitive ro tones less rhan 1000 Hz and 

this sensitivity decreases as the frequency drops. 

The human ear becomes also increasingly less 

sensitive to tones exceeding 6000 Hz. 

Both frequencies are affected by the sound level. 

The lower the sound level, the less sensitive the 

ear is to frequencies within the 1000 to 6000 

Hz range and, obviously, outside this range. This 

is why the so-ca lled weighting filters have been 

chosen, such as A-, B-, C-, D- and 

NR-filrers. 

The A filter is the standard filter for industrial 

noise. If the volume of this sound is measured by 

an operational A filter, the sound level is expressed 

in dB (A ). 

Possible effects during or after brief 
exposure to sound 

These may vary considerably, from for instance, 

shock, increased heart rate, dizzy spells. 

Furthermore, speech impediments, decreased 

memory capacity, irritability and fatigue are 

possible side effects. 

Long-term effects 

Amongst others, high blood pressure, heart 

disease, ulcers and dizziness. Temporary and/or 

permanent hearing loss. 

Legislation 
The most important article in relation to 

noise issues is article 179a of the Factories or 

Workplaces Safety Decree (IMO). 

CH16 > NOISE, ORIGIN AND DAMPING 

Article 179a stipulates that machinery, the work 

place and the activities carried out should not 

produce harmful sound levels, unless such cannot 

reasonably be prevented. At present, the limit is 

the equivalent of 85 dB (A). 

According to the law noise abatement sho uld 

occur at the source as much as possible. 

Protection 
From a sound level of 80 dB (A) hearing 

protection equipment should be provided by the 

employer and at a sound level of 90 dB (A), usage 

is compulsory. 

What is allowable during work? 
For a working day of eigh t hours a maximum 

sound pressure level of Lp (A)= 85 dB (A) 

measured at the working place. With every 

3 dB increase th e sound level is doubled and the 

fo llowin g rule applies 

Sound pressure level I Expose to sound 

80 dB(A) 8 hour 

83 dB(A) 4 hour 

86 dB(A) 2 hour 

89 dB(A) 1 hour 

92 dB(A) 30 min 

95 dB(A) 15min 

98 dB{A) 8min 

101 dB(A) 4min 

104 dB{A) 2min 

107 dB(A) 1 min 

110 dB(A) 30 sec 

The 120 dB (A) level is known as the 'pai11 

threshold'. 

Work spaces 
Machinery spaces (continuously manned'") 
Machinery spaces (not continuously manned .. ) 
Machinery control rooms 
Workshops 
Unspecified work spaces*' 

Navigation spaces 
Navigation bridge and chartrooms 
Listening posts, including navigation bridge 

wings and windows 
Radio rooms (with radio equipment operating 

but not producing audio signals) 
Radar rooms 

Accommodation spaces 

dB(A) 

90 
110 
75 
85 
90 

65 

70 

60 
65 

Cabins and hospital 60 
Mess rooms 65 
Recreation rooms 65 
Open recreation areas 75 
Offices 65 

•· Ear protectors should be used when the noise level ,s above 
85 dB(A). and no individual's daily exposure duration should 
exceed four hours continuously or eight hours in total. 

Comment 

Hearing loss is always 

permanent! 

.. 
A summary table of areas 

on a ship indicating the 

maximum sound levels in 

dB(A). 

Requirements by the 

IMO - the International 

Maritime Organisation. 
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A survey of the sound 

level found at a certain 

distance from the source. 

Shown here is the 

exhaust of t he diesel 

engine above the bridge 

on the funnel deck. 

As a rule of thumb, with a 

doubling of the distance 

from the source of noise, 

the sound level is reduced 

by 6 dB (A), a significant 

difference! 
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4<::11: 

:~ 
-~ 

100 

120 

~ ··~ -

p 100 

~ ~ 

500 1000 

Frequency Hz 

Sound level - far field law 

\ I 
V 

\/ 

5000 10000 

Sound level at distance R2 compared to distance R, : 

Reference sound intensity 
Sound intensity level (dB) at R1 

Area of sphere 
Sound intensity at R2 

I = 10·12 W/m2 

L, = 10 x 10910 (1/IJ 
A= 4 nR2 

12 = I, X (R/R.)2 

... 
Environment noise production at various frequencies. 

horizontally: frequency in Hertz 

vertically: sound levels in dB (A) 

Diesel engines are found in the upper section of the graph 

between 100 and 120 dB (A). 

16.3 Sound transmission paths 

It is important ro establish through which paths 

sound is transmitted to the receiver. There are two 

paths: 

airborne noise, sound which is transmitted 

th rough the air; 

impact sound, sound is transmitted by 

constructions such as engine bed plates, pipes 

and casings. 

Rigid 'couplings' between a source of sound 

(vibration) and, for instance, a casing may even 

amplify che sound; the construction behaves as 

an amplifier. These sound transmissions can be 

measured. 

Sound level at R2 ½ = L, - 20 X 10910 (R/ R,) 

In general, the sound level will be reduced 
by 6 dB for each doubling of the distance 
from the noise source. 

Bridge wing 

Spherical 
propagati 



16.4 Silencers for diesel engines 
- Choosing a silencer 

There are many different versions. For two-

CH1 6 > NOISE, ORIGIN AND DAMPING 

dB Attenuation 

40 ,---,---,---,----,-- - -,----,----,----, 

and four-st roke engines, for insta nce, these are 30 

explosion-proof silencers with spark arrest ers and 

baffles for the different frequencies generated by 

engines. 

Note 

Exhaust systems o f combustion engines are 

subjected ro pulsations and other forms of 

vibrations. For this reason, the entire exhaust 

system is mo unted vibration free using suita ble 

vibratio n insulators. 

16.4.1 How do silencers work? 

The following principles apply: 

Adsorption silencers and throttle silencers. The 

gases flow along sound absorbent materials 

such as no n-flamma ble mineral woo l which 

signi fica ntly reduce the sound levels. These are 

suitable fo r frequencies between 150 and 5000 

Hz but cannot be the fi rst silencer in the exha ust 

system. 

Reflection silencers. The silencer is constructed is 

such a manner that the sound is reflected inside 

the silencer and not carried out via the exhaust. 

The sound waves created inside the silencer cancel 

out each ocher and therefore the sound decrea ses. 

It is often the first silencer in an exhaust system. 

The vario us silencer types are often combined. 

t 
. . . . . 
. 
.. . 

3 

. <D 
@ 

t 

. 

@ . 
. 

. 

. 
. 

4) 

A conventional 

absorption silencer 

for a two-stroke 

crosshead engine . 

1 exhaust gas manifold 

2 non-flammable mineral 

wool 

3 holes-pipe 

4 steel outer wall 

10 

0 +---+---+----+----+----+-- - -+----+----; 
31.5 63 125 250 500 1k 2k 

Centre frequencies of octave bands 

A 

A good example of sound reduction in a silencer at 

various frequencies. Approximately 25 to 30 dB (A) at 

500 to 1000 Hz is viable. 

Silencers that are a combination of both principles 

are often used. 

16.4.2 Interiors of sound silencers 

Sound in a silencer is reduced to levels so that the 

sound produced by the diesel power plant o r ship 

does not exceed the legally established level, as 

measured outside the engine. 

The sound emitted by the diesel engines travels 

into the exhaust-gas manifold and enters the 

silencer; it is first led th rough the expansio n 

chamber, where low-frequency impulse sounds 

are eliminated. Then the gases flow into the 

absorption section where the remaining medium­

and high frequency sounds are dampened by 

special sound a bsorbent materials. 

Materials 
The casing and expansion sectio n are often 

manufactured from carbo n steel w ith a thickness 

of at least 3 mm. The a bsorption section contains 

sound-absorbing, non-inflammable mineral wool 

o f various densities. 

Model selection 
Using a chart o f the mass flow in kilograms per 

ho ur and the temperature of the exhaust gases, the 

volume flow in m3 per hour can be determined. 

In a following chart, the correct model can be 

chosen by intersecting the p ressure loss (horizontal 

line) and the discha rge (vertica l line). 

ln the last table the weights and measurements o f 

the models are given. 

4k 8k Hz 

Horizontally: Sound 

frequency Hertz 

Vertically: The decrease of 

sound in dB with a sound 

silencer 
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16.6 Turbo-blower noise 

The first prerequisite in order to increase the 

power output of diesel engines is the increase of 

the air supply for the combustion process. More 

air means more fuel can be injected and therefore 

more power can be generated. The supply of a 

sufficient amount of air co the cylinder in a short 

time-span through the inlet valves, in the case 

of a four-stroke engine, and the inlet ports in 

the case of two-stroke engines, requires a higher 

turbo-blower air pressure. The compression rate, 

of the centrifugal compressor of the turbo-blower, 

has increased throughout the years from 2 to 

Improvements that have been introduced by 
turbo-blower manufacturers 
The improvement of the compressor wheel and 

the diffuser reduce sound at its source. A si lencer 

consisting of an absorption- and a resonance 

section is fitted in the_compressor exhaust outlet 

and significantly reduces the sound output. 

In this way, noise levels have been reduced to 

approximately 95dB (A). 

16. 7 Sound levels in diesel 
engines 

approximately 4.5. The turbo-blower capacity, the Examples of engine manufacturers. 

'flow', has also increased considerably. 

Sound measurement around the turbo-blowers of 

large two-stroke crosshead engines show values of 

110 dB (A) at full load; at a slightly lower power 

output they can still be as high as 105 dB (A). 

16.7.1 Example 1 - Wartsila 38 A diesel 
engine, a category Ill 

On passenger ships comfort is vital and therefore 

the noise levels of large four-stroke propulsion 

engines are kept co a minimum. On cargo ships, 

the sound levels are kept as low as possible for the 

crew's comfort . 

Measurements are taken using a specific method; 

in this instance one metre from the engine at the 

same height as the cylinder heads. 

... 
The sound levels on the 

top floor near the cylinder 

heads and blowers of a 

two-stroke crosshead 

engine. 

All measurements lie 

between 100 and 

108dB (A). 

I I I I I I I I 
-0-0-0 -0 -0 -0 -0 -

Gas Receiver 
Turbocharger 2 Turbocharger 1 

106- - 108 108- - 103 

104 107 108 105 
107 106 107 106 106 105 

sound pressure level / dB(A) 

Measurements show that sounds does not remain 

in the turbo-blower only, but is carried to the inlet 

manifold and the air cooler. These sections may 

even reinforce the sound . 

... 
The same engine. The 

noise levels are measured 

at the air-inlet manifold 

and at both air coolers. 

This is the reason that the 

sound carried from the 

blower is boosted to a 

maximum of 113 dB (A). 

I I I I I I I I 
-0 -0 -0-0-0 -0 -0 -

108 

109 

Air Receiver 
Cooler 2 

0 112 

111 112 

109 

Cooler 1 
108 

0 112 

111 112 

sound pressure level / dB(A} 
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Air borne sound 

8 measuring points, dB(A) re 2. 10-5 N/m2 at 1 meter from the 
Engine and at cylinder height. 

Air borne sound power level L,, (dB re 1.10-12 W). 

2 3 L,, [dB] 

130 ~---------------,.---~ 

4 
110 

90 +---+---+--+---+--f---+--+----1 
31.5 63 125 250 500 1k 2k 4k Bk 

B 6 5 
Center frequencies of octave bands [Hz] 

Inlet air sound Exhaust sound 

Unsilenced inlet air sound power level Unsilenced exhaust sound power level 
L. = 1 0 log P/ Po dB (re Po = 1 o-12w) after the turbocharger. L,, = 10 log P/ Po dB (re Po = 10-'2w) after the turbocharger. 

L.[dB] L,, [dB] 

140 -,-----,-----,.--,------,-----,.-------, 150-,-- ....,.-- --,-- ---r---,--,---,----,-~ 

120 

90 +---+---+--+---+--f---+-- +----i 100 +---+---+--+---+--f---+--+----1 
31.5 63 125 250 500 1k 2k 4k Bk 31.5 63 125 250 500 1k 2k 4k 

Center frequencies of octave bands [Hz] Center frequencies of octave bands [Hz] 

Structure borne sound 

L. [dB] 

110 -,-----,---.--.---r-:----,-----,.--.--

Average vibration velocity level L,, of the four corners of 
the eingine foundation flange in three directions. 
Reverence level v0 = 5.1 o·• m/s. 

i=l 
L,, = 10 log --- [dB] 

n 

70 +---+---+-- +--- +-- -+---+--+--~ 
31.5 63 125 250 500 1k 2k 4k 

Center frequencies of octave bands [Hz] 

• 
Example of a Wartsila 3BA diesel engine, 

category Ill. 

Top left: measurement location; shown here the sound 

production lies between 100 and1 10 dB (A). 

Top right: sound production in dB (A) and frequency in kHz, 

k = Kilohertz. 

Bk 

middle: sound production of the turbo-blower, a tremendous 

sound producer! 

Left: an air inlet that is not soundproof. 

Right: an exhaust that is not soundproof. Both produce high 

noise levels. 

Bottom right: sound produced in three directions towards the 

bed plate measured at the four corners of the bed plate. 

Bk 
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dB dB(A) 

140 -,---:-.-- -----.---,--.------,-:=---,----r---, 

50--+-':C.......:-=-ll=-=-__,_,=___,_+.:..:'------+--..:s.i-:::..:::..-1--- -+--- ---< 

31,5 63 125 250 500 1 k 2k 4k 8k Hz 

Centre frequencies of octave bands 

THE FEET FOR SUPPORTING THE 
- --"----SIL ENCER CAN BE WELDED ON THE 

SUIT LOCAL REQU IREMENTS 

------!----EXHAUST GAS SILENCER 

------!---SLIDING SUPPORT 

12K98MC 
6K98MC 

FI XED POINT SUPPORT 

EXHAUST EXPANSION BELLOW 

DRAIN 
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16.7.2 Example 2- MAN-B&W K 98 MC, 
the second largest crosshead 
engine, engine category IV 

The silencers for these engines are usually based 

on the abso rption principle and are installed 

after the exhaust-gas boiler. T he gas velocity is 

approximately 35m/sec. 

The sound levels of the exhaust gas t hat is 

discharged on the bridge wing may not exceed 60 

to 70 dB (A) . 

This is achieved using a relatively simple silencer. 

The pressure drop of th is type of silencer is 

approximately 200 millimetres water colum n at 

M.C.R. power output . 

.... 
The sound in the exhaust-gas system of a two-stroke 

crosshead engine from MAN-B&W for the six-and 

twelve cylinder K 98 MC models. 

Shown here, an average of 105 and120 dB {A). The 

frequency is approximately 500 Hz. 

16.8 Examples of the engine 
arrangement with silencers 

16.8.1 Example 1 - MAN-B&W V 40/50 

A medium-speed four-stroke diesel engine -

engine category ID. 

.... 
An engine alignment with a silencer. 

As shown here, one can appreciate the huge exhaust system 

dimensions in comparison to the engine when an exhaust­

gas boiler and a silencer are installed. Three exhaust-gas 

compensators absorb the expansion and contraction of the 

pipes due to temperature fluctuations. 



16.8.2 Example 2 - Arrangement of a 
complete exhaust gas system with 
two Discom silencers 

... 

Fixed suspension 

Thermical insulation 

Mounting bows 

Manifold/silencer 

Insulation 

The flexible suspension of 

the exhaust-gas manifold 

of a Wartsila 38 A diesel 

engine, category Ill. 
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... 
A flexible suspension of 

the Discom silencer. 

It is important that vibrations 

are not transmitted to the 

structures around the 

exhaust gases manifolds. 

The arrangement of a 

complete exhaust-gas 

system with two Discom 

silencers. 

Apart from the correct type 

of silencers, the flanges, the 

flexible sections and the rain 

cover are essential in order 

to obtain an adequate 

overall system . 
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... 
An inventory of silencers 

at Discern. 

In the foreground small 

silencers with spark 

arresters (1). 
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The combustion process above the piston produces 
vibration which are difficult to combat. These vibrations 

are generated by the pressures which fluctuate 

constantly during the proces. 
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The main causes of 

vibrations. 

As shown in the flow 

diagram, the left side can 

be solved simply when 

evaluating the main causes 

of vibrations in an internal 

combustion engine. 

- The vibrations caused 

by the rotating masses 

are vibrations in the first 

harmonic order. 

The symptoms are 

excitation/vibration and 

bending of the block/ 

frame. 

- The vibrations of the 

oscillating masses, 

such as the piston 

movement, are complex 

and in the lowest, first 

and second harmonic 

order. 

The symptoms are 

vibration, bending and 

torsion of the block/ 

frame. 

- The vibrations caused 

by the changing 

pressure in the cylinder 

have all the harmonic 

orders, also the half 

orders. 

The symptoms are 

torsion generated by the 

deflections and 

excitations/vibrations in 

the engine. 

This is a complex and 

not simply solvable 

problem. 

444 

17 .1 Introduction 

Running diesel engines a re potential so urces of 

vibrations. 

Around an operating diesel engine free forces 

and moments are generated, which can produce 

vibratio ns. 

Jn ship propulsion, the ship is construc ted in 

such a rnanner that vibrations travel to the ship's 

structure via the engine bedplate. Jn a diesel power 

plant the vibrations can cause the entire building 

to shake as vibrations travel from the engine via 

the bedpla te to the whole structure. This sho uld be 

avoided where possible. 

Torsional vibrations a re generated in the 

crankshaft and the outgoing shafts. The 

fluctuating gas forces over the piston can produce 

axial vibrations in the crankshaft and the outgoing 

shafts. 

When designing a new diesel engine rype, much 

consideration is given to vibrations and their 

absorption by mounting vibration dampers on 

the crankshaft. In order to reduce vibration 

transmittance to the bedplate and consequently 

the environment, engines in specifically categories 

I and U are mounted on flexible elements. This is 

frequently used in ca tegory ITT engines. 

All crosshead engines, category IV, are fixed to the 

bed plate. 

Ship's propellers also generate vibrations and these 

can be reinforced in combination w ith certain 

types of diesel engines. 

This could be due to the number of propeller 

blades and number of cylinders used in the 

propulsion engine . 

In heavy seas, it is possible for the stern protrude 

out of the water and subsequently fo r the hull 

to slam against the waves, so producing heavy 

vibrat ions in the hull. In shipping terminology this 

.is called slamming, a result o f heavy pitch ing. 

17.2 Main causes of vibration 

There are three sources of vibrations . 

1 Torsional vibrations in the driving sha fts , 

especia lly in low-sp eed two-stroke crosshead 

engines. 

The d iesel engine torque changes constantly 

during the combustion process for two-stroke 

or the four-stroke cycles. 

As o pposed to the steam and gas turbines, 

w hich have a constant torque a t a constant 

load. 

The c ranks of the cra nkshaft a re also 

positioned a t a certain angle of each o ther. 

The posit ion of these cranks is dependent on 

the combustion process and the number of 

engine cylinders. 

2 AxiaJ vibrations in the driving shafts, such 

as the crankshaft, the thrust block, the 

intermediate sha fts and the prope ller shaft. 

These vibrations originate from the radial 

loads generated from th e gas forces and the 

acceleration forces in the individual cylinders 

as well as the axial forces exerted on the 

propeller. 

3 Bending vibrations caused by misalignment of 

the intermediate shafts and the propeller shaft. 

These deform by compression and tension 

forces and take the shape of the ship. This is 

referred to as hogging or sagging . 

The main excitations 
of a combustion engine 

a, 
~ :s 
0 
fl) 

Simple 

+ + 
Mass forces Combustion forces 

I l • + 
Rotating masses 

Oscillating masses Cylinder pressure (imbalance) 

l l 
• Vibrations at the first • Vibrations at the lowest • All harmonic orders, including 

harmonic order first and second harmonic half orders 
• Vibration and bending of order • Symptoms are torsion generated 

the block/frame • Bending and torsion of by the deflections and excitations/ 
the block/frame vibrations on the engine 

'-------- ~ 
Complex 
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17 .3 Resonance 

The complete driving system consisting of the 

crankshaft, intermediate shafts and the propeUer 

shaft form, together with the pistons, and 

connecting rods, an elastic system that is subjected 

ro rorsional vibrations caused by the continuously 

changing torque exerted on the driving gears and 

cranks. 

This can produce dangerous vibrations, which can 

1 Gas forces 
The combustion process produces constantly 

changing pressures over the piston, and in two­

stroke crosshead engines the pressures at the 

bottom of the piston in the scavenging-air space 

may also vary slightly. 

This results in a downward force on the piston, 

which is equal to the pressure difference on the 

piston multiplied by the piston surface. 

result in crankshaft breakage (torsional break). 2 Inertia forces 
This can occur due to resonance, when one of the 

elastic system's vibration frequencies matches the 

frequency of one of the moments that generates a 

vibration. 

Resonance 
Vibrations of large amplitude produced by a 

Consisting of reciprocating forces due tO the 

motion of the piston and the upper part of the 

connecting rod and centrifugal forces generated by 

the rotating crankshaft and the lower part of the 

connecting rod. 

3 Mass forces 

relatively small vibrations near the same frequency The rotating motion of the crankshaft and 

as the natural frequency of the ship. The large reciprocating movement of the piston with the 

amplitude vibration can lead to material fatigue connecting rod in four-stroke engines; and the 

which will result in breakage. connecting rod, crosshead and piston rod in two­

stroke crosshead engines, produce acceleration 

torque leadi11g to mass forces. 

17.4 Forces exerted on 
the driving gear and 
engine block 

The following are distinguished: 

J gas forces; 

2 inertia forces; 

3 mass forces. 

Crankshaft 
The rotating crankshaft generates centrifugal 

forces which a re equal for every crank. 

F c = centrifuga I force 

mR = mass rotating crankshaft 

co = angular velocity of the cra nkshaft 

r = distance from the centroid to the axis of 

l' rotation 

A broken crankshaft. 

The crank web is transversely torn. The lubricating oil drilling 

is clearly visible. Vibrations can cause every shaft to break. 

The large vibrations cause material fatigue followed by 

breakage. 

The centroids of all these rotating engine parts 

are situated at varying distances from the axis of 

rotation, the centre line of the crankshaft. Simply, 

the rotating masses are replaced by imaginary 

masses with a crank radius equal to r from the 

crankshaft centre line on which inertia forces 

identical to the original are exerted. 

The masses of the drive gears play a part in the 

tangential force diagram and the load of the 

crosshead, crankpin and the crankshaft bearings. 

The value of these forces can be calculated as 

follows. 

F = m x g 

F = mass force 

m = mass of part 

g = acceleration of gravity/gravi tional constant. 
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In low-speed two-stroke crosshead engines the 

acceleration forces which work on the rotating 

mass are between 10 and 25 times higher than 

the weight of the rotating mass. 

In a medium-speed engine these are 75 ro 

100 times higher and for a high-speed engine 

they are negligible. 

This is the reason that the loads of, fo r instance, 

bearings in engine categories I, II and Ill are not 

included. 

17.5 Principle of an internal 
combustion engine 

The fo llowing can be stated for a crankshaft and 

connected reciprocating piston in a cylinder: 

the crankshaft rotates, as do the camshaft(s) 

and the gear train connecting them. 

the pisron moves between the rop dead centre 

position (T.D.C.), and the bottom dead centre 

position (B.D.C.) where it comes ro a complete 

standsti ll! 

... 
The forces exerted by gas 

pressures in a running 

engine. 

Designation: 

F N = guide force 

a = distance from the heart 

of the crosshead to the 

heart of the crankshaft 

Fr = tangential force 

r = crank radius 

a = travelled crank angle 

• Exhaust gas 

Scavenge air 

Lub. oil 

• Jacket water 

a 

Between these two positions the pisron accelerates 

and decelerates continually, as does the connecting 

rod in a four-stroke engine or in a two-stroke 

c rosshead engine, the connecting rod, the 

c rosshead with guide shoes and rhe pisron rod. 

The accelerating and decelerating forces can be 

very high, depending on the number of crankshaft 

revolutions and the masses of the reciprocating 

parts. 

Therefore the piston is designed to be as light as 

possible. 

17 .6 Forces in a two-stroke 
crosshead engine 

The following forces and moments occur: 

1 tilt ing moment FN x a 

2 turning moment FT x R 

3 force exerted o n the piston Fr 

4 force exerted on rhe cylinder cover F H = F P 

5 acceleration force FA of the reciprocating parts 

6 centrifugal force Fe of the rotating parts 

,, ~ 
// 

y 
() 

u 

~' 

/;' 
;:,.,. r; 

6-

0 
u 
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SSOMC-C 
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Acceleration force Fa 
The accelerating force Fa is linea r and g ives 

momentum to various parts in the engine, such 

as the piston, piston rod, crosshead and part of 

the connecting rod, from the T.D.C. to the B.D.C. 

position. 

This acceleration a, can be established with a 

formula (not deduced): 

R 
a = ro2 x R x cos a + - x ro2 x R x cos 2 a . 

L 

In which: 

R = crank radius 

L = con necting-rod length 

a = travel through the crank angle 

The acceleration force FA can a lso be established 

with the formula (not deduced}: 

FA = masspans x a = massparts x ro2 x Rx cos a + 
R 

masspam x L x ro2 x Rx cos 2a 

Forces exerted on the piston and the 

cylinder cover 
Generally, these are usually of the same magnitude 

and opposing. Resolution of the piston force in 

the centre of the crosshead produces a force in the 

connecting rod, F0 and a horizontal force, FN, on 

rhe crosshead guide. 

In a four-stroke trunk-piston engine this piston 

fo rce is resolved in the cemre line of the gudgeon 

pin and FN, becomes the force in the piston skirt. 

Vertical accelerating and inertia forces are a lso 

active in the engine frame. 

The piston force is partia ll y used for the 

accelera tion force FA to provide momentum for 

the moving parts. A force of FP - FA remains as the 

tangential force and rhe guide f?rce. So this force 

is exerted in the direction of the engine bedplate. 

The force FH is larger than the force Fr - FA, so the 

engine has the tendency to move upwards. This 

force is not balanced in the engine and is therefore 

referred to as a free force. 

So, during deceleration of the moving parts, a 

17. 7 Tangential force diagram 

The c rank-connecting rod mechanism of the diesel 

engine is loaded with a force Fr on the gudgeon 

pin in a four-stroke engine and with a force Fr on 

the top of the piston rod in a two-stroke engine. 

The pressure on the piston varies considerably 

and as a consequence the force F P also changes 

constantly. 

Calculations show that F tangential is 

approximately equal to F piston. 

T he development of these tangentia l forces can be 

observed in a diagram, w ith a length which is the 

circumference of the crank circle 2 x 7t x R. 

F piston skirt 

F connecting rod 

Crankshaft F tangent,al 

F connecting rod 

free force, directed downwards is generated. As • 

these free forces fluctuate periodically, the diesel The gas force FP exerted on the piston results in force 

engine tends to bounce up and down, thus causing Fe acting on the connecting rod and force FN, acting 

vibrations in the diesel engine and the ship via rhe on the piston skirt. 

bed plate . 

This connecting-rod force Fe when exerted on the crankpin 

results in a tangential force FT and a radial force FR· 

As the gas force exerted on the piston changes constantly, 

all the other forces also constantly change in magnitude. 

By the ever-changing piston position and so the crank, the 

direction of the tangential force also continually changes. 
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... 
Tangential diagrams. 

above: tangential force 

diagram for a six-cylinder 

four-stroke engine 

below: tangential force 

diagram for a six-cylinder 

two-stroke engine 

Wrth both only the positive 

tangential forces are shown. 

Noticeable is that the 

tangential force in the 

two-stroke engine varies 

less than in the four-stroke 

engine. 
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• 
A tangential-force diagram for a two-stroke crosshead 

engine. 

Left, the indicator chart or banana and right the crank circle. 

In these diagrams, one works with pressures not forces. 

The crank MA is in a random position at an angle a and with 

the vertical axis (here shown shaft horizontal line MC). 

AM = crank length 

AC = connecting rod length 

At crank position A 1 the connecting rod length AC is circled 

and cuts the horizontal line of the diagram at C1. 

At crank position A2 the connecting rod length AC Is circled 

and cuts the horizontal line of the diagram at C2. 

Line x is the reaction of the mass forces translated to 

60° 

Six-cylinder four-stroke engine 

oo 60° 

Six-cylinder two-stroke engine 

120° 

120° 

180° 

180° 

pressure. Above the zero line of the operating diagram, the 

mass forces are assisting: below, they are counteractive. 

Measuring the crosshead pressure from the working diagram 

at crank position A1/C1 and plotting them on the extension 

ofMA1. 

A line is dropped between point B and the connecting rod 

A1-C1. 

Angle ~- between the connecting rod A 1-C1 and the 

'vertical' MC Is placed left of the perpendicular line BC and 

PT, the tangential pressure is found. This can be found for 

every crankshaft position. 

In crank position A2 the tangential pressure Is directed 

upward and so exerts a negative pressure on the shaft. 

240° 300° 360° 

position of the crank -

240° 300° 360° 

position of the crank -
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Tangential forces in a twelve cylinder two-stroke engine 

- Cyl 1 - Cyl 9 - Cyl 11 - Cyl 4 - Cyl 3- Cyl 8 - Cyl 10 Cyl 6- Cyl 2 - Cyl 7 Cyl 12 - Cyl 5 Sum 

0 

Crank angle 

Deceleration and acceleration rates 
The deceleration and acceleration rates and 

therefore the divergence from the mean angular 

velocity (read RPM) will decrease when, the mass 

inertia moment of the rotating parts, such as the 

crankshaft, cam-shaft, cog wheels, fly-wheel and 

coupling shafts, increases. This is the reason for 

mounting the fly-wheel on the crankshaft. 

A sing le-cylinder diesel engine has a rather 

irregular angular veloc ity and therefore requires a 

' thick' fly-wheel. The more cylinders an engine has 

the thinner and lighter the fly-wheel. 

In, for instance, an eighteen cylinder V-engine it is 

a thin d isc, intended to start the engine and turn it 

during repairs. 

T he statement that an engine does not have a 

constant angular velocity ffi i~ only partially 

correct. 

17 .8 Vibrations in engine frame 
and propeller shaft 

Introduct ion 
Construction of the c rankshaft in a diesel engine is 

a complex matter. 

The shaft has a complicated shape and it is 

the refore difficult to meticulously calculate the 

material tensions as a result of the torque exerted 

on the cranks. Moreover, additional material 

tensions may occur when the shaft vibrates. 

Three types of vibrations can be distinguished: 

1 Longitudinal vibrations, where the masses 

connected to the shaft periodically shift in 

relation to each other in the direction of the 

shaft. 

2 Bending vibrations, where the masses 

connected to the shaft periodically shjft in the 

direction perpendicular to the centre of the 

shaft. 

3 Torsional vibrations, where the masses 

connected to the shaft periodica lly execute 

rotating movements around the centre 

of the shaft. This rotational vibration is 

superimposed on the normal rotation of the 

shaft. In this case, parts of t he shaft positioned 

between the vibrating masses are torsion­

loaded. 

Each crankshaft, including rhe connecting 

shaft is to a larger or lesser extent subject to 

these vibrations; by means of the appropriate 

instruments the diffe rent vibration forms can be 

distinguished and subsequently registered. 

For most types of diesel engines the torsional 

vibrations pose the most serious problems. 

Therefore much attention is paid to this form of 

vibration. 

Apart from the crankshaft, vibrations occur in the 

entire engine frame. These vibrations produced by 

crosshead guide forces are divided into parallel, 

H-vibrations and/or X-vibrations. 

Torsional vibrations originate from the fact that 

the torque exerted to the various cranks in the 

engine is nor constant and varies considerably in 

amplitude. 

... 
The tangential forces 

in a twelve-cylinder 

two-stroke engine, 

a Wii.rtsilii. RTA 96 C. 

The ignition sequence is 

shown in the figure above: 

1-9-1 1-4-3-8-10-6-2-7-12-5 

Horizontal: One revolution 

of the crankshaft and so one 

process in the two-stroke 

engine. 

Every cylinder has a different 

colour and one line is equal 

to one complete revolution 

and shows the tangential 

force at that moment. 

The blue line above in the 

figure is the sum of all 

tangential forces at that 

specific point. 

Because of the large number 

of cylinders, this line could 

be called regular. 

Vertical: 

Above the zero line 'positive' 

tangential force - directed 

downward. 

Below the zero line 

'negative' tangential force -

directed upward. 
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The assembly of the shafting parts with the 

cranksha ft, intermediate shafts and the propeller 

shaft forms with the connected masses, such as the 

cranks, pistons and rods and crossheads, fly-wheel 

and pro peller, an elastic torque system that can 

vibrate rorsionally, as a result of the constantly 

changing torque on the cranks. Dangerous 

vibration conditions may ensue with resona nce, 

which means that one o f the natu ral vibration 

frequencies of the elastic system corresponds 

with the frequency of the vibration generating 

moments. The vibration amplitudes can increase 

significantly resulting in tension in the shaft 

material. A fa tigue break can result &om the extra 

load of the shaft. 

" The natural vibration frequency of a torsional vibration 

system. 

An external moment T is exerted on the disk mass through 

which turns the disk over an angle q> (rad) from the middle 

position. The shaft is then loaded with a twisting tension and 

the following is valid: 

<P = T · I / ( G · IJ 

Where G is the shear modulus of the shaft material, the 

factor: c = G · IP / I is shaft rigidity. 

As will be demonstrated below, these resona nce 

conditions occur at specific rotational velocities of 

the cranksha ft. Ir is therefore sometimes necessary 

to avoid o perating in one or more velocity areas. 

Furthermore, investigations are conducted to 

deduce which means a nd processes avert rhe 

production of intensive to rsional vibrations, and 

rhe resulting material tensions. 

The natural vibration frequency of a torsional 

vibration system 
The natural vibration frequem:y of a Lur~ional 

vibration system is determined by different facto rs. 

The simplest system consists of one mass, with a 

low mass inertia moment J, attached to rhe end of 

a shaft with length 1, and a diameter of which the 

polar inertia moment is equal to lr-

The shaft exerts a counter-moment on the disk with a 

magnitude of: 

-T = - <P . (G. V I) 

If the external moment suddenly ceases, only the counter­

moment will exert a force on the disk. The disk then has an 

angle acceleration ~-

The movement comparison is then: 

T = - q> • (G · V I) = J · q> or: J · q> + (G · V I) · q> = 0 

divided by J gives: ~ + q> • (G · IP / I · J) 

This differential comparison is solved using the Laplace 

equation: 

s2 • q> + q> · (G · V I · J) =0 

s2 + (G · V I · J) = 0 

s2 = - (G · V I · J) 

s = ± j · J (G · IP/ I · J) 

So valid for reverse transformation standard: s = ± j · oo 

So the solution is co = -J (G · IP / I · J) and this is called the 

natural circle frequency oo •. 

Often referred to as shaft natural vibration number and is: 

The vibration frequency is: 

n
0 

= 1 /{21t) · v (G · V I · J) 

From the last formula it follows that a larger rigidity of the 

shaft leads to a higher natural vibration frequency; increasing 

the mass-inertia moment leads to a decrease in frequency. 

The amplitude of the vibration is not important for this 

calculation. 



The natural vibration frequency of a shaft 
with two masses 

... 
Torsional vibration system with two masses. 

In the figure a shaft with a mass mounted on bo:h ends is 

shown. When these masses are twisted in relation to each 

other, torsion occurs in the shaft, and thereby a ::ounter­

moment. With the release of the masses a free vibration 

occurs. The deflections of both masses are constantly 

contrary to one another. One shaft section will remain static. 

This section is referred to as the node of the vibration 

system. 

At the node position, the shaft can be clamped in such a way 

that it does not influence the vibration. For both shaft 

sections, the formula for a shaft with a single mass applies as 

both sections have a vibration with the same frequency. 

Therefore the following is valid: 

1 /(2it) · ..J (G · IP1 / I · J1) = 1 /(2it) · ..J (G · IP2 / I · J2) 

The calculation gives: 

The natural vibration frequency for a shaft 
with three masses 

... 
Torsional vibration system with 3 masses. 

A similar system can take different vibration modes: 

a Mass 1 and 2 move opposite to mass 3; there is one 

shaft cross-section, the node. At rest, the node is 

positioned, in the example, between the masses 2 and 3. 

The natural vibration frequency for this vibration mode is 

referred to as being in the ) st degree. 

b Masses 1 and 3 move opposite to mass 2 and a node In 

both shaft sections occurs. The natural vibration 

frequency belonging to these vibration modes is higher 

than that of a vibration with one node and the frequency 

is referred to as being in the 2nd degree. 

The following relationship is again valid: 

n. 1 = 0001 /2ro en n02 = 0002 /2ro 

Therefore: 

w01 
2 = (p + q)/2 - ..; ( ((p + q)/2)2 - r) 

000/ = (p + q)/2 + ..J ( ((p + q)/2)2 - r) 

In these comparisons: 

P = (G · 1/f,) · ((J1 + J2)/(J1 · J2)) 

q = (G · 1.,11,) · ((J, + Js)/(J, . Js)) 

r = (G . 1/ /(11 . 12) . ((J1 + J2 + J:i)/(J, . J2 . J:i}) 

From this follows: n0 1< ne2 
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J, 

(j) 

t 

J , 

K 
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Here the following applies: x = I + r - I cos <p - r 
cos 0. 

To eliminate <p cons ider tha r 

BB' = r sin 0 = I sin <p, so sin T sin 0. As generally 

sin 2 a+ cos2 a= I a nd therefore 

cos a= ,J1 - sin 2 a becomes cos <p = ~1 - ~ sin2 0. 

The calculation is exact to this point. Ho wever, 
we will now apply an approach which is genera lly 
used for standard ratios for rand I. 

r 
Let's assume 1 = J,., = cra nk - connecting rod ratio 

l I x = r · ( I + - - cos 0 - - · Vl - '.V · sin2 0) A A 
V l - A2 • sin2 0 is according to Mc Laurin resolved 
as: 

I I ( I - A2 · sin2 0)'" = 1 - 2A2 sin 2 0 - 8 A 4 • sin4 0 - ... 

The first terms usual ly suffice. 

So: ( I - A2 · sin2 0 )½ = 1 - ~A2 sin2 0. 
2 

I 
As sin2 0 = 2 ( J - cos 2 0 ) it follows tha t: 

A "A. x = r · ( I + - - cos 0 - - · cos 2 0) 4 4 

it then follows ~! = w is the piston velocity y 

dx dx de "A. . v = - = - · - = r · w (sin 0 + - sm 2 0) de d0 dr 2 
and the acceleration of rhe piston 

dv 
a = - = r · w2 r · (cos 0 + )... cos 2 0). dt 

The revealed expression for a is significa nt 
in studying piston engine dynamics. 
On the basis o f the equations for v and a, graphs 
can be drawn of v and a , as a functio n of rime, or 
of the crank angle 0. 

Crank - connecting rod mechanism 

Sx = r (J - cos a) + L ( I - ~ I - ~: si 11
2 a) 

. /, - r~ sin2 a developed by means of V L-

Vl - x 2 Taylor or Mc Laurin? 

r r r x = - sin2 a -t - - ~ x ~ - -t so aro und O! L L L 
()... is currently 0.3 or 0.4, d epending on the engine 
stroke. ) 

Developed by applying Mc La urin! 

f'(O) f" (0) 
2 f(x) = f(O) + l!x + 2!x ... 

f(x) = ~ -t (J- x 2)'-> 

f' (x) = 2. (1- x2)"1 
• (-2x) = -x( l- x2)"'1 

2 

f(O) = I 

f' (O) = 0 

f" (x) = 2. · 2. (1- x2)-'1• · 2x + (-2) · 2. ( 1- x 2J-h 
2 2 2 f" (0 ) =-1 

Complete! 

I ] f(x) = 1 + 0~ - - x2 .. . so y l - x 2 "' 1 - 2x 2 

A d ~ l r 2 . 2 ·1 I r 2 . 2 n - - S Iil Cl. "' - - • - SIil Cl.. (_2 2 (_2 

Therefore: 

r 2 
S, = r(l - cos a)+ 

2
L sin2 a. 

Forces exerted on a crankpin bearing. 
Jn order to obtain a clear picture of the fo rces 
exerted on the crank-pin bearing, it is assumed 
that t he positio n o f the pisron during rhe power 
stroke is fa irl y random. 

F piston skirt 

F connecting rod 

F crankp1n bearing 

F crankp1n 

F connecting rod 

& 

Forces exerted on a crankpin bearing. 
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The force on the piston is resolved into a 

force exerted on the connecting rod FCR and a 

horizontal force on the piston skirt and therefore 

the cylinder liner. 

The rotating part of the connecting rod is placed 

in the heart of the crankpin. 

The rotating force on this point is located on a 

line drawn through the heart of the crankshaft 

and the heart of the crankpin. 

As FCR is known, FR and FKPL can be either 

compiled or calculated. 

So, the force on the crankpin bearing is opposite 

to the force on the crankpin and is at an angle y 

with the connecting rod and this force is at an 

angle y as shown in the polar load diagram for a 

crankpin bearing. 

The force FcP is subsequently used to establ ish 

the force in the main-shaft bearing. Here, it is 

of importance to remember that the force Fer is 

distributed over the bearings at both sides of the 

crank webs! This should also be applied ro the 

mass forces. 

ln order to determine the resultant moment, the 

forces are shifted ro a so-called moment plane. 

Generally, the forces wi ll not produce a resultant 

moment, as most engines are homogeneous with 

respect to the masses and the crankshafr is usually 

centrally symmetric. The moments vary, but by 

drawing them in the centre of the crank and 

subsequently compiling them their moments can 

be determined. 

Here the following sign convention is used: for 

cylinders in front of the moment's plane, the 

moment vector is in line with the crank; for 

cylinders behind the moment plane, the moment 

vecror is opposed tO the crank. This is applied ro 

both the primary and the secondary crank centre. 

If a considerable resultant moment remai11s, the 

reduction of the value of the resultant moment 

ro a minimum can be attempted by adjusting the 

combustion sequence. 

It should be remembered that optimum 

combustion sequence may give balancing 

problems with regard to torsion vibrations, 

bearing load and X and H moments which are 

exerted on the bedplate. The manufacturer should 

decide what is best given a certain situation. 

Following are examples for establishing the 

resultant moment. 

/--~ 

6 30 y 4 

30 

/ 
30 \ 

I 
/ 18 18 I 

3 ~ --5____ 

~-/ 
2 

bearing 

2 3 4 5 6 

• 
Drawing showing the 

moments in the crank 

centre and calculating 

the results. 

Example: six-cylinder 

two-stroke B&W 

6 

2 

5 
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... 
Polar load charts of the 

crankpin bearings of a 

two-stroke (left) and a 

four-stroke engine (right). 

... 
A polar-load chart of a 

main-shaft bearing for a 

medium-speed four­

stroke diesel engine of 

Wartsila, a Sulzer 

Z-40/48. 
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Polar load diagrams 

Two stroke Four stroke 10 

10 

20 

0 

Power 

T.D.C. cyl. 2 

17.9 Degree of cyclic irregularity 

Formula is: 

Wp=0.5xJxro2 

WP= power surplus provided by the combustion 

process 

J = collective mass inertia moment of all the 

rotating parts 

ro = angular velocity 

20 

Power 

0 

0 

180 

360 
I 

40 

Compression 

Compression 

270 

80 120 MPa 

From the formula it follows that: The fly-wheel 

may get lighter as the angular velocity ro increases, 

the so-called power surplus Wp, or the power 

shortfall is smaller. 

The power surplus or shortfall can be reduced 

by distributing the capacity over more cylinders 

and ensuring that the angles between the 

corresponding cranks remain identical. 
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Example 

Five-cylinder two-stroke engine: 

360° 
angles -

5
- = 72°. 

Five-cylinder four-stroke engine: 

720° 
angles -

5
- = 144°. 

The requirements with respect to the degree of 

cycl ic irregularity are dependent on the apparatus 

driven by the engine. 

Example 

An al ternaror: 
1 1 w -(J) . 

0 = -- tot -- = max mm. 
200 300 (J)gem 

A water pump: 

1 1 
o=-tot-. 

50 100 

17 .10 Balancing diesel engines 

Balancing engines is a matter of balancing the 

various forces and moments which are generated 

by an operating engine. 

This is a complicated matter and the balancing 

of piston-driven engines can only be partially 

realised. It is simpler in a rotating machine such 

as a steam or gas turbine, an electromotor or the 

electrical genset for a centrifugal pump! 

17.11 Resultant forces and 
moments in the engine 
block 

Gas forces lntertia forces due to lntertia forces due to superimposed 

constant crank speed harmonic varying crank speed 

a, = wt (torsional vibration) 

a2 = wt + l3sin (r,wt + <p,) 

C 

M, -

s· 

+ 

G + G' + ~ - G";d, plaoe 

C 
a -- M + M' + M' M" 

F~' +G+G' +G' 

Main bearing 

G" 

M"= -rF" 

M, : Rotating mass 

M0 : Reciprocating mass 

: Crank radius 

~ 

The resulting forces and 

moments in the engine 

block of a two-stroke 

crosshead engine. 

S, S1 and S11 : Connecting­

rod forces acting on the 

crosshead , equal to the 

connecting-rod force acting 

on the crankpin, equal to the 

force acting on the main­

shaft bearings. 

M , M1 , M11 and M111 : Torque 

on the main-shaft bearings 

from combustion pressure 

forces and inertia forces. 

T and R: S, S1 and S11 : At 

the crankpin, these are the 

sum of the radial component 

R and a tangential 

component T. 

Resulting forces on the 

engine frame in vertical 

direction C, F', F11 and Fv' "· 

Resulting forces on the 

engine frame in horizontal 

direction C and FH111 . 

Resulting moment on the 

engine frame M + M' + M11 

= I X (G + G' + G11). 
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A servomotor-driven 

compensator. 

This is special vibration 

damper designed to reduce 

longitudinal ship vibrations 

in, amongst others, the 

superstructure. 

The damper is designed to 

level out first and second 

order v1brat1ons. 

This damper is positioned 

aft, mostly in the steering­

engine room as the 

vibrations are the largest 

here and so the effects are 

maximal. 

... 
The counterweights on 

the chain wheels in a 

MAN-B&W two-stroke 

crosshead engine. 

counterweights 
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A: AC Servomotor 
B: Gear wheels 
C: Flyweights 

17.12 External forces and 
moments 

The entire ship forms a mass-elastic system with 

a natural vibration frequency and generated 

vibra tions. The horizontal and ve rtical bending 

moments of the hull construction and the 

corresponding natural (vibration) frequencies can 

be calculated. Calculating vibrations of four, five 

or more orders requires complicated software. 

Vibrations of two or three orders are easier to 

establish. Tn practice, the external forces for all 

MAN-B&W engines can be assumed to be zero, 

as their value is very low. Normally external 

moments of the first and second order are 

important. 

17 .12.1 Balancing the engine 

Moments of the first-order work in a vertical as 

well as a horizontal direction. 

With {the appl ication of) MAN-B&W standard 

balancing these moments are of equal magnitude. 

Moments of the second order only work in the 

vertical plane. 

Procedures for four-, five- and six-cylinder engines 

should be considered. 

In order to assess the extent of the external 

moments, the so-called Power Related Unbalance 

(PRU) system is applied. 

The following applies to four-cylinder engines: 

standard, adjustable counter weights; 

option, a compensator for the moments of the 

first-order. 

Resonance between the vertical moment and the 

second order o f the vertical hull construction is 

often critical, whilst the resonance between the 

horizontal moment and the second order of the 

horizontal hull construction normally occurs at 

engine speeds h igher than average. 



... 
The graph shows the connection between the shaft 

power and the vibrations of the first and second order. 

horizontal: number cylinders = shaft power 

vertical : Power-related unbalance in Nm/kW 

Power-related unbalance = 
External moments in Nm 
----- --- = Nm/kW 

shaft power in kW 

white columns: torsional vibrations of the first order 

blue columns: torsional vibrations of the second order 

Clearly shown is that mostly the four-, five- and six-cylinder 

engines are unbalanced. 

The large moments are clearly present. 

17.12.2 Adjustable counterweights 

Four-cylinder engines are equipped with adjusrable 

counter weights as standard. 

These counterweights considerably reduce the 

vertical moments. With the use of this method, no 

problems should be expected with the resonance 

of the second order of vertical hull constructions. 

In exceptional cases, when the first-order moments 

generate a resonance at a normal engine speed in 

both the vertical and horizonral second order of 

the vertical hull constructio!1, a first-order moment 

compensator can be insta lled. This is fitted in the 

chain-tensioning wheel and reduces the horizontal 

first-o rder moment to an accepta ble magnitude. 

The compensaror contains two counter weights 

which rotate a t the same rate as the engine (two­

stroke principle). 

As the resonance of the vertical as well as the 

horizontal hull shapes rarely occur, standard 

engine designs do not have these installed. 

... 
Adjustable counterweights for compensating 1st order 

external moments. 

Nm/kW 

300 

200 

100 
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According to 1st and 2nd order external moments in layout point L, 

90-50 90-50 

90-50 

D 1st order 

D 2nd order l 
Compensator most likely 

r 
Compensator likely 

Compensator unlikely 

Compensator not relevant 

300 

200 

100 

O_..L.____1___1___1.J_.J_J...-...L-LI.---1.---1.1-.....i......__J.__1_-1..L9_0~-8-0.....c::=::i....9~0~-8~0;._ _ __..I __ ____1_ 0 

4 5 

L_ 
M1V~ 

M1H 

MW~ 

M1H 

MW~ 

M1H 

6 7 8 9 10 

Standard balancing 

Main 
counterweight 

Balancing giving 

reduced M1V 

~ --.-' Cjj" I ,, 

Balancing giving 

reduced M1H 

11 12 Cylinder Numbers 

Adjustable 
counterweights 
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Resonance between the vertical moment of the 

second-, third- , fourth- and fifth-degree vibrations 

of the hull construction occur at normal engine 

speeds. A compensator of the second order can be 

fitted on four-, five-, and six-cylinder engines to 

reduce this. 

Solutions 2, 3 and 4 are effective when they are 

o perative near the belly rather than the node of 

the ship's vibration. 

Solutions 4 and 5 must be considered when the 

critical va lue of the hull construction is close co 

that of the engine's. 

If the electrical compensacor of solution 4 is placed 

There are various ways tO reduce the vertical in the steering engine room, it has the advantage of 

moment of the second order: not being as sensitive to the order position as those 

1 No compensators; if it is deduced that this is in solutions 2 and 3. 

not required on account of its own vibration 

frequency and the magnitude of the moment of 17.12.3 Vibrations in the bedplate/ engine 
the second order. frame 

2 A compensator attached to the rear end of the 

engine (cranksh aft side) driven by the chain 

drive of the camshaft. 

3 A compensator on the front end of the engine 

('blind ' side of the crankshaft) driven by a 

separate chain system from the crankshaft. 

4 An electrically driven compensator which runs 

in phase with the free moment. 

This type of compensacor requires an 

additional bed plate, preferably in the steering 

engine room where the devia tions are highest 

and the compensator most effective. 

5 Compensators on both sides of the crankshaft, 

which completely eliminate the external 

moments of the second order. 

Vibrations in the engine frame resulting from the 

guide forces are part of the ship vibrations. 

There are three forms of vibration. 

1 H-mode 

Works on the cop side of the engine from the first 

to the last cylinder. lt is also referred to as parallel 

vibration. 

2 X-mode 
Works on the top side of the engine at a 

longitudinal angle. Affects the middle of the 

engme. 

~ 
± 0.61 mm 

An example of the ±0. 18mm 

vibrations in the engine 

frame of the double 

bottom of the ship to L1 

above on the cylinder 

block, measured in a 

two-stroke MAN- B&W 

5 L 80 MEG crosshead 

engine. 
L2 

u 
C 
Q) L1 

vertical: measuring points e 
.2 

L1 t/m L7 ~ L3 L2 ·a, 
horizontal: scale in tenths C w 

of millimetres L4 L3 

000000 L4 
At the top of the cylinder 

LS LS 

block the result is ± 0.18 
L6 

L6 ----·---
millimetre. L7 

On the flat bottom surface V1 V12 V2 

the values V1, V12 and V2, 
L7 

are clearly smaller than L 1 . 

Double bottom 
Scale: 

±mm 

0.0 0.1 0.2 0.3 0.4 
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3 L-mode 

Works on the top side of the engine in the 

longitudinal direction of the engine. 

The natural vibration frequencies of these 

constructions are largely dependent on the rigidity 

of the bedplate and the double bottom of the ship 

below the engine and bedplate. 

H- and X-type moments are generated by the 

guide forces of the H- and X-type. 

The values of these guide forces can be calculated 

for each engine, on the basis of the gas and mass 

forces. 

These occur in all engines. 

Appendix B 

Example: 5L70MC. 95 r/m,n, 10,400 kW 

Guide Force Moments - H·type 

The secondary values of the guide moments 

originate from torsion vibrations and are therefore 

difficult to calculate. 

Appendix B specifies the primary and secondary 

values of the guide moments for a MAN-B&W 

5 L 70 MC engine with two different shaft 

designs. The secondary values are low. 

L-type moments are generated by installation­

dependent factors. 

Alternating forces in the thrust block, caused by 

the torsion vibrations of the propeller, are often 

the cause of these forces. 

Furthermore, L-type moments can also be 

produced by axial vibrations of the crankshaft. 

Primary values 
gNen a1 95 r/min 

Secondary values due to Torsional Vibrntion Responses 

Order Moment Shafting layout: Overcritical 

Excitation (lorslonal amplitude): 5th order al 95 r/m,n 5th ±1200 kNm 
10th ± 97 kNm 

Order 
1st 

2nd 
3rd 
4th 
5th 
61h 
7th 
8th 
9th 

10th 
111h 
12th 

±3.0 mrad l I I I l 
~ N~ 1 2 3 4 5 
Secondary values of guide force moments (95 r/min): 
5th order: ±213 kNm 

Excltat,on (torsional amplitudes): 5th order at 55 r/m,n 

±24 mrad I l l l l 
~- No. 1 2 3 4 5 
Secondary values of guide force moments (55 r/min): 

5th order: ±571 kNm 

Example: 5L70MC, 95 r/m1n. 10.400 kW 

Gulde Force Moments -X-type 

± 151 kNm ,---.---,---,----, 
Mome<n l : Exe. itat,on (tors,onaJ amplitudes): 5th order at 95 r/min 

!3~~~ ±30mrad l j I l I 
± 31 kNm ~ - No. 1 2 3 4 5 
±222 kNrn Secondary values of guide force moments (95 r/m in): 
±137 kNm 7th order: ±75 kNm 3rd order: ±36 kNm 
± 6 kNm 8th order: ±39 kNm 2nd order: ±27kNm 

0 
± 3kNm 
± 20kNm 

Shaltng layout: Undercritical 

Excrtat,on (tO<Sional amplrtudes): 5th order at 95 r/mn 

±0.Smrad cCW ±1.Smrad 

~ . No. 1 2 3 4 5 
Secondary values of guide force moments (95 r/mn): 

51h order: ±71 kNm 3rd order: ±6 kNm 
7th order: ±13 kNm 2nd order: ±4 kNm 
8th order: ± 7 kNm 

Excitation (lorslonal amplrtudes): 7th order at 96 r/min 

±07mrad ~ 

l___L_J___I:J ±0.35 mrad 
~- No. ,~--;2,---:'3--4-:'----::5 

Secondary values of guide force moments (96 r /mn): 
7th order: ±15 kNm 
51h order: ±25 kNm 

10th order: ±23 kNm 

Excrtation (torsional amplltudes): 10th order al 68 r/min 

± 1.7mradrrn--i, 
±0.85mrad 

~- No. 1 2 3 4 5 
Secondary values of guide force moments (68 r/min): 
10th order: ±174 kNm 

Excitation (torsional amplitudes): 5th order at 95 r/m., 

±0.Smrad ~ .,,_ 
Cyl. No. 134 
Secondary values of gUtde force moments (95 r/mlfl): 

5th order: ±18 kNm 3rd order: ±12 kNm 
7th order: ±25 kNm 2nd order: ± 9 kNm 
8th order: ±13 kNm 

Excrtation (torslOOal amplitudes): 7th order at 96 r/min 

±0.7 mrad rrn--i L ±0.35mrad 

~- No. 1 2 3 4 5 
Secondary values of guide force moments (96 r/min): 

7th order: ± 35 kNm 

... 
The guide force moments 

of the H- and X-type. 

left: for shafts with 

overcritical speeds 

right: for shafts with under­

critical speeds 
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~ 

Mechanical top bracing 

for a two-stroke eight­

cylinder Wartsila Sulzer 

8 RTA 84 C crosshead 

engine. 

Section A-8 

~ 

Hydraulic top bracing for 

a two-stroke twelve­

cylinder Wartsila Sulzer 

RTA 96 C crosshead 

engine. 

470 

Valve block 

Air inlet 

_JB 

Hull 
side 

17 .12.4 Top Bracing - Braces on the top of 
the engine 

H- and X-type vibration-mode shapes are 

traditionally controlled by providing the top of 

the engine with braces which rest on the hull 

construction and so obta in resonances with critica l 

orders in excess of the no rma l engine speed. Here 

the local rigidity of the construction is important. 

Sometimes braces a re placed in the longi tudinal 

direct ion o f the engine in order to reduce 

vibrations of the L-type moments. 

Tf the crankshaft forms the main source of 

the vibrations, an axial vibration damper can 

sufficiently reduce the vibration. 

<Ill 

Mechanical top bracing for MAN-B&W MC engines. 

This is a standard support, mainly in modern ships. This is 

built of thin steel with a high tensile strength. Tearing occurs 

at the welds. 

This type of ship has an elastic hull and so the forces 

became too large for the welds. 

Hydraulic Top Bracing 
T his is capable of hydraulically compensating the 

brace distortions in ships that distort more than 

usual. T his occurs, for instance, with heavy seas or 

at loading and unloading. 

T his hydraulic top brace ensures that there is a 

constant force between the engine and the hull 

construction, independent of the distortion and 

also functions as a damper. 

<Ill 

Hydraulic top bracing for MAN-B&W MC engines. 

This system comprises a hydraulic cylinder and two spheroid 

bearings. 

Oil is supplied from its own 011 system and an overflow valve 

controls the hydraulic force. 

In order to simplify the system, this does not have its own 

lubricating-oil system but an air-driven piston. The guide 

moments ensure that the oil is pressurised and therefore the 

vibration forces are transmitted to the ship's hull. 
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17 .13 Example of the balancing 
used in a Wartsila 9 L 46 
four-stroke engine -
category Ill 

This example demonstrates how balancing and 

vibrations are taken care of in a modern, heavily 

loaded, medium-speed four-stroke diesel engine. 
r, 

Flywheel 

r, 

Camshaft 
gear 

Additional 
gearwheel in the 
free end of engine 

r, 

r, 

Damper 

... Masses in flywheel end 

An example of the balancing used in a Wartsila 9 L 46 

four-stroke diesel engine, category Ill. 
Balancing masses 
rotating in different 
directions 

ccw 
Four extra masses are mounted: 

m, on the turning wheel 

m2 on the camshaft gear-wheel 

m3 and m, on an extra gear-wheel transmission on the free 

end of the engine. 

Every weight has its own radius; r,, r2, r3 and r, . 

At position O of the crankshaft, both masses m1 and m2 give 

force in the same direction and at 90°, they give force in 

different directions. 

ccw: counterclockwise 

cw: Clockwise 

• 1-2-4-6-8-9-7-5-3 

1-7-4-2-8-6-3-9-5 

C: 
0 ·;;; 

£ 
0 
E 
:::, 
(/) 

0 
0 
Q) 

> 

2.0 2.5 3.0 

Order 1.0 

1,6 

A 
5,2 3,4 

3.5 4.0 4.5 

Harmonic order 

Order 4 .5 

Multiply the angles 
by order number 

1,2,3 ~ 

0111 • 
4.5,6 

5.0 

o• Both masses give force in 
the same direction 

90° Masses give force in 
different directions 

5.5 6.0 

180° 

oo ~ @ , 
2 3 

1 

Firing order: 1 - 5 - 3 - 6 - 2 - 4 
Firing angles: 0 - 120 • 240 - 360 - 480 - 600 

Ord 4.5 angles: 
1-5-3-6-2-4 
0- 540 · 1080- 1620 - 2160- 2700 

cw 

m, 

F, 

Torsional forces in the 

engine block at two 

different ignition 

sequences. Shown 

here, a nine-cylinder 

four-stroke engine. 

horizontal: harmonic orders 

vertical: sum of the torsion 

~ 

An example of 

composing the torsional 

excitation mode 

shape of order 4.5 for a 

six-cylinder four-stroke 

engine. 
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17.13.1 Wartsila four-stroke medium 
speed diesel engines: 
Several examples 

Wartsila defines roughly rhe relationship between 

the lowest harmonic orders and vibration forms of 

flexibly arranged engines as follows: 

Harmonic order 0.5 

imbalance for gas forces - movement of the 

rigid frame/block 

Harmonic order 1.0 

mass forces - movement of the rigid frame/ 

block 

Harmonic order 2.0 

mass forces- bend 

Halve orders 1.5, 2.5, ... 

gas forces, torsion 

If a local resonance frequency, such as the natural 

frequency of the turbocharger, is situated too 

closely to one of these harmonic orders, the 

produced form of this order dominates due to the 

vibrations of this pare. 

17.13.2 Balancing 

The standard manner to reduce the negative 
effects of mass forces is balancing. 

Counter weights are predominantly used to 

balance the individual cranks mounted on the 

crankshaft in order to reduce local bending of the 

crankshaft as well as the bearing load. 

More importantly, they can affect a ll the 

deviations in the engine block caused by bending. 

Degree of balancing 
The degree of balancing indicates which part of 

the rotating mass is balanced by counter weights. 

In many engines including the Wartsila engines the 

degree of balancing lies between 75 and 95%. 

The present (2008) trend is an increase in this 

percentage. In the modern Wartsila 46 F diesel 

engine, in which the mass forces have increased 

due to a higher engine speed, the degree of 

balancing is 100%. 

The Wartsila 12 V 46 diesel engine is an exception 

as the degree of balancing exceeds 100% so 

obtaining the lowest possible bending stresses and 

therefore deviations in the block in both vertical 

and horizontal planes. 

An even number of cranks in engines such as the 

6 L, 8 L, 12 V or 16 V are symmetrically al igned, 

enabling the moving masses to balance each other. 

This is referred to as externally balanced engines. 

T hey do nor have free forces or torques which 

generate vibrations in the engine block. 

17.13.3 Actual differences in the weight of 
engine parts 

In practice the moving parts never have an 

identical weight as manufacturers work 

with tolerances. This produces free forces, so 

vibrations in permanently mounted engines can 

be experienced when these forces and torques are 

powerful enough as they pass through a certain 

speed range in a flexibly arranged installation . 

Resonance 
Resonance often cannot be avoided, especia lly in 

engines w ith ever-fluctuating engine speeds. T he 

forces generated by the weight variances in the 

rotating pans in the proximity of the crankshaft 

may decrease by 80 to 90% , if the components 

are manufactured with tighter tolerances. In 

connecting rods of high-speed engines, this can be 

measured in grams! 

Balancing holes in the fly-wheel and other 

weights 
It is not possible to arrange the cranks of seven-, 

nine- a nd eighteen cylinder engines symmetrically 

which means that free forces are generated. 

Special balancing holes in the fl y-wheel and 

extra weights at the free end of the crankshaft 

ensure the marching of the vertical and horizontal 

torques. 

New type of balancing 
Since 2004 Wiirtsilii has an added additional 

balancing for the Wartsilii 9 L 46. This has also 

been applied in rhe Wiirtsila 38 and 46 F diesel 

engines. With the use of this method, all free forces 

in the first-order can be eliminated. Wartsi la has 

fitted an extra balancing mass to the counter­

clockwise turning intermediate camshaft drive 

and placed a counter-clockwise turning balance 

mass on a separate cog wheel at the free end of the 

crankshaft. 

This, in conjunction with the clockwise turning 

balancing masses makes it possible to eliminate all 

torques! 



A different method for tackling free rorq ues is the 

realisatio n o f unequal forces between the various 

cranks. 

Irregularities in the combustion process can 

produce small tilting torq ues a t low frequencies. 

It must sometimes be accepted that some 

resonance will be present, provided that the 

resonance does not coincide with the natu ral 

vibratio n frequencies, such as bending-generated 

torsional vibratio n. 

In the severest case of resonance, the natural 

vibration amplitudes together w ith the generated 

vibration amplitudes have an identica l frequency. 

Comparing the generated vibration freq uencies 

and the natura l vib ra tio n frequencies provides 

information as to the expected degree o f damage 

at a certain ha rmo nic order to a construction . 

17 .13.4 Vector summation 

T he various kinds of rorsio nal flexural-buckling 

vibra tions a re o ften analysed by summing the 

vecto rs. This is a simple method to compare 

generated and natural vibra t ions. The ' vector 

resultant' is the sum of the force and torque 

vectors for specific harmonic o rders, and is 

calculated by: 

( C 

(L, f(i)Asincp)2 + (L, f(i)Acos cp;)2 

... 
Here: 

I= I 

c = number cylinders 

I= I 

qi
1 

= ignition angle of cylinder 1 multiplied by the 

harmonic order 

(pi = order X oc1 

A = force of the torque amplitude 

f (i) = function defining a weighting factor depending 

on the estimated mode shape 

0.5 

-0.5 

-1 

7 8 

Cylinder # 

9 
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17 .13.5 Combustion sequence 

The w ay tha t the various harmo nic o rders are 

generated is ma in ly dependent on the chosen 

combustion seq uence (the ignit ion sequence). 

Altering the combustion sequence has an 

important influence on the vibration characteristic 

for an engine or genser. Today, the combustion 

sequence is defined in the early stages of the design 

p rocess. T his allows for an optimum design for 

engine performance. Specia l software has been 

designed to achieve these ends. 

17 .13.6 Vibration 

There is a large a mount of software on the 

market used to analyse the vibration activity and 

accurately calcula te the forces generated in the 

engine. The analyses can be rendered in time and 

frequency. 

17 .13. 7 Finite-element method 

Known as the FE model. 

T his is a three-d imensional co mputer model of, 

::i mongst others, the engine block. In this model 

a ll possible bending a nd loads a re visible and it 

is widely used in the engine industr y. The load of 

a part of the block can, for instance, be indicated 

with a different co lou r. 

Bending can (or degrees of) be grossly exaggerated 

so a visual picture is formed . 

In the Wartsila 6 L 46 F model, approximately 

3.5 million 'degrees' must be simulated! In this 

type of FE model for an engine block, the working 

forces for each harmonic order can be calcu lated 

individua lly. 

These fo rces a re saved and may be re-used 

for calculations for components which are to 

be installed in the engine block, such as main 

bearings and cylinder liners . 

... 
When analyzing torsional excitations, a linear weighting 

function or a sinus wave can be used. 

It is also possible to adjust the location of the nodal point of 

the mode if the torsional mode shape is well known. 
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... 
The finite-element model 

applied to the crankshaft 

bedplate, the A-frame and 

cylinder beam for a 

two-stroke crosshead 

engine, a Wartsila Sulzer 

RTA 96 C. 

.... 
The finite-element model 

applied to the block of a 

Wartsila 6 L 46 F engine. 
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.... 
A finite-element model 

showing the deformations 

in a pump assembly with 

a Wartsila V- engine 

mounted on a soft 

foundation. The colours 

show the degree of 

deformation and therefore 

load . 

.... 
The finite-element model 

applied to the crank for a 

two-stroke Wartsila 

Sulzer RTA 96 C 

crosshead engine. Using 

this model, engine 

5! 
~ 

" .,, 
e ;; 
;; 

designers can perform +- ~ 
0 

simulations detailing 

exactly where problems 

could be expected. 

~-
re 404 .....,. 410 J 

1680 

FE model with 1 .1 million degrees of freedom 

Wartsila 6 L 46 F engine block 
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17.13.8 Simulating reality 

This fin ite-element model simulates the entire 

propulsion system or an electricity generating 

plant. The engine can, therefore, operate with 

a variable engine speed in accordance with the 

propeller law or with a constant torque in a 

electricity generating plant. 

17 .13.9 Assessing vibration levels 

The vibration levels of engines are usually assessed 

according to ISO standa rds: 

for piston engines: ISO 10816-1/ 

lSO 10816-3; 

for gensets: ISO 8528-9 and 

ISO 10816-3 . 

In addition to these regulations various 

Classification Societies have their own regulations 

for finding vibration levels in the different systems. 

~ 

Spectrum 
14~------- ---------------~ 

13+----t/-+- -----+--------+-----------j 
Node 132475: X+ 
Node 132475: Y+ 
Node 132475: Z+ 

12 +---~r-1------+--

11 +-- -i'--+--+-------1----

10 +-- -+--+--+-- ----+--------+-----I 

9 +---c- -+-----1------+--------+-----------J 

E s +-~ ---+---1--------+--------+-----1 
-S 
~ 
·c3 
0 6 +-- - -+- -----------1-- ---+--------+-----
~ 

& 

5 +---1--1+---\-'\--\· 

4 +--+-+-+-----\--'--'~--+----------+------

3 -f--i'---+---+--'""----+--------+- ----l 

2 +.£.._- +---- ~ - ~ -+---'=----~----==---~ 

0+---+--------+-----'=-----1---------1 
26.25 28.00 32.00 

Frequency (Hz) 
36.00 39.00 

Today, d iesel engine manufacturers are often An example of the torsional vibrations for the three 

asked for their opinion the vibration levels in their axes. 

engines and components. 

Proper collaboration between all parties is the best 

way to achieve minimum vibration levels in the 

engines. 

17.13.10 Rule of thumb 

Wartsi la's rule of thumb is that the average 

vibration level of an engine block should not 

exceed a velocity of 28 mm per second. 

Limitations for standard engine blocks, added 

components and pipes are provided separately. 

It is not easy to indicate exact v~ lues as the 

average vibration level for each individual point 

constitutes the sum of the various characteristics, 

such as movement in a rigid frame, elastic 

deviations and local effects. 

Engines with a divergent number of cylinders also 

behave differently and consequently some engines 

have above average vibration levels. 

17 .13.11 Exceptions 

It is possible fo r a vibration level to be 

unacceptable even-though the measured values 

are below the stipulated values. This may occur 

when the average vibration level is completely 

dominated by the vibration level in one 

component which is often a sign of resonance. 

Simulation models and calcu lations are necessary 

to eliminate this problem. These provide the 

maximum vibration level for the part icular part 

and this can be compared against the average 

vibration level. 

A good rule of thumb is that the contribution 

of one single vibration component should 

not constitute mo re than 80% of the average 

reasonable level. 
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... 
An example of the torque 

variation for the different 

Wartsila 46 medium­

speed diesel engine types 

at speeds of 450, 500 

and 514 revolutions per 

minute. 

... 
The external forces and 

couples in a six-cylinder 

Wartsila 46 diesel engine. 

Extend forces for all 

cylinders zero. 

External couples: numbers 

are guidelines, but must 

nevertheless be calculated 

individually. 
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Torque variation, O-rating 

Engine I Speed I Frequency Mx 
[RPM] [Hz] [kNm] 

6L46 450 22.5 132.5 
500 25.0 101.2 
514 25.7 94.0 

6L46, idle 450 22.5 48.6 
500 25.0 69.8 
514 25.7 75.8 

8L46 450 30.0 176.5 
500 33.3 167.9 
514 34.3 166.9 

9L46 450 33.8 158.9 
500 37.5 156.0 
514 38.6 156.0 

12V46 450 22.5 101.4 

500 25.0 77.4 
514 25.7 71.9 

12V46, idle 450 22.5 37.2 
500 25.0 53.4 
514 25.7 58.0 

16V46 450 - -
500 - -
514 - -

18V46 450 33.8 311.8 
500 37.5 305.9 
514 38.6 306.1 

The values are instructive and are to be calculated case by case. 

- couples and forces = zero or insignificant 

My ' 
l j __ . 

y - , ' , I 
\.· 

F = O for all cylinder numbers 

z 

z 

I Frequency 
[Hz] 

45.0 

50.0 

51.4 

45.0 
50.0 

51.4 

60.0 

66.7 

68.5 

67.5 
75.0 

77.1 

45.0 

50.0 
51.4 

45.0 

50.0 
51.4 

60.0 

66.7 

68.5 

67.5 

75.0 

77.1 

External forces 

External couples (the values are instructive and to be calculated case by case) 

Engine I Speed I Frequency My Mz I Frequency My 
[RPM] [Hz] [kNm] [kNm] [Hz] [kNm] 

9L46') 450 7.5 25.5 25.5 15,0 30.8 
500 8.3 31.5 31.5 16.7 38.0 
514 8.6 33.3 33.3 17.1 40.2 

500 8.3 283.8 283.8 16.7 135.1 18V46 
8.6 299.9 17.1 514 299.9 142.7 

") Subject to selected firing orders 

- couples and forces = zero or insignificant 

MX I Frequency Mx 
[kNm] (Hz] [kNm] 

48.1 67.5 6.8 
49.6 75.0 9.2 
50.0 77.1 9.6 

11.9 67.5 3.0 
12.0 75.0 3.0 

12.1 77.1 3.0 

18.0 90.0 2.5 
21.6 100.0 3.6 

22.2 102.8 3.9 

10.2 101 .2 2.0 
13.9 112.5 2.8 
14.4 115.6 3.0 

68.0 67.5 12.5 

70.2 75.0 17.1 
70.7 77.1 17.7 

16.9 67.5 5.5 

17.0 75.0 5.6 

17.1 77.1 5.6 

36.0 120.0 1.3 
43.3 133.4 2.2 
44.4 137.0 2.5 

18.8 101.2 3.3 
25.6 112.5 4.6 
26.6 115.6 5.0 

y 

X 

Mz I Frequency My Mz 
[kNm] [Hz] [kNm] [kNm] 

- 30.0 10.5 -
- 33.3 12.9 -
- 34.4 13.6 -
55.9 33.3 - 4.0 
59.1 34.3 - 4.3 
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17.13.12 Summary for Wartsila four-stroke General procedure for vibration and 
medium-speed diesel engines balancing related problems in 

four-stroke engines 
Tht: vibration level in a diesel engine is a 

combination of the structural properties, such 

as the natural vibration frequencies, mode 

shapes and damping. However, the vibration 

level also includes the vibrations generated by 

gas forces, mass forces of the crank-connecting 

rod mechanism and moving parts in the running 

engine. 

The application of advanced software programmes 

allows sound calculations to be made for 

production series as well as experimental tests for 

the probable vibration performances of engines. 

Optimising the vibration characteristic in an 

engine usually consists of the analyses of the parts, 

such as engine block and its components, and the 

analyses of vibration generation. 

An investigation can also be done with the 

resonance of vibrations between the natural 

vibration frequency and the generated vibration 

frequency. Naturally, this should be avoided as 

much as possible due to harmful resonances. 

Sometimes resonances can not be averted and 

must be kept as low as possible or compensated. 

Several manufacturers have developed good 

methods in this field. Due to avai lable software 

and fast computers this data can be quickly made 

available for problems at sea. 

Damage and its consequences in the engine 
with respect to the allowable vibration levels 

It is common practice for a four-stroke engine 

with a below-average number of cylinders to 

continue to operate in the same fashion as two­

stroke crosshead engines. 

For the following assumption, a nine-cylinder 

four-stroke engine is used as the propulsion engine 

for a ship that is in the middle of the ocean. The 

combustion process is impeded due to problems 

with one cylinder. A high-pressure fuel pump 

could then be switched off, or the drive gear, 

piston and connecting rod removed. 

It must be considered at which capacity an engine 

can operate without causing damage to the engine. 

The damage can be caused by abnormally high 

torsion vibrations in the crankshaft. 

Communicate with the engine manufacturer! After 

mutual agreement an assessment can be made 

establishing at which engine speed can be operated 

safely based on the damage to the engine. 

Each case must be regarded individually as there is 

no general true rule of rhumb that can be applied. 

There are also engines, such as the Caterpillar­

MaK series, which have crankshafts that are so 

powerful that, for instance, a six-cylinder MaK 25 

runs 'effortlessly' on five cylinders with 83,3 % of 

the power output capacity. 

Consulting the manufacturer is always 

recommended! 

Special operating conditions for four-stroke 
diesel engines 
If damage is caused co any four-stroke engine and 

the engine and combustion cannot occur in all the 

cylinders, measures with regard to vibrations and 

balancing are required. 

If one or more fuel pumps must be switched 

off, it is no longer possible to operate at full 

capacity. 

During overheating of, for instance, the 

crankpin bearing, the big end of the connecting 

rod, the concerning piston and connecting rod 

must be removed. 

Here the valve drive should also be dismantled in 

order to prevent exhaust gases from entering the 

cylinder and consequently the crankcase. 

Apart from the 'Actions in case of damage and 

emergencies', it is of the utmost importance to 

determine at which capacity and revolution rare 

the engine can operate. 

In principle calculations are made for each type of 

engine. These indicate meticulously the allowable 

vibration margins. 

Individual Classification Societies also prescribe 

these margins. 

The first actio n is to contact the engine supplier, 

who can rapidly provide appropriate advice 

regarding action that should be taken. 

It is possible to make a separate torsional 

vibration calculation for each situation, so damage 

to the crankshaft can be averted. 
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17 .14 Balancing of V-engines 

17.14.1 Introduction 

V-engines are frequently used in engine ca tegories 

I, II and lll. They a re supplied with from four 

up to and including twenty cylinders. One of 

the advantages of V-engines in relation to in- line 

engines is the short engine length in relation to the 

shaft power produced. 

Furthermore, in-line engines in these three 

categories rarely have more than nine or ten 

cylinders in line. Only in engine category lV, che 

large two-stroke crosshead engines, the engine 

manufacturers deliver as standard the largest 

cylinder diameters with twelve cyl inders. 

When fourteen-cylinder engines are manufactured 

with an option for sixteen- and eighteen cylinders, 

these engines are 30 metres in length! 

For a twenty cylinder V-engine in engine category 

I, [I and Ill , two ten-cylinder engines are arranged. 

This takes up more space and is less interesting 

from a financial view point. Diesel gensets in 

general are driven by Y-engines, mainly with 

sixteen and eighteen cylinders. In engine category 

II, twenty cylinders a re common. 

17.14.2 Arrangement and balancing 

The engines arc aligned in two rows at an angle 

varying from 60 to 120 degrees. An engine that 

must have equal ignition distances has an angle 

between the cylinder rows that is identical to 

the angle between the cranks of the crankshaft. 

Generally, an angle of 45 to 60 degrees between 

the cylinders is used making it impossible to 

obtain equally distributed ignitions for each 

cylinder number. For smaller engines in category 

11, angles of up to 120 degrees can be used . 

... 
This twelve-cylinder V-engine block, category II is 

undergoing a revision. Seen here on its head. 

The angle between the two cylinder rows is more than 90°. 

17 .14.3 Several examples of V-engines 

A 

Mounting the complete cylinder unit with cylinder 

head, piston, connecting rod and cylinder liner in an 

eighteen-cylinder MTU V engine block, type 8000, 

category II in Friedrichshafen, Germany. 

The angle between the cylinders 1s small, approximately 45°. 
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• 
A Wartsila 38 V-engine, category 111, has the traditional 

angle between the cylinder rows for the large bores 

between 45° and 60°. 

The angle is 50°. 

17 .14.5 Rotating forces and moments 

Essentially, these are mainly dependent on the 

crankshaft shape but also that both bottom parts 

of the connecting rods are also part of the rotating 

forces. 

The resultant rotating, primary and secondary 

oscillatory forces working on the engine can be 

found by summing the forces working on one 

cylinder pair. 

The crankshaft is often constructed in central­

symmerrical way. If the engine is homogeneous 

(symmetrically), the forces and the resultant forces 

for the entire engine equal zero. 

In Wartsila four-stroke V-engines these are 

completely balanced. 

Primary oscillating forces: the pistons, the piston 

coolant and the rop part of the connecting rods, as 

well as the secondary oscillating forces . 

17 .15 Balancing examples for 
two-stroke crosshead 
engines - category IV 

Example MAN-B&W 
In general, there are relatively numerous two­

stroke crosshead engines in use with four or 

five cylinders. This forms an ideal propulsion 

17 .14.4 Arrangement of cylinder of the left mechanism for the relatively low-speed large 

and right bank tankers and bulk carriers. 

Today, in the majority of engines, both pistons 

with cylinders positioned opposite to each other 

are individually fixed on the broad crankpin. As a 

consequence, the cylinders are directly across from 

each other but placed in an 'interleave' pattern, 

for a certain distance as the two connecting 

rods adjacent to each other are attached to one 

crankpin. 

Older engines often have one main connecting 

rod with a second connecting rod attached to 

thi s main connecting rod, the so-ca lled mother­

daughter construction. In these engines, the 

cylinders are arranged directly opposite to each 

other. The latter, complicated construction is no 

longer used in new engines. 

They have relatively few moving parts and 

therefore low installation and operationa l costs. 

Due to the large number of engines with relatively 

few cylinders, much of the experience in the field 

for the reduction of vibrations has been gathered. 

Reduction o f vibration requirements often 

originate in complaints in the accommodation 

aboard ship where vibra tions are annoying and a 

nuisance factor. 

However, when insufficient attention is paid to 

vibrations, the mechanical and electronic parts of 

two-stroke crosshead engines and even parts of the 

ship could be damaged by, for instance, tea ring. 

Internal forces and moments can distort/misalign 

the engine. 

External forces and moments are generated by the 

engine and work on the bedplate at the bottom of 

the engine and the bedplate at the upper part of 

the engine for the fitted top braces. 
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17.15.1 External and internal forces and 
moments 

An engine frame should be constructed with such 

rigidity char the internal moments and forces can 

not cause excessive bending of the frame with the 

accompanying stresses. 

If the engine bedplare is presumed to be 

sufficiently rigid, the internal moments and forces 

will not cause distortion in the ship's construction. 

The term 'rigid ' is, of course, relative and there 

is always a certain amount of movement in the 

engine frame, the bedplate and ship construction. 

Consider, for example, poor weather conditions. 

Information gathered by experience at MAN­

B&W has shown that the internal forces and 

moments of the first-order caused by the mass 

rotating forces and the reciprocating moving 

masses are not capable of generating vibrations 

in the ship. X-type moments should be closely 

examined as they generate higher vibration levels 

and work in the less rigid directions of the engine 

frame, especially in multiple-cylinder engines, such 

as twelve- and fourteen cylinder versions. 

17 .15.3 Torsional vibrations generated 
by the thrust pressure of the 
propeller 

The propeller is nothing but a part that with the 

power supplied by standard propulsion force 

thrusts the ship forward. The variation in the 

rotating torque of the diesel engine continues as a 

variation of the torque in the propeller. Here the 

variation of the torque of the propeller produces 

vibrations, which are passed on to the propeller 
shaft and the engine. 

Systems with flexible torques largely eliminate 

these vibrations. 

Large two-stroke crosshead engines usually 

have rigid connections between the fixed­

pitch propeller, the intermediate shaft and the 

crankshaft of the engine. The crankshaft is 

equipped with a vibration damper, if requ ired. 

17.15.4 Axial vibrations in the crankshaft 

T hese are generated by the radial force FR and also 

by the tangential force F, 
The vibrations generated by the propel ler are a 

contributing factor to the axial vibrations in the 

17 .15.2 Torsional vibrations crankshaft. Remember, large two-stroke cross head 

engines have no flexible torque between the engine 

The enti re shaft system of the crankshaft, and the directly-driven fixed-pitch propeller. 

intermediate shaft and propeller shaft, is subject to Axial vibra tions produce a reaction force in the 

vibrations which are predominantly caused by the thrust block w hich then itself becomes a source 

tangential force F, for vibrations in the rest of the ship. 

Torsional vibrations can cause vibrations 

throughout the entire ship due to the connection 

of the engine drive gearing to the propeller. 

... 
External forces and moments. 

- first-order moments in vertical and horizontal 

directions. 

- Level of g · 
-- u~ane 

They are of equal magnitude in MAN-B&W engines with 

standard balancing. 

moment 
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2nd order 
moment 

/ 

X-typ;;---
guide force 

moment 

X-type 
guide force 

moment 

- second-order moments in the vertical direction. 

Moments of the fourth order and higher occur in engines 

with a certain number of cylinders, but are small and can 

be ignored. 

H-type moments are found between a stationary engine 

frame and the rotating and reciprocating moving parts of 

the engine. 

parts of the engine. From a practical engineering point of 

view, it should be applied to the engine frame as an 

external moment. 



17 .27 Example 2, on five cylinders 

~ 

Simulation: Here, in the simulation, one cylinder is 

switched off; the engine is now operating on five 

cylinders and the sixth cylinder bumps along. It has 
compression but no combustion. The other five 

cylinders are now producing the same power as in the 
first case. The total power remains the same. 

With a fixed propeller, the relationship between power 

and speed according to the propeller with P (kW) is 
equal to n3 (rpm). The engine must supply the power 
demands of the propeller irrespective of the number of 
operating cylinders. 
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First picture: 

The generated torsional 

tensions in the crankshaft. 

A second barred speed area 

is present where above 

98 revs/min., the engine 

may not be operated. 

Second picture: 

The generated torsional 

tensions in the intermediate 

shaft. 

At approximately 

110 revs/min .. these are 

the largest and exceed the 

ABS limit. 

Third picture: 

The generated torsional 

tensions in the propeller 

shaft. 

Here, at 110 revs/min. 

A maximum value is 

exceeded. 

Conclusion: The engine 

can only operate at full 

power when the speed is 

decreased from 124 to 

98 revs/min. 
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... 
Simulation (cont inued). 

Fourth picture: 

The angle of twist of the 

flange at mass 2. 

Sixth order - green. 

Rfth picture: coloured 

The angle of twist in the 

crankshaft between mass 2 

and mass 10. 

Sixth order - red. 

No problems at high 

speeds. 

Sixth picture; coloured 

The angle of twist in the 

crankshaft between mass 2 

and mass 10. 

Third order - red 

Fourth order - green 

502 

Final conclusion 
Therefore, this engine can still supply full power 

co the propeller w ith five cyl inder s in service and a 

reduced engine speed. 

The engine now has two barred eng ine speed 

ranges: of 50 to 60 revs.Im in and over 98 revs/ 

mm. 
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Most torsion diagrams show a wave-form 

measurement, wh ich is a result of the fact that 

the shaft does not rotate at a constant angular 

velocity, but continuously decelerates and 

accelerates. 

This is also referred co as the non-uniformity 

degree o, of the engine. 

o = non-uniformity degree of the engine 

n max- n min o = - - ----.This expression is as old as 
n mean 

the internal combustion engine. 

TorsionaJ vibrations are unavoidable; th is is 

why many engines are equipped with vibration 

dampers. 

17.31 Mass-inertia moment of a 
flywheel 

17 .31.1 Introduction 

Virtually all engines are provided with a fly-wheel 

or the combination fly-wheel- turning wheel. 

Ene:ines with a small number of cvlinders have in 

By placing a fly-wheel on the crankshaft the 

fluctuating engine speed is levelled off. 

Accelerating and decelerating the rotating mass 

takes time and the piston strokes follow each 

other rapidJy at a normal engine speed, th us 

producing a more stable engine speed. 

The fly-wheel, then, serves as energy storage. 

The fly-wheel is no longer required to start the 

engine in multiple cylinder engines; these are then 

started electrica lly, mechan ically or with air, but 

nevertheless it warrants a more regular engine 

speed . 

3 Additional functions of the f ly-wheel: use 
as a turning wheel 

This can be manually performed wi th smaller 

engines, in which case the circumference fly-wheel 

has holes which allow for the turning of the cra nk 

shaft using a turning rod during inspections and 

repairs. 

In larger engines the fly-wheels are eq uipped 

with a gear ring to which a turning engine can be 

connected. This usually works on electricity or air. 

Many starting engines working on compressed 

air have two circuits - one for extremely slow 

running or cranking, and one for rapid turning co 



17 .28 Design of a propulsion 
installation 

The natural (vibration) frequency of the system is 

calculated to determine the various crirical areas 

for certain engine speeds and tension values. 

If the exerted tensions are high, or if this area is 

too close to the regular engine speed, then the 

critical area is shifted by adjusting the natural 

vibration frequency of the engine or the system. 

17 .29 Effects of vibration 
frequencies 

The following formula can be applied for the 

calculation of the vibration frequency for a single­

mass system. 

Where: 

n" = the natural vibration frequency 

G = shear modulus of the material 

l" = the polar inertia moment 

I = the length of the shaft 

J = the mass inertia moment 

The following factors influence rhe vibration 

frequency: 

the strength of the material, G, the shear 

modules; 

the shaft diameter, the polar inertia momem; 

the length of the shaft, I; 
the mass inertia moment, Jr of the rotating 

mass. 

In practice, the following points may be adjusted: 

- The mass inertia moment, J, of for instance, 

rhe propeller, fly-wheel and extra masses. 

- The polar inertia moment, lr-

In the formula of rhe inertia moment the shaft is 

I 
rhe shaft diameter (Ir= 

32 
x rr x D4 ) to the fourth 

power and the mass of the rotating parts of the 

first power. 

Therefore, an increase in the shaft diameter is rhe 

easiest solution. If the shaft diameter is increased, 

the natural vibration frequency and the critical 

area of the system are moved to a higher engine 

speed. 

CH17 VIBRATIONS AND BALANCING 

In an existing propulsion installation one of the 

few ways to reduce the vibration frequency is 

to install a propeller with smaller a moment of 

inertia. 

In this way the propeller has a slightly smaller 

diameter. In order to achieve an identical 

displacement, the propeller pitch must be 

increased. 

17 .30 Measuring equipment 

Today, measuring equipment, which meticulously 

registers the engine vibrations of a complete 

system, the so-called torsion diagram, is available. 

Torque 
kNm 
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A torsiogram for a five-cylinder two-stroke 

MAN-B&W crosshead engine type 5 L 50 MC, 

at approximately 72 revs/min. 
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A torsiogram for a four-stroke diesel engine. 

Harmonic orders are shown: 1 .0, 1.5, 2.0 and 5.0. 
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Most torsion diagrams show a wave-form 

measurement, wh ich is a resulr of the fact that 

the shaft does not rotate at a constant angular 

velocity, bur continuously decelerates and 

accelerates. 

This is also referred to as the non-uniformity 

degree 8, of the engine. 

8 = non-uni formity degree of the engine 

n max - n mm 
8 =------. This expression is as old as 

n mean 

the internal combustion engine. 

Torsio nal vibrations are unavoidable; this is 

why many engines a re equipped with vi bration 

dampers. 

17.31 Mass-inertia moment of a 
flywheel 

17 .31 .1 Introduction 

Virtually all engines are provided w ith a fl y-wheel 

or the combination fly-wheel- turning w heel. 

Engines with a small number of cylinders have in 

proportion, a heavy ' thick ' fly-wheel and multiple 

cylinder engines, such as V-engines usually have a 

light ' thin' fly-wheel. 

17.31 .2 Functions of the fly-wheel 

1 Overcoming compression power 
A single-cylinder four-stroke engine has two 

revolutions in one combustion process. ln order 

to start this engine manually, a compression 

lever is used. This lever opens the exhaust valve, 

thus preventing compression. This enables the 

achievement a certain speed of the moving engine 

parts, including the relatively heavy fly-wheel by 

means of 'elbow steam'. 

If the cranking is discontinued and the exhaust 

valve is closed by the decompression, the piston 

may compress the air. The fuel is injected at the 

end of the stroke and directly after T.D.C. position 

of the piscon the power stroke is initiated. 

The energy required to compress the piston is 

generated by the moving parts of the engine; 

especia lly by the fly-wheel. So, this fly-wheel serves 

as kinetic energy storage for starting the engine. 

2 Levelling irregular engine speeds 
ln principle a single-cylinder four-stroke engine 

has an irregular speed. There are three piston 

strokes which cost energy, and on ly one stroke 

that provides energy. 

By placing a fly-wheel on the crankshaft the 

fluctuating engine speed is levelled off. 

Accelera ting and decelerating the rotating mass 

takes time and the piston strokes fo llow each 

other rapidly a t a normal engine speed, thus 

producing a more stable engine speed. 

The fly-wheel, then, serves as energy storage. 

The fly-wheel is no longer required co start the 

engine in multiple cylinder engines; these are then 

started electrically, mechanically or with air, but 

nevertheJess it warrants a more regular engine 

speed. 

3 Additional functions of the fly-wheel: use 
as a turning wheel 

This can be manually performed with smaller 

engines, in which case the circumference fly-wheel 

has holes which allow for the turn ing of the crank 

shaft using a turning rod during inspections and 

repairs. 

ln larger engines the fly-wheels are equipped 

with a gear ring to which a turning engine can be 

connected. This usua lly works on electricity or air. 

Many starting engines working on compressed 

air have two circuits - one for extremely slow 

running or cranking, and one for rapid turning to 

start the engine. 

4 Measuring crank positions 
The final important function, of course, is to 

determine with the use of markers on the fly­

wheel, for example the T.D.C. and B.D.C. position 

of the cylinders. 

17.31 .3 Examples of types of fly-wheel 
versions 

~ 

A twelve-cylinder four-stroke Perkins V-engine in the 

factory at Peterborough, England. 

The fly wheel looks like a cylinder with a thick outer wall. 



CH17 VIBRATIONS AND BALANCING 

~ 

A turning-wheel/fly wheel 

in a two-stroke 

MAN-B&W 50 MC 

crosshead engine. 

The disk is actually more like 

a turning wheel with left, the 

electric turning motor. In the 

turning-wheel are holes for 

balancing of crankshaft. 

~ 

A large fly-wheel for a 

six-cylinder four-stroke 

Caterpillar- MaK diesel 

engine. 

In the fly-wheel, the 

so-called turn holes are 

used to manually crank this 

category Ill engine. 

~ 

The fly-wheel of a four­

stroke line engine, 

manufacturer MAN-B&W. 

The fly-wheel 1s quite large. In 

the middle. the material has 

been removed as much as 

possible to ensure that the 

load on the crankshaft 

bearings 1s as low as 

possible. 

Right: next to the fly-wheel. 

the electric turning motor and 

below, acting on the same 

starting-ring gear, a starting 

engine operating on 

compressed air. 

1 fly-wheel mass 

2 removed section 

3 fixing bolts on crankshaft 

4 turning motor 

5 start motor 
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~ 

A four-cylinder four-stroke 

Kromhout diesel engine in 

a pumping station. 

As this engine has only tour 

cylinders and a relatively low 

speed (600 revs/min), a 

large fly-wheel is absolutely 

necessary. The engine is 

started electrically with a 

starting motor attached to 

an accumulator battery. 

~ 

A small two-cylinder four­

stroke diesel engine, a 

Volvo MD 2010, often 

used in yachts. 

The large fly-wheel is 

mounted between the 

engine and the reduction 

gearing. 

1 engine block 

2 fly-wheel casing 

3 reduction gear 

17.31.4 The mass inertia moment of fly­
wheels 

The formula form of the mass inertia moment of 

fly-wheels: 

] 2 J = 2 x m disk x R 

Where: 

J = mass inertia moment in kgm2 

= mass of a d isk in kg 

= radius o f the centre of the mass 

The mass inertia mo ment is a lso expressed as 

G X D2 • 

Where: 

G = weight of the fly-wheel in kg 

D = diameter where the entire fly-wheel mass is 

concentrated, expressed in metres. 

17.31.5 Construction of fly-wheels 

The fl y-wheel is designed to be as light as possible 

to achieve a shaft load that is as low as possible. 

The further the mass centre is removed fro m the 

shaft, the higher the mass inertia moment and the 

greater the effects on the engine speed. 

M ost fly-wheels have a rim-like constructio n: a 

thin centre area for attachment to the sha ft and a 

ver)' thick o uter ring for the required mass . 



17 .32 Examples of crankshafts, 
either with or without 
counterweights 

... 
Mounting a crankshaft in a reverse V- block of a 

MTU-diesel engine. 

Clearly shown is the circumference of the counter-/balancing 

weights. A radius is measured from the centre of the 

crankshaft. 

CH17 VIBRATIONS AND BALANCING 

... 
Mounting a crankshaft in 

an MTU-V diesel engine. 

Every crankweb is has a 

counterweight. 

... 
Three crankshafts in the 

Detroit Diesel factory in 

the United States. 

This type of crankshaft has 

counterweights forged 

together with the cranks . 

... 
In this V-engine 

crankshaft, it can be seen 

that the counterweights 

are directly opposite the 

crankpin, where the two 

pistons will be fixed. 

crankshaft 
2 crankpin 
3 counterweights 
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... 
This Caterpillar V-3408 

crankshaft as well as that 

of the V-3508 type does 

not have one crankpin for 

the two pistons, but a 

crankpin in two 

'staggered' sections. 

The reason: In this manner, 

the ignition angle of all eight 

cylinders is the same and 

therefore the torsional 

vibrations are lowest. 

... 
This Wartsila Sulzer 8 

RTA 96 C is equipped 

with bolted 

counterweights. 

1 crankwebs 

2 connecting rod 

3 crankpin bearing 

4 counterweight 

... 
This MAN-B&W 8-50-MC 

two-stroke crosshead 

engine crankshaft does 

not have counterweights. 



17 .33 Combustion forces exerted 
on the driving gear 

In order to get an idea o f the extent of the forces, 

a rough calculation of the moment the piston is in 

T.D.C. positio n during the combustion stroke is 

made for all four engine categories. 

The pressure a nd cylinder diameter are measured 

at the piston top position and put into the correct 

engine category. 

Category I: 

Pressure in top 30 bar 

D = 50 mm. 

Force = Surface x pressure 

TT 
Force = - x D2 x p 

4 

• TT 
I· = 4 x 0,052 x 3M N = 5887,5 N of 0,58 ton. 

Category Il: 

Pressure in top 120 bar 

D = 120 mm. 

F = 135648 N of 13.5 tons 

Category ill: 

Pressure in top 200 bar 

D = 320 mm. 

F = 1,607,680 N or 160.7 tons 

Category IV: 

Pressure in top 160 bar 

D = 960 mm. 

F = 11,575,296 o r 1157.5 tons 

CH1 7 > VI BRATIONS AND BALANCING 

These are extremely high forces which a re rapidly 

generated and fo llow each other very rapidly. 

All parts of the drive gear, such as the p iston, 

gudgeon pin, connecting rod, crank pin, crankshaft 

and the bearings must be strong enough to 

withstand these pulsating loads for tens o f 

tho usands of hours. T herefore, it is o f great 

importance that the moving pares in the drive gear 

are sufficiently separated by a film of lubricating 

o il. 

The pressure of the lubricating o il film is o ften 

high and can rise from 100 to over 1.000 bar! 

It is therefore important that the jo urnals are 

absolutely round and that the bearing caps fit 

properly in o rder for the rotating shaft to separate 

the metal parts as ' a high-pressure lubricating-o il 

pump' . 

Lateral forces of the piston movement on the 

cylinder liner. 

As a consequence, these are also high. In four­

stroke engines the piston has to transfer these 

forces to the engine block via the cylinder liner by 

means of the piston skirt. In two-stroke crosshcad 

engines the crosshcad ensures that the forces arc 

transferred to the welded A-frame via the guides 

and guide shoes. These lateral forces in the va rious 

engine ca tegories roughly va ry from 100 N to 

2000,000 o r 0 .1 to 200 tons! 
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