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INTERNAL COMBUSTION 
ENGINES - RECIPROCATING

Heat engine in which the combustion of.fuel takes place in the engine cylinder is 
known as internal combustion engine. As the combustion takes place inside the engine 
cylinder, very high temperature is produced in the cylinder. It is therefore, necessary to 
abstract or remove some of the heat from the cylinder to prevent damage to the metal 
of the cylinder, by circulating water through jacket, surrounding the cylinder. The cylinder 
of a motor cycle or an aero-engine is cooled by atmospheric air. It may be noted that 
the cylinder of a steam engine requires to be heated by supplying steam (from the 
boiler) in the jacket surrounding the .cylinder to reduce condensation of steam in the 
cylinder.

The thermal efficiency of an internal combustion engine is much higher than that 
of a steam engine plant, as in I.C. engine there is no apparatus corresponding to boiler 
and no losses corresponding to the boiler losses. A best modem I.C. engine converts 
about 30 to 35 per cent of the heat of combustion of fuel into work (i.e. the thermal 
efficiency is about 30 to 35 per cent), whereas an ordinary steam engine plant converts 
only 8 to 10 per cent and a best modem steam turbine plant converts .only 15 to 25 
per cent of heat of combustion of fuel into work, i.e., the overall efficiency of a modem 
steam plant (boiler and turbine combined) is about 15 to 25 per cent.

Reciprocating internal combustion engines are most , commonly single-acting whereas 
reciprocating steam engines are nearly always double-acting. All large size I.C.'engines 
and marine I.C. engines are double-acting.

As the combustion of fuel takes place inside the engine cylinder of internal 
combustion engine, they are relatively smaller in size as compared to steam engine 
plant. A steam engine plant needs a boiler, a condenser, * and an economiser. Internal 
combustion engine can be started quickly within a short time, whereas a steam engine 
plant will require much more time as steam has to be generated in the boiler before 
the steam engine can be started.

Around 1878, many experimental I.C. engines were constructed. The first really 
successful engine did not appear, however, until 1879, when a German engineer Or. 
Otto built his famous Otto gas engine. The operating cycle of this engine was based 
upon principles first laid down in 1860 by a French engineer named Mr. Bea be Rochas. 
The majority of modem I.C. engines operate according to these principles.

The development of the well known Diesel engine began about 1893 by Mr. Rudolf 
Diesel. Although this engine differs in many important aspects from the Otto engine, 
the operating cycle of modern high speed Diesel engines is thermodynamically very 
similar to the Otto engines.

10.1 Introduction



302 ELEMENTS OF HEAT ENGINES Vol.l

Internal combustion engines may be classified according to the :
-  Type of fuel used - Diesel oil engine, Petrol engine, Gas engine, and Light oil (Kerosene) 

engine.
-  Nature of combustion - Otto or Constant Volume combustion cycle engine, Diesel or 

Constant pressure combustion cycle engine and Dual-combustion cycle (combustion 
partly at constant volume and partly at constant pressure) engine.

-  Cyde of operation (number of strokes required to complete each cycle) - Two-stroke 
cycle engine and four-stroke cycle engine. zx.

-  Method cf igniting fuel- Spark 
ignition (S.I.) engine, and 
Compression ignition (C.l.) 
engine.

-  Method of fuel supply to the 
engine cylinder - Carburettor 
engine, Air injection engine, 
and Solid or Airless injection 
engine.

-  Arrangement of cylinder - 
Horizontal engine, Vertical en-
gine, V-type engine, and 
Radial engine.

-  Speed of the engine - Low 
speed engine, Medium speed 
engine, and High speed en-
gine.

-  Method of cooling the cylinder 
- Air cooled engine and Water 
cooled engine.

-  Method of governing the en-
gine - Hit and miss, Quality, 
and Quantity governed en-

Fig. 10-1. Cross-section ot ait cooled, single cyliudei, single-acting,
^ vertical petrol engine.

-  Application of the engine- Stationary engine, Portable engine, Marine engine, Automobile 
engine, Tractor engine, Locomotive engine and Aero engine.

-  Number of cylinders - Single-cylinder engine, Twin-cylinder engine and multi-cylinder 
engine, etc.

-  Action of product of combustion upon the piston - Single-acting engine and Double-acting 
engine.

-  Suction pressure - Naturally aspirated engine and Supercharged engine.
The engine shown in fig. 10-1 is commonly known as petrol engine, but it can 

be more properly described as : 20 B.H.P., petrol, Otto four-stroke cycle, spark ignition, 
single-cylinder, single-acting, vertical, high speed, air cooled, quantity governed, stationary 
engine.

10.2 Classilication
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10.3 Engine Parts and Terms
Internal combustion engines have one or more cylinders in which combustion of 

fuel takes place. A cross-section of an air cooled, single-cylinder, petrol engine (Otto 
cycle engine) with principal parts is shown in fig. 10-1. One end, i.e., top end of the 
cylinder is closed by means of a cover known as cylinder head as shown in fig. 10-2, 
which contains the inlet or admission valve for admitting the mixture of air and petrol 
into the cylinder, an exhaust valve for removing the products of combustion (exhaust 
gases) from the cylinder, and a spark plug for igniting or exploding the mixture of 
polrol and air.

Fig. 10-2. Section of a vertical, air-cooled cylinder of a Fig. 10-3. Cam and rocker mechanism for opening and
petrol engine. closing air and exhaust valves.

The two valves are kept closed by means of springs and are opened mechanically 
by means of levers or rocker arms and cams as shown in fig. 10-3. The cams are 
fitted on the camshaft. The camshaft is driven by the crankshaft through gear wheels 
fitted on each shaft. The passages in the cylinder head leading to and from the valves 
are called ports. If the inlet ports of the various cylinders of a multi-cylinder engine 
are connected to a common inlet pipe of engine, the pipe is called the inlet manifold. 
If the exhaust ports are similarly connected to a common exhaust pipe, the pipe is 
called the exhaust manifold.

The piston shown in fig. 10-2 is a gas tight movable cylindrical disc which slides 
up and down in the cylinder against which the combustion pressure acts, to cause the 
crankshaft to rotate by means of connecting rod which is connected to the piston at 
the other end. The piston is given a gas tight fitting in the cylinder by means of piston 
rings shown in fig. 10-1.

Rocker
arm



Piston pin

\  Big end 
bearing

Fig. 10-5. Crankshaft of a multi-cylinder engine.

The connecting rod (figs. 10-1
and 10-4) connects the crank pin
with the piston and transmits the 
force due to the pressure of the 
cylinder gases on the piston head, 
down to the crankshaft To provide 
for the swinging operation of the 

Fig. io-4. Connecting rod. connecting rod, the upper (small)
end of the connecting rod is fitted to the piston by means of cylindrical pin called the
piston pin or gudgeon pin or wrist pin (figs. 10-1 and 10-4).

The lower (big) end of the 
connecting rod is fitted to the crank 
pin (figs. 10-1 and 10-5). The 
crankshaft is the principal rotating 
part of the engine. This shaft 
transmits the reciprocating motion of 
the piston to the driven unit (say 
electric generator) in the form of 
rotating motion. This shaft is built 
with one or more eccentric portions 
called cranks. Crankshaft with two 

cranks is shown in fig. 10-5. The part of crank to which the big end of connecting 
rod is fitted, is called crank pin.

The main body of the engine which contains the crankshaft and main bearings, is 
called the crankcase (fig. 10-1). This part hold (supports) the crankshaft and other 
engine parts in alignment (in line) and resists the explosive and inertia forces produced 
during working of the engine.

The piston in fig 10-2 is shown in top dead centre position which is the top most 
position of the piston during upward movement. At this position piston comes to rest. 
The piston travels from top dead centre to a point near the bottom end of the cylinder, 
called bottom dead centre. The distance the piston travels during one stroke, from top 
dead centre to bottom dead centre, is called the length of stroke or piston stroke. 
The inside diameter of the cylinder is called the bore.

The volume swept by the piston during one stroke, i.e., while moving from top 
dead centre to bottom dead centre, is called the displacement volume of the cylinder. 
The volume or space between the piston and the cylinder head, when the piston 
remains at the top dead centre position, is called the clearance volume. This clearance 
space forms the combustion chamber where the combustion of mixture of fuel and air 
takes place.

Some familiarity with the terms and functions of parts explained above is necessary 
for understanding the basic principles of engine operation. The other important parts, 
namely, fuel pump, fuel injector (fuel valve), carburettor, electric-spark ignition system, 
and governor will be described later in the chapter.

The following sequence of events (operations) is required to take place in any I.C. 
engine to complete the cycle :

.. The mixture of gas or fuel vapour and air in correct proportion in the case of gas or petrol
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engine, or pure air only in the case of Diesel engine, must be supplied to the engine 
cylinder.

.. The mixture of fuel and air in case of petrol engine, orpure air only in case of Diesel 
engine, must be compressed in the engine cylinder during the compression stroke, and 
in Diesel engine the fuel must be pumped into the cylinder through the fuel valve when 
compression of air is complete.

.. The compressed mixture of fuel and air in case of petrol engine or fuel oil in case of Diesel 
engine must be fired when compression is complete. In case of petrol engine the 
moderately compressed petrol-air mixture is fired by an electric spark, and in Diesel 
engine the fuel oil is fired when it comes in contact with highly compressed hot air at the 
end of compression stroke.

.. The resulting pressure rise, due to combustion of fuel and the expansion of combustion 
products, drive the piston out (i.e. the piston moves away from the dead centre) on its 
power stroke and rotates the crankshaft. The crankshaft in turn drives the machine 
connected to it.

.. When the expansion of combustion products is complete, the burnt-out gases must be 
cleared or removed from the engine cylinder to make room for fresh mixture of fuel and 
air in case of petrol engine or only air in case of Diesel engine to enter the cylinder.

10.4 Cycles of Operations
In any internal combustion engine, all the above mentioned operations for completing 

a cycle are carried out either in two strokes or four strokes. If an engine requires four 
strokes of the piston or two revolutions of the crankshaft to complete the cycle of the 
operations, it is termed a four-stroke cycle engine. If on the other hand, the cycle of 
operations is completed in two-strokes of the piston or in one revolution of the 
crankshaft, the engine is termed a two-stroke cyde engine.

Further any I.e. engine will work on one of the following three combustion cycles :
— Constant volume combustion or Otto cycle,
— Constant pressure combustion or Diesel cycle, and
— Partly constant volume and partly constant pressure combustion or Dual-combustion 

cycle.
These may be operated on either two-stroke or four-stroke cycle.
In Otto engines mixture of fuel and air is compressed to a moderate pressure of 

about 700 to 800 kPa (to prevent pre-ignition of the mixture during the compression 
stroke) and mixture is ignited by means of an electric spark while the piston remains 
on, or close to, the dead centre so that ignition takes place theoretically at constant 
volume. Petrol, gas, light oil (paraffin or kerosene), and heavy oil engines work on this 
cyde. In petrol and gas engines, the mixing of fuel and air takes place outside the 
cylinder (petrol is vapourised and mixed with air in correct proportion in the carburettor 
in case of petrol engines) and then the mixture is drawn in the cylinder during the 
suction stroke. In light oil engines, the fuel is vapourised and converted into vapour 
outside the cylinder by spraying oil into the vapouriser which is heated continuously by 
exhaust gases of the engine and then the mixture is drawn during the suction stroke. 
In heavy oil engines, the oil is vapourised by spraying oil into hot bulb or hot combustion 
chamber which is fitted on the top of the cylinder. In this case, the mixing of fuel and 
air is done in the cylinder before the compression of mixture starts. The hot combustion 
chamber requires heating by stove only at the time of starting the engine.
H E I -  20



In Diesel cycle engines, only air is drawn in the cylinder during the suction stroke 
ai id compressed by the piston during the compression stroke to a high pressure- (about 
3,500 kPa) and to a temperature above the ignition temperature of the fuel oil. The 
fuel oil is then forced (pumped) into the cylinder under pressure just before the end 
ot the compression stroke. Due to high temperature of the compressed air, the fuel oil 
is fired.' The injection or admission of fuel oil is continued .during the small part of the 
working stroke. The duration of the fuel injection is regulated by the governor. The fuel 
injection, during the working stroke is regulated in such a manner that the burning of 
th<> fuel takes place theoretically, at constant pressure. Diesel cycle engine needs no 
spaik plug or any other ignition equipment as the ignition takes place due to . heat-of 
the compressed air. It is, therefore, called compression-ignition engine. Heavy oil engines 
work on this cycle. Paraffin or light oil engines can also work on this cycle.

In Dual-combustion cycle engines only air is drawn in the cylinder during the 
suction stroke. This air is then compressed into a hot combustion chamber or hot bulb 
at the end of the cylinder during the compression stroke^ to a pressure of about 2,500 
kPa. The heat of the compressed air (which is alone not sufficient to ignite the fuel) 
together with the heat of the hot combustion chamber ignites the fuel. The fuel is 
injected or sprayed into the hot combustion chamber just before the end of thn 
compressure stroke, as shown in fig. 10-20, where it immediately gets ignited, l he 
injection of fuol is continued during the small part of the working stroke until the point 
of cut-off is reached, which is regulated by the governor. The burning of fuel at first 
takes place at constant volume and continues to bum at constant pressure during the 
first part of the working stroke. Engines working on this cycle are sometimes known 
as semi-Diesel engines. This cycle is much used in heavy oil engines. Paraffin engines 
can also work on dual-combustion cycle. Modern high speed Diesel engines operate on 
this cycle.
10.5 Four-Stroke Cycle Engines

10.5.1 Otto Engine : The working of the Otto four-stroke cyde as applied to gas 
engines? petrol engines, or light oil engines, is as under :

First stroke -  Suction stroke,
Second stroke -  Compression stroke,
Third stroke -  Expansion stroke, and
Fourth stroke -  Exhaust stroke.
The suction stroke (fig. 10-6(a) starts with the piston at or very near the top 

dead centre when the inlet valve is open and the exhaust valve is closed. As the 
piston moves down-wards or outwards, suction is produced in the cylinder and fresh 
charge of fuel-air mixture enters the cylinder through the open inlet valve.

During compression stroke, both valves are dosed, the piston moves up in the 
cylinder and compresses the charge of fuel-air mixture into the clearances space to a 
pressure of about 800 kPa when the piston reaches the top dead centre. This operation 
is represented by the line ab on the indicator diagram. Just before the end of the 
compression stroke, the mixture is ignited by an electric spark and ignition takes place 
rapidly which results in rapid rise in pressure of gases and combustion takes place at 
constant volume as shown by the line be on the indicator diagram. The spark plug is 
fitted on the top of the cylinder head.

3™ < ELEMENTS OC HEAT ENGINES Vol.l
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’'Piston moving 
outwards

Piston moving 
inwards

(a) Suction .

Piston moving 
inwards

(d) Exhaust
Fig. 10-6. Operations of a vertical, Otto, four-stroke cycle engine.

During the start of expansion stroke [fig. 10-6(c)], the exhaust valve remain closed, 
and the hot high pressure gases drive the piston down on the power stroke back to 
bottom dead centre. As the gases expand and give up their energy to the piston, they 
become cooler and the pressure decreases.

During exhaust stroke, (fig. 10-6(d), the exhaust valve is open and inlet valve is 
closed. The piston now moves up in the cylinder again and burnt gases are driven

(c) Expansion

IV SP

SP -  Spark plug 
IV  -  Inlet valve 
EV -  Exhaust valve

Piston moving 
outwards



out through the open exhaust valve. The exhaust valve closes after the piston reaches 
the top dead centre.

The indicator diagram of Otto four-stroke cycle engine is shown in fig. 10-7(a). The 
suction line ea lies below the atmospheric pressure line. This fall of pressure below 
the atmospheric pressure is as a result of the restricted area of the inlet valve passages.

308 ELEMENTS OF HEAT ENGINES Vol.l

P

( a) Indicator diagram (b) Valvt tinrtiurg diagram .

Fig. 10-7. Horizontal, Otto, four-stroke cycle engine.

Due to the restricted area the entering mixture cannot flow into the cylinder in sufficient 
quantity to keep up the pressure (atmospheric) with the rapidly moving piston.

The exhaust line de does not coincide with atmospheric pressure line but it rises 
slightly above it. This is due to the restricted area of the exhaust passages which do 
not allow the gases to move out of the cylinder quickly as a result of which the 
exhaust pressure remains somewhat higher than the atmospheric pressure and works 
as a back pressure on the piston.

The negative loop, i.e. area d-e-a gives the pumping loss due to admission of 
fresh charge and removal of exhaust gases. The large area abed (positive area) 
represents the gross work done by the piston during the cyde. The negative work is 
to be deducted from the gross work developed to get the net work done.

The cycle of operations is also shown by the valve timing diagram [fig. 10-7(b)J, 
The diagram shows the crank position from the dead centres when the various operations, 
i.e. suction, compression, expansion, and exhaust, begin and end.

It is to be noted here that positive work is done on the piston during only one 
of the four strokes of the cycle. Energy required to keep the crankshaft turning during 
the suction, compression and exhaust strokes is supplied by the flywheel. The engine 
flywheel stores energy received from the gases during the power or expansion stroke 
and releases it during the other three strokes.

10.5.2' Diesel Engine : An engine working on the Diesel four-stroke cyde has, for 
normal working, three valves - the air admission valve, the fuel valve and the exhaust
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valve. As in four-stroke Otto cycle, there are four distinct operations (suction, compression, 
expansion and exhaust) in the four-stroke cycle Diesel cycle.

AV F I EV

Piston moving 
outwards

FI -Fue l injector 
A V -A ir valve 
EV**Exhaust valve

Piston moving 
inw ards

(c) Expansion ( d) Exhaust
Fig. 10 8. Operations of a vertical. Diesel, four-stroke cycle engine.

The suction starts with the piston on the top dead centre. With the air valve open 
and exhaust valve closed, the downward or outward movement of the piston causes 
suction in the cylinder [fig. 10-8(a)j which draws in a fresh charge of pure air from 
atmosphere at atmospheric pressure.

(a) Suction

Piston moving 
outwards

Piston moving 
inwards

(b) Compression



310 ELEMENTS OF HEAT ENGINES Vol.l

Compression stroke starts [fig. 10-8(b)J with both valves closed, the piston moves 
up in the cylinder and compresses the air in the clearance space. The air taken in 
during suction stroke is a f nearly atmospheric pressure and is compressed to a high 
pressure and temperature (about 3,500 kPa an 600*C).

During expansion stroke [fig. 10-8(c)j the air and exhaust valves remain closed. 
The fuel valve opens just before the beginning of the third stroke and remains open
during a small part of the expansion stroke. The fuel is admitted through the fuel valve
in the form of a fine spray into this hot air. The heat produced by the high compression 
of air raises the temperature of air sufficiently to ignite the fuel as soon as it is injected 
into the cylinder, and combustion goes on atleast as long as the fuel valve is open.
The fuel is admitted gradually in such a manner that the pressure is maintained constant
as long as the fuel valve remains open, i.e., during the burning period. The hot high 
pressure gases drive the piston down on the power stroke to the bottom dead centre.

With exhaust valve open [fig.10-8(d)] and air and fuel valves closed, the piston 
now moves up in the cylinder again driving out the burnt gases through the open 
exhaust valve, in order to make room for fresh air to .enter the cylinder. The exhaust 
valve closes after the piston reaches the top dead centre.

The cycle is thus completed.

The indicator diagram of a Diesel four-stroke cycle engine is shown in fig. 10 9(a). 
The suction line ea lies below the atmospheric pressure line. This fall of pressure below 
the atmospheric pressure is a result of the restricted area of the inlet passages. Due 
to the restricted area, the entering air cannot flow into the cylinder in sufficient quantity 
to keep up the pressure (atmospheric) with the rapidly moving piston.

The exhaust line de does not coincide with the atmospheric pressure line but it 
rises slightly above it. This is due to the restricted area of the exhaust passages which 
do not allow the gases to move out of the cylinder quickly as a result of which the 
exhaust pressure remains somewhat higher than the atmospheric pressure and works 
as a back pressure on the piston.

V
Volume 

(o) Indicator diagram (b) Valve timing diagram

Fig. 10 9. Vertical, four-stroke cycle Diesel engine.
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The negative loop, i.e., area d-e-a, gives the pumping loss due to admission of 
fresh charge of air and removal of exhaust gases.

The area d-e-a is called the negative work done or pumping work. The large area 
a-b-c-d represents the gross work done by the piston during the cyde. The net work 
done is the difference of positive area a-b-c-d and negative area d-e-a

The cycle of operations is also shown by the valve tim ing diagram [fig. 10-9(b)].
10.6 Valve Timing (Setting) Diagram of Four-Stroke Cycle Engines

This is the most useful diagram which shows the correct crank positions for the 
opening and closing of inlet and exhaust valves,' and beginning of ignition in case' of 
Otto engines and beginning of fuel injection in case of Diesel Engines, in order to 
obtain the best performance from the engine.

Figure 10-7(b) shows the valve timing diagram of a four-stroke, high speed, horizontal 
petrol engine. The inlet valve opens about 5* before the inner dead, centre (I.D.C.). 
The inlet valve doses about 50* after the outer dead centre (O.D.C.) position is passed. 
The closing of the inlet valve much after the O.D.C. enables greater charge per cycle 
to enter the cylinder.

Similarly, to obtain the best clearing (scavenging) of the exhaust gases it is usual 
to have the exhaust valve opening about 50* before the crank reaches (O.D.C.) on the 
expansion stroke. In this way the speed of the exhaust gases through the * exhaust 
valves is increased, and the improved scavenging is obtained at the cost of power 
from the expansion (power) stroke. Closing of the exhaust valve is about 10* after
I.D.C.

It takes some times after the occurance of the spark to ignite the fuel. The spark 
in petrol engine is therefore arranged to occur about 38* before I.D.C. (fig. 10-7b) so 
that the actual combustion takes place at the moment piston reaches the inner dead

centre and starts the next stroke. If the spark 
is advanced too far, complete ignition may take 
place before the crank reaches the inner dead 
centre and causes a back explosion and this 
in turn will cause the engine to run in the 
reversed direction of rotation.

Figure 10-10 shows the typical valve timing 
diagram of a four-stroke, high speed, vertical 
Diesel engine. The inlet (air) valve opens 5* 
before T.D.C. and exhaust valve closes 10* 
after T.D.C. It will be seen from the diagram 
that both the valves (inlet and exhaust) remain 
open at the same time for some part of the 
cyde near the T.D.C. The period i.e., 15* for 
which both valves remain open at the same 
time is called ''overlap'.

For quick removal of the exhaust gases 
from the cylinder and their replacement by 
fresh air from atmosphere, 15* overlapping

1. 10-10. Typical valve timing diagram of a vertical between exhaust and inlet valves near T.D.C. 
Diesel, four-stroke cycle engine. is essential. The process of removing the

TDC
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exhaust gases with the help of incoming fresh charge of air is called scavenging.
The inlet valve closes late (50* after, B.D.C.) to make use of high velocity of air 

induced in the air intake pipe and thus to obtain greater charge of air into the cylinder.
The exhaust valve opens early (45* before B.D.C.) to reduce the pressure in the 

cylinder, as near the atmospheric pressure as possible, before the exhaust stroke starts.
There is a brief interval of time for the fuel oil to.mix with hot compressed air in 

the cylinder and ignite. The injection of fuel oil is, therefore, started before the end of 
the compression stroke, i.e. 40' before T.D.C., so that the actual combustion takes 
place at the moment piston reaches the T.D.C. and starts the next stroke (i.e. expansion 
stroke).

It may be noted that the valve timing is a function of the engine speed. With 
increase of the engine speed the inlet valve is closed later, exhaust valve is opened 
earlier, and spark is arranged to occur earlier in Otto cycle engines, and injection of 
fuel oil is timed to begin earlier in case of Diesel engines.
10.7 Two-Stroke Cycle Engines

This cycle was invented by Sir Dugald Clerk. In this cycle, the operations of 
charging the cylinder with mixture of air and vapourised fuel, or air alone in case of 
Diesel engines, compression of mixture, or air, expansion of gases and scavenging of 
the cylinder (removing the exhaust gases from the cylinder), are carried out in two 
strokes of the piston and in one revolution of the crankshaft. To achieve this object, 
the following two different methods of scavenging are used in two-stroke cycle engines :

..To have a separate pump outside the cylinder, in which the air, or mixture of air and fuel, 
is compressed and then it is forced into the cylinder under pressure. The pump usually, 
is a part of the engine and is driven by it. The method is used by large engines.

.. The crankcase of the engine is designed as a compressor in which the air, or mixture is 
compressed, as shown in fig. 10-11, and then it is forced into the cylinder. The cylinder 
has diametrically opposite holes or ports in the cylinder walls at the crank end of the 
cylinder instead of valves. The piston is specially shaped to help the action of charging 
and scavenging. This method is used by small engines.

10.7.1 Otto Two-Stroke Cycle Engine: Figure 10-11, illustrates the two-stroke cycle 
petrol (Otto cycle) engine, employing crankcase compression. In this engine the charge 
of air-fuel mixture is compressed in the crankcase by the underside of the piston during 
the expansion or working stroke.

It will be easier to describe the cycle beginning at the point when the piston has 
uncovered (opened) the exhaust port during the out-stroke (down stroke) as shown in 
fig. 10-11(a). This is indicated by point d on the indicator diagram of fig. 10-12(a). 
When the piston is in this position the space above it contains the expanded gases. 
The expanded gases leave the cylinder through the exhaust port after having done 
work on the piston. A little later (fig. 10-11 b), a second port (transfer port) is uncovered 
by the piston. In this position of the piston, i.e. dead centre position, the transfer port 
(T.P.) connects the cylinder with the crankcase which contains slightly compressed charge 
of air mixed with fuel vapour at a pressure of about 130 kPa. This charge is transferred 
to the upper part of the cylinder through the transfer port. The piston is so shaped 
that the fresh charge of fuel and air will sweep up (i.e. move up) to the top of the 
cylinder and push out the remaining exhaust gases through the exhaust port. This is 
for the purpose of the scavenging or clearing the upper part of the cylinder of combustion
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(a ) Expansion of productsinthe 
cylinder and compression of 
the m ixture in (he crank case

( b) Exhaust of gases and 
transfer of mixture

(d) Mixture induced in the crank 
case

(c) Compression of mixture

Fig. 10-11. Operations of a vertical, Otto, two-stroke cycle engine
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(a ) Indicator diagram

Volume BDC

(b) Valve timing diagram

Fig. 10 12. Vertical, Otto, two-stroke cycle engine.

products (exhaust gases), and also to prevent the fresh charge of fuel and air from 
going out directly through the exhaust port and being lost. The projection on the piston 
is called deflector. There is, however, a loss of unbumt fuel through the exhaust port 
(E.P.)while scavenging and charging the cylinder with fresh charge.

During the in-stroke (up stroke) of the piston, compression of charge begins at 
point a [fig. 10-12(a)] as soon as the exhaust port is covered by the ascending (moving) 
piston. It may be noted that the transfer port doses first and then the exhaust port 
as shown in fig. 10-11(c). Compression starts at point a and goes on upto the end of 
in-stroke. The upward movement of the piston during compression stroke lowers the 
pressure (below atmospheric) in the crankcase so that fresh charge of air mixed with 
fuel vapour is induced (drawn) in the crankcase through the inlet port uncovered by 
the piston as shown in fig. 10-11(d). The charge compressed to about 700 to 800 kPa 
pressure in the cylinder during the compression, is then ignited by an electric spark 
which occurs slightly before the piston reaches the top dead centre. The hot high 
pressure gases drive the piston down on the power stroke. The cyde is then repeated. 
Indicator diagram of two-stroke Otto cycle engine is shown in fig. 10-12(a) in which ab 
is the compression line, be is the constant volume ignition line, cd is the expansion 
line, dea shows the exhaust and charging (suction) period.

The cycle of <’peiations is also shown by the valve timing diagram [fig. 10-12(b)]. 
The diagram shows the crank positions from the dead centres when the various 
operations (i.e., compression, expansion etc.) begin and end.

10.7.2 Diesel Two-Stroke Cycle Engine : One of the simplest type of Diesel 
two-stroke cycle engine is shown in fig. 10-13. In this engine the scavenging air is 
compressed in the crankcase by the underside of the piston during the expansion stroke. 
For this reason it is called a crankcase-scavenged engine. As the piston moves down 
on 1he power stroke (down stroke), it first uncovers the exhaust port as shown in fig.
1V 13(a), and the cylinder pressure drops to atmospheric pressure as the combustion 
products leave the cylinder. Further movement of the piston uncovers the transfer port 
as shown in fig. 10-13(b). As soon as the transfer port opens, the slightly compressed
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Fig. 10-13. Operation of a vertical, Diesel, two-stroke cy. Ip  engine.

air in the crankcase enters the engine cylinder at a pressure of about 130 kPa. The 
piston is so shaped that the fresh air will sweep up (or up) to the top of the
cylinder and push out the remaining exhaust gases through the exhaust port. This is

(a): Expansion of products inthe 
cylinder and compression of 

air in the crank case



for the purpose of scavenging or cleaning the upper part of the cylinder of combustion 
products, and also to prevent the fresh air from flowing directly to the exhaust port 
and being lost. The projection on the piston is called deflector.

During the in-stroke or compression stroke, first the transfer port closes and then 
the exhaust port is closed at a fig. 10-14(a). As soon as the exhaust port closes 
compression of the air begins as shown in fig. 10-13(c). Upward movement of the 
piston during compression stroke lowers the pressure in the crankcase so that the fresh 
air is drawn into the crankcase through the open inlet port as shown in fig. 10-13(d). 
Just before the end of the compression stroke the fuel is pumped, i.e., forced under 
pressure, in the form of a fine spray into this hot air. The heat produced by the high 
compression raises the temperature of air sufficiently to ignite the fuel as soon as it 
is injected into the cylinder, and combustion goes on atleast as long as the injection 
nozzle (fuel valve) is open. The rate of fuel injection is such as to maintain the pressure 
of gases approximately constant during the combustion period. The hot high pressure 
gases approximately constant during the combustion period. The hot high pressure gases 
drive the piston on the power stroke. When the piston is near the bottom of stroke 
the piston uncovers exhaust port in the cylinder wall at d [fig. 10-14(a)] which permits 
the gases to flow out of the cylinder. The cycle is repeated. Indicator diagram of Diesel 
two-stroke cycle engine is shown in fig. 10- 14(a) in which ab is the compression line, 
be is the constant pressure combustion line, cd is the expansion line, and dea shows 
the exhaust and charging (suction) period.
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(a ) Indicator d iagram  (b ) Valve tim ing diagram

Fig. 10-14. Vertical, Diesel, two-stroke cycle engine.

The cycle of operations is also shown by the valve timing diagram fig. 10-14(b). 
The diagram shows the crank positions from the dead centres when the various 
operations begin and end.
10.8 Comparison between Two-Stroke Cycle and Four-Stroke Cycle Engines

Advantages of four-stroke cycle engines over two-stroke cycle engines are as under :
.. Scavenging (removing exhaust gases) is better because there is a separate exhaust 

stroke.
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.. Consumption of fuel oil and lubricating oil is low

.. More time is available for removing the heat from the cylinder and, therefore the engine 
runs cooler.

.. Since the engine runs cooler, compression is better maintained.

.. Wear of the cylinder is less.

.. The thermal efficiency is higher than two-stroke cycle engine because two-stroke cycle 
engine has increased fuel consumption (kg/kW/hr) owing to fuel losses through the 
exhaust port in case of Otto cycle engines.
The four-stroke cycle engine is not easily reversible, and therefore requires some special 
arrangement for the purpose. This is a disadvantage.
Following are advantages of two-stroke cycle engines over four-stroke cycle engines :

.. The power developed will be twice that of a four-stroke engine of the same dimensions 
as it gives twice as many working strokes as the four-stroke cycle engine at the same 
engine speed or number of revolutions of the crankshaft. If separate scavenging pump 
is used it takes some power for its running. Therefore, extra power of a two-stroke cycle 
engine is only 80 to 90 per cent instead of 100 per cent.

.. There is one Working stroke for each revolution of the crankshaft. This reduces the size 
of the flywheel.

.. It is lighter than the four-stroke cycle engine for the same power. Reduction of weight 
and space occupied, makes it suitable as marine engine.

.. Absence of valves and the valve gear gives simplicity in construction and consequently 
low initial cost.

.. It is simple to maintain.

.. It is easily reversible.

.. Fewer spare parts are required.
Disadvantages of two-stroke cycle engine over four-stroke cycle engine are as under:

.. Scavenging is poor as there is no separate exhaust stroke to help scavenging work, as 
in the case of four-stroke cycle engine.

.. The period during which the exhaust ports remain open is very short. This results in 
incomplete scavenging, leading to dilution of the fresh charge with burnt gases. Dilution 
of the fresh charge means loss of power output.

.. In case of Otto cycle engine there is a loss of unbumt fuel through the exhaust ports while 
scavenging and charging the cylinder with fresh charge.

.. Due to loss of fresh charge (unbumt fuel) through the exhaust ports, the fuel consumption 
is comparatively high, resulting in reduced thermal efficiency.
However, with increasing experience in designing and operation of the two-stroke cycle 
engine, its economy in fuel consumption has much improved and is closely approaching 
the economy of the four-stroke cycle engine.

.. The fresh charge admission period is short, and therefore, there is less mass of fresh 
charge admitted to the cylinder. This reduces the power output.

.. Consumption of lubricating oil is high.

.. As the number of power strokes are double, the cooling system presents difficulty.

.. Due to higher output, more wear and tear takes place for the same engine size and speed.
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10.9 Fuel Supply in Petrol Engines
Most petrol engines operate on four-stroke, Otto cyde prindpie. The air and petrol 

are mixed in the correct proportion in the carburettor and are drawn into the cylinder 
during the suction stroke. The mixture of air and petrol is compressed during the 
compression stroke. Near the end of the compression stroke the charge is fired by a 
spark, and as the heat is released from the petrol, the pressure in the combustion 
space rises rapidly. The high pressure gases drive out the piston on the expansion 
stroke, and upon the opening of the exhaust valve, the exhaust gases are discharged 
to the atmosphere.

The apparatus used for vapourising petrol and other spirit fuels is called a carburettor. 
In this apparatus no heating is necessary. The main functions of the carburettor are :

-  To maintain a small reserve of petrol at a constant level in the flat chamber,
-  To supply a fine spray of petrol to the air entering the cylinder,
-  To vapourise the petrol, and to produce homogeneous (uniform) air-petrol mixture, and
-  To maintain a correct mixture of petrol and air at all speeds.

The simplest design of a carburettor is a simple carburettor which consists of a 
single jet situated in the centre of the choke tube and to which fuel is supplied at* a 
constant level from a float chamber, and a throttle valve which controls the amount of 
mixture delivered to the engine.

Petrol enters the float chamber (fuel chamber) through a filter and a valve. The 
level of petrol is maintained constant at correct height by the float. When the correct 
level shown in dotted lines is reached, the float rises and force the va(ve spindle 
downwards by means of levers and shuts off the petrol supply.

The suction of the engine causes air supply to rush through the choke tube which 
is shaped as a venturi cone. The choke tube surrounding the top of the fuel jet is

Fig. 10 15. Simple carburettor.
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re-duoed in dia-meter, so as to increase the velocity of air at this point and reduce
its pressure (pressure will be less than atmospheric). Atmospheric pressure exists on
the'top of the float chamber, being produced by air vent (hole). The difference between 
the atmospheric pressure and the pressure around the top of the fuel jet causes the 
petrol to flow into air stream at the throat of choke tube and gets vapourised. The tip 
of jet is placed higher by about 1-5 mm than the normal level of petrol in the float
chamber in order to avoid leakage of petrol when there is no air flow, or when the
engine is at rest.

A carburettor of this type shown in fig. 10-15 would give a rich mixture as the 
engine speed increases, and weak mixture as the engine speed decreases. Assume 
that the throat of the choke tube and fuel jet have been so designed as to permit the
passage of 15 parts of air and one part of petrol by weight under certain conditions
of suction. A mixture of proper proportion will be drawn into the engine. It is natural 
to suppose that as the speed of the engine increases, flow of petrol and air will
increase in the same proportion. Such, however, is not the case. Petrol is more
responsive to suction than air. The laws governing the flow of liquid from a jet and 
air through the venturi cone are not the same, for one is a liquid and the other is a 
gas. Consequently, as the engine speed increases, the flow of petrol into the engine 
increases faster than the flow of air, the mixture becoming too rich at high speeds. 
Thus, in a given example, if the velocity of air past the jet be doubled, the flow of 
petrol will be increased by about 2 l£ times.

Many different devices have been used for balancing or compensating this action 
of the simple single-jet carburettor so as to secure a constant mixture strength. One 
of the simplest and most satisfactory of these devices is the use of two jets, the main 
jet and the compensating jet.
10.10 Methods of Igniting Fuel

The energy of the fuel of I.C. engine is locked up in the fuel in the form of 
chemical energy. Some means have to be employed whereby this energy can be 
released and made available to run the engine. In addition to the fuel for the purpose 
of combustion, two things are necessary—the oxygen supplied with air and some means 
for igniting the fuel.

All petrol and gas en-
gines use electric spark ig-
nition. Diesel engines, on 
the other hand use the heat 
of compressed charge of air 
alone to ignite the fuel. 
Before the successful intro-
duction of electric spark ig-
nition, petrol and gas en-
gines used hot tube ignition.

Semi-Diesel engines 
use hot bulb ignition. In this 
system a chamber of bulb 
shape is attached to the 
cylinder head as shown in 
fig. 10-16. This bulb is

■ Hot bulb

.Spray
nozzle

Fig. 10-16. Hot bulb ignition in semi-Diesel engine.
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unjacked (not water cooled) and is heated by a blow lamp before starting the engine. 
The fuel is injected into the hot combustion chamber at the end of the compression 
stroke and ignition takes partly due to heat of the compressed air and partly by the 
heat of hot bulb.

All petrol engines use electric spark ignition. The compressed air-petrol mixture in 
a petrol engine must be fired at the correct instant so that the resulting rise in pressure
acts on the piston when it (piston) is at the top dead centre. A high voltage is required
to jump the gap of a spark plug and give a spark of sufficient energy to ignite the

ignition is also used in gas

The coil ignition circuit 
of a four-cylinder petrol en-
gine working on the four- 
stroke cycle is shown in fig. 
10-17. The primary circuit 
consists of a 12 volt battery, 
ignition switch, primary wind-
ing of the coil, and contact 
breaker. The secondary cir-
cuit consists of secondary 
winding of the coil, distributor 
and four spark plugs. The 
primary winding of the coil 
consists of a comparatively 
few turns of thick wire wound 
around an iron core. Around 

this is wound the secondary winding consisting of a large number of turns of thin wire. 
The contact breaker is worked by a cam driven at half the engine speed (for four-stroke 
engines).

To begin with, the ignition switch is switched on and the engine is cranked (turned 
by hand). When the contacts touch, the current flows from the battery through the 
switch and through the primary winding of the induction coil, to the contact breaker 
points and returns to the battery through the ground. A condenser is connected across 
the terminals of the contact breaker points. This prevents sparking at the breaker points. 
Immediately after this the moving cam break opens the contacts. The breaking of the 
primary circuit causes a change of magnetic field and this induces a very high voltage 
in the secondary winding. The ratio of number of turns of secondary to primary has 
been so adjusted to give a voltage of 8,000 to 12,000V across the secondary terminals. 
The high voltage passes to the distributor and then to the individual spark plugs in 
the order 1,3,4,2, which are screwed in the cylinder head. The high voltage is applied 
across the spark plug gap. Due to high voltage the spark jumps across the gap, causing 
ignition of petrol-air mixture in the cylinder.

The principle differences as regards fuel supply and ignition (combustion) between 
engines working on Diesel cycle and Otto cycle are :

.. The petrol engine draws a mixture of air and petrol into the cylinder during suction stroke; 
the Diesel engine draws in a charge of air only, and fuel (diesel oil) is forced under 
pressure into the cylinder through a fuel valve at the end of compression stroke.

mixture, and this is produced by an induction coil. Spark 
and light oil engines

Spork plug
X ’ J

Cl  r^3 H
Ignition switch w^ndrng0' *
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%
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' Primary winding coil 
Fig. 10-17. Coil ignition of a four-stroke petrol engine.
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.. The pressure at the end of compression in petrol engine is low, ranging from 1,00 kPa 
downwards to as low as 700 kPa; in the Diesel engine, the pressure at the end of 
compression is about 3,500 kPa, i.e., compression ratio is higher in Diesel engines.

.. As the compression ratio is higher in Diesel cycle engines, these engines are heavier 
than Otto cycle engines for same power developed and consequently the initial cost of 
Diesel cycle engines is higher.

.. A spark ignites the air-petrol mixture in petrol engines, while in the Diesel engines 
compression of air to about 3,500 kPa pressure, raises the air temperature to about 600’C 
— high enough to ignite the fuel when it is introduced in the cylinder.

.. Combustion or burning of fuel takes place approximately at constant volume in petrol 
engines (burning of the mixture takes place while piston remains at the top dead centre), 
while in Diesel engines combustion takes place approximately at constant pressure (rate 
of fuel injection is such as to maintain the gases at approximately constant pressure 
during the combustion period).

.. Power cost is lower in Diesel engines as diesel oil is cheaper than petrol.
10.11 Method of Supplying Fuel in Diesel Engines

Engines working on constant pressure (Diesel cycle) or dual combustion cycle 
(semi-Diesel cycle), both of which require pure air of compression, must have some 
external source of forcing the fuel oil into the cylinder. For these types of engines there 
are two distinct methods of fuel injection :

-  Air injection, and
-  Airless injection or Solid injection.
For these types of engines the following units or parts are necessary :
-  A fuel pump to deliver fuel oil under pressure to the injection nozzle (injector),
-  An injector or atomiser to inject fuel oil into the cylinder in a finely atomised state (fuel oil 

is injected in very small particles),
-  A governor to regulate the fuel supply according to load, and
-  An air compressor in case of air injection engine. '
In air injection method of fuel injection, the fuel is injected through the fuel nozzle 

by means of compressed air of a much higher pressure than that produced in the 
engine cylinder at the end of compression stroke. A measured quantity of fuel oil is 
pumped into an annular space provided in the bottom of injection valve and an air 
pressure of about 6,500 kPa is applied to it. When the fuel injection valve is mechanically 
opened by the cam and rocker lever arrangement, the fuel is driven into combustion 
space (cylinder) at high velocity by the high pressure air. The high pressure air is 
supplied from storage air bottles which are kept charged (filled) by air compressor driven 
by the engine itself.

Solid injection is also termed as airless or mechanical injection. This method 
employs a mechanically operated fuel pump which supplies quantity of fuel required for 
the working stroke and to inject it through a fuel injection nozzle shown in fig. 10-19 
under high pressure, with a view to atomise it (fuel) or break it into very small particles 
and so inject the fuel particles at a high velocity into the mass of compressed air in 
the combustion space. The injection pressure varies from 10,000 to 10,500 kPa and in 
some cases even more than this. The desired pressure is produced by the fuel pump 
of the plunger type shown in fig. 10-18.
H E I -  21
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The fuel pump has 
two main functions as 
under :
-  Start the fuel injection 

at the proper crank 
angle, late in the com-
pression stroke, and

-  Force through the noz-
zle into the cylinder, 
the exact quantity of 
fuel needed to produce 
the desired power.
The Bosch fuel pump, 

shown in fig. 10-18, is 
widely used in modern 
D iesel engines. The
plunger of the pump which 
is operated by a cam has 
a constant stroke, and can 
be rotated in the plungerC a) Bosch fuel pump plunger . . .  . r  f. ,

and cylinder cylinder so as to control
(b) Bosch fuel pump assembly the amount of fuel pumped

to the nozzle. The vertical 
Fig. 10-18. groove A of the plunger

leads into the helical groove D. Fuel oil flows - to the fuel pump under gravity when 
the fuel pump plunger uncovers the suction ports B and C on the downward stroke 
as shown in fig. 10-18(a), The space above the plunger is filled with oil at the beginning 
of the upward stroke. During the first part of the upward or delivery stroke, a small 
quantity of oil is forced back into the suction space until the plunger closes the suction
ports B and C. From then on, the fuel is put under pressure and the pump begins
to force it through the delivery valve to the engine cylinder via the nozzle. Delivery
begins as soon as the plunger has covered the ports on the way up, and ends as
soon as the sloping edge E of the helical groove D opens the ports C on the right 
side and permits the fuel to escape from the pressure space above the plunger to the 
suction space through the port C. The pressure is then relieved and the delivery stops. 
The plunger P is rotated by the rack shown in fig. 10-18(b). The toothed rack is moved 
in or out by the governor. Thus, by rotating the plunger, i.e., by altering the angular 
position of the helical groove D of the fuel pump plunger relative to the suction port 
C, the length of the effective stroke for which oil is delivered is varied and hence the 
amount of fuel delivered to the engine is also varied.

The purpose of fuel injector is to atomise or break the fuel oil into fine particles
and to direct the spray into the combustion chamber so that every fuel particle mixes 
with the air. In order to achieve this, injection takes place through very fine holes in 
the nozzle body at a pressure of about 15 MPa. The desired pressure is produced by 
the fuel pump of the plunger type (Bosch fuel pump) shown in fig. 10-18(b).

The fuel injector shown in fig. 10-19, is a simple spring loaded valve, consisting 
of a nozzle valve that fits in the nozzle body. The nozzle body valve is held down on 
to a conical seating by a spring that exerts pressure on the valve through the nozzle

To fuel injector

Plunger
Plunger 

cylinder
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Fig. 10 19 Fuel injector and two different types of nozzles.

valve rod. The pressure at which the nozzle valve will be lifted, depends upon the 
amount of compression placed on the spring which is adjustable by a screw. The nozzle 
valve is usually set to open at 14 to 17-5 MPa pressure. When the fuel from the fuel 
pump enters the pressure chamber around the base of the nozzle valve, pressure rises 
until it is sufficient to raise the valve from its seating, allowing the fuel to be sprayed 
into the combustion chamber (cylinder) through the hole or holes, in the end of the 
nozzle body.

Any leakage of fuel that may accumulate above the nozzle valve, can be led away 
to a drain tank by means of a pipe connected to the leak-off pipe. The leakage of 
fuel occurs when the nozzle valve is worn out. The fuel injector is sometimes known 
as atomiser.

10.12 Methods of Governing
The purpose of governor is to keep the engine running at a desired speed regardless

of the changes in the load carried by the engine. If the load decreases, the speed of
the engine will begin to increase, because the fuel supply is more for the decreased 
load. As the speed of the engine increases, the centrifugal force on the rotating weights 
of the governor will also increase and will move the control sleeve, together with the 
fuel regulating mechanism in the direction of less fuel supply, thereby the speed is 
brought to the rated value. If, on the other hand, the load on the engine increases, 
the engine will begin to slow down because the fuel supply is not sufficient for the
increased load. As the speed of the engine decreases, the centrifugal force on the
rotating weights of the governor will also decrease and will move the control sleeve, 
together with the fuel regulating mechanism, in the direction of more fuel supply.

The methods of governing I.C. engines are :

(b) Closing position



324 ELEMENTS OF HEAT ENGINES Vol.l

.. Completely cutting off the fuel supply for one or more cycles - This is called hit and miss 
method.

.. Vaiying the supply of fuel to the cylinder per cycle - This is called quality method because 
the ratio of fuel to air or quality of mixture is altered.

.. Varying the supply of air as well as the supply of fuel - The ratio Of air to fuel is kept
approximately constant sathat quality of mixture remains approximately constant but 
quantity of fuel-air mixture supplied to the cylinder, in each cycle is varied. This is called 
quantity method.

.. Combination of the quality and quantity method - This is called combination method.
Hit and Miss Governing system, as the name implies, consists in omitting an 

explosion occasionally when the speed rises above the mean speed. Iho  lesser the 
load on the engine, the greater will be number of explosions omitted. The usual method 
of missing an explosion is to omit the opening of the gas valve in case of gas engines,
or putting the plunger of the oil pump out of action in case of oil engines, so that no
fuel is admitted and the engine performs an ideal stroke.

As applied to gas engines, the Quality Governing is effected by reducing the 
quantity of gas supplied to the engine. This is done by varying the lift (opening) of 
the gas valve. Another simple method is to have a throttle valve operated by the 
governor in the gas passage leading to the admission valve of the gas engine, thereby 
controlling the quantity of gas supplied.

As applied to oil engines, quality governing is effected by vaiying the amount of 
fuel oil entering the engine cylinder per cycle. This is done by altering the angular 
position of the helical groove of the pump plunger relative to the suction port and 
thereby varying the effective stroke (part of the stroke for which oil is delivered) of the 
plunger. This is a general practice in solid injection, compression-ignition, high speed 
engines.

Quantity Governing may be accomplished by varying the amount of air-fuel mixture 
entering the cylinder, while the proportion of the mixture and number of working cycles 
are constant. It is applied to petrol engines by having a throttle valve in the pipe 
leading from the carburettor to the cylinder. The motor car engine is governed by hand 
by controlling the quantity of mixture entering the cylinders, the proportion of petrol to
air remaining the same for a given carburettor adjustment.

The Combination Governing may be obtained by combining any two of the above 
systems. For instance, quantity governing at high loads has been successfully combined 
with hit and miss governing at low loads. Also quality governing at high loads is used 
with quantity governing at low loads. The latter system is economical and gives close 
governing.
10.13 Methods of Cooling Cylinders

Very high temperature is developed in the cylinder of an I.C. engine as a result 
of the combustion of fuel taking place inside the cylinder. It is, therefore, necessary to 
extract some of the heat from the cylinder to avoid damage to the metal of the cylinder
and piston. If the cylinder is not cooled, the seizure (jamming) of piston in the cylinder
would occur as a result of the piston and its rings becoming too hot; also it would 
not be possible to lubricate the piston since the heat would burn any lubricant that 
may be used, loo much cooling on the other hand, will reduce the thermal efficiency 
of the engine. The object of cooling is achieved by any one of the two methods —
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hg. 10-20. Section of a water cooled cylinder.

Air cooling and Water cooling.
Air cooling is the simplest method 

in which the heat is carried away by 
the air flowing over and around the 
cylinder. In this method, fins are cast 
on the cylinder head and cylinder barrel 
with the object of providing additional 
conductive and radiating surface as 
illustrated in fig. 10-2. The cooling fins 
or circumferential flanges are arranged 
so. that they are perpendicular to the 
axis of the cylinder. The current of air 
for cooling the fins may be obtained 
either from a fan driven by the engine 
or by the movement of the engine itself 
as in motor cycle, automobile, and
aeroplane engines.

In water cooling method, the ad-
vantage of superior convective and

conductive properties of water is taken. The cylinder is provided with an annular space 
called water jacket (fig. 10-20) through which water is circulated continuously. The water 
jacket should cover the entire length of the piston stroke to avoid unequal expansion 
in the cylinder bore and burning of the lubricating oil. The water space should be wide 
in large cylinders and cleaning doors should be provided for cleaning the water jacket.
10.14 Power and Efficiency

10.14.1 Indicated Power : The power developed in the cylinder of an engine can 
be determined if the engine cylinder diameter and speed are known, and if an indicator 
diagram with its spring scale is available. The first step is to find the mean effective 
pressure.

The mean effective pressure is the average effective pressure acting on the piston 
for one stroke. The mean effective pressure depends on the mean height of indicator 
diagram and the scale of the spring used in the indicator. Thus, the mean height of 
the indicator diagram is first determined. The base length of the indicator diagram is 
carefully measured from boundary to boundary and is divided into any convenient number 
of equal divisions. This will divide the area into small strips. The mid-ordinates are then
drawn for each strip. The length of each mid-ordinate is measured and then added
together. The sum of the mid-ordinates is then divided by the number of mid-ordinates, 
giving the mean height of the indicator diagram as a result.

â  + az + aa .. (10.1)
Thus, mean height, h in mm = number of mid-ordinates

where a*, a3 are the lengths of mid-ordinates of the strips

The mean effective pressure, pm in kN/m2 or in kPa is then
*  h (mm) x spring scale or spring number (kN per m2 per mm)

Another method of determining the mean height of the indicator diagram is to 
measure the area of the indicator diagram with the help of a planimeter. This area
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divided by the base length of the diagram will give the mean height of the indicator diagram.
The area may also be measured by counting the number of squares. H the square 

method is used, the smaller squares the more accurate is the result.

I -  length of piston stroke in metre, and
n ■ number of working strokes or working cycles or explosions per second 

The mean force on the piston = pm x a newtons
Work done per working stroke or cycle = pm x a x I N.m or J 

Thus work done per second = pm x a x I x n N.m/sec. or J/sec.
Indicated power *= pm x a x I x n W (for a single-acting I.C. engine)

In the case of an engine governed by varying the fuel supply (i.e. explosion 
occuring every cycle), the number of working strokes or working cycles or explosions 
per second (ri) will be taken equal to half the number of revolutions per seconds for 
a single-acting, four-stroke cycle engine. For a single-acting, two-stroke cyde engine, 
the number of explosions or working stroke or working cydes per second (n) will be 
equal to the number of revolutions per second.

Thus, for a single-acting four-stroke-cycle engine, number of working strokes or working

For a single-acting two-stroke cycle engine, n = N, and
for a double-acting, two-stroke cycle engine n = 2N
where N = r.p.s., and n = no. of working strokes per sec.
For double-acting engines, the work done on the other side (crank end side) of 

the piston must be added. While calculating the area of the piston, allowance must be 
made for the area of the piston rod which reduces the effective area of the piston on 
the crank end side.

In the case of an engine governed by hit and miss method, the explosions per 
second (n) must be counted during the test. This may be done by listening the sound 
of explosiona and counting the explosions or firing strokes per second.

Thus, for a single-acting, four-stroke cycle engine, governed by hit and miss method,

Thus, mean height, h in mm

The mean effective pressure, pm in kN/m2 is then
a mean height, h (mm) x spring scale (kN/m2 per mm)

- x spring scale .. (10.2)

Let pm -  mean effective pressure in N/m2 
a = area of the piston in m ,

.. (10.3a)

cydes,
Nn = —, and for a double-acting four-stroke cyde engine, n = N, and
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Nnumber of firing strokes, n m m minus number of missed cycles per sec.

As in steam engine, the indicated power of a multi-cylinder internal combustion 
engine will be the sum of the indicated power developed in the individual cylinder,

i.e. total indicated power = number of cylinders x indicated power of one cylinder.
10.14.2 Pumping Power : Internal combustion engines lose a small amount of 

work due to exhausting of burnt gases from the cylinder and the admission of fresh 
charge into the cylinder. The indicator diagram of a diesel four-stroke cycle engine (fig.
10-21) consists of two enclosed areas. The large area (+ ve area) represents the gross

work done. The smaller (-ve area) 
p shaded area, formed by the suction

and exhaust operations is called 
pumping loop and represents the loss 
of work due to exhausting of burnt 
gases and admission of new unburnt 
gas (charge). This negative work is 
to be deducted from the gross work 
(obtained from the + ve area) to obtain 
the net work done. The negative area 
or pumping loop area is too small to 
be measured on ordinary indicator 
diagram. In practice a weak spring is 
used in the indicator to obtain the 
indicator diagram for obtaining the 
pumping m.e.p. The pumping loop is 
shown magnified in fig. 10-21 for

Fig. 10-21. Actural indicator diagram of a Diesel, four-stroke explanation purpose,
cycle engine.

Mean height of the 
Pumping loop, h in mm

area of pumping loop of the indicator diagram in mm* 
base length of the indicator diagram in mm

Pumping m.e.p. in kN/m = h (mm) x spring scale (kN/m per mm) 
of the weak spring used in the indicator

To obtain the net m.e.p., the pumping m.e.p. is to be deducted from the gross m.e.p.
i.e. Net m.e.p. = gross m.e.p. -  pumping m.e.p,
(See illustrative Problem -2 )

Let pumping m.e.p. = pumping mean effective pressure in N/m2,
,2

(10.3b)

a = area of the piston in m ,
I = length of piston stroke in metre, and
n = number of working strokes per second.

Then Pumping power = pumping m.e.p. x a x I x n W ... (10.3c)
In two-stroke cycle engines, the pumping power is the power lost in driving the

air compressor or in compressing the charge in the crank-case which is designed as
a compressor.



10.14.3 Brake Power : The manufactures of internal combustion engines generally 
work on brake power basis, on account of the difficulties experienced in accurately 
measuring the indicated power. The accuracy of indicator diagram may be affected by 
high speed, high temperature and high pressure of the engine. Special indicators such 
as optical and diaphragm types are generally used to obtain indicator diagrams when 
the speed exceeds 500 r.p.m. Devices for measuring the brake power of an engine 
are of two kinds :

— Absorption dynamometers-those absorbing the power by friction and dissipating it 
as heat (used for low and medium speed engines).

— Transmission dynamometers-those transmitting or passing on the power they
measure and only a very small portion is wasted (used for high speed engines).

¥ One of the simplest form of absorption dynamometer is the rope brake explained
in chapter 9. The brake power of the engine is determined in exactly the same way
-<s for steam engine explained in chapter 9.

Brake power *  (W -  S) R x 2n x N W
(W - S ) R x  2k  x N kW .. (10.4a)

1,000
or Brake power = (W -  S) x (2nR) x N W .. (10.4b)
or Brake power = T x 2n x N W .. (10.4c)
where (W -  S) m net load on the brake wheel in N,

R m effective radius of the brake wheel in m
D + d  .= in m

where D = diameter of the brake wheel, and d = diameter of the brake rope,
2 n R = effective circumference of the brake wheel in m,

T = (W -  S) R = braking torque or resisting torque in N-m,
N = number of revolutions of crankshaft per second (r.p.s.), and

2n  N = number of radians per second.
One of the most convenient method of measuring the brake power of high speed 

engines (by means of transmitting the power), is to connect an electric dynamometer
or electric generator to the crankshaft of the engine. If the efficiency of the generator
is known at the particular speed and output at which it is operated, an accurate method 
of measuring brake power becomes available.

Brake mean effective pressure (b.m.e.p.) : The brake power of an I.C. engine is 
frequently expressed as

Brake power m b.m.e.p. x a x  I x n W 
where b.m.e.p = brake mean effective pressure in N/m ,

a = area of the piston in m ,
I = length of the piston stroke in m, and 

n = number of working strokes per sec.
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The mean effective pressure based on brake power is called the brake mean 
effective pressure. If the brake power of the engine is known, the b.m.e.p. can be 
calculated in the following manner :

. ____ Brake power in watts . . . 2  .. (10.4d)b.m.e.p. = --------- r —,---------------- N/mr  a x I x n
10.14.4 Mechanically Efficiency : There is a certain amount of work needed to 

overcome the friction of the moving parts of the engine itself and therefore, the amount 
of work available at the shaft is less than that produced in the cylinder. In other words, 
mechanical efficiency measures the efficiency with which an engine converts the power 
produced in its cylinder into useful power available at the engine crankshaft.

Mechanical efficiency (r\m) may be defined as the ratio of useful power available 
at the engine crankshaft and power developed in the engine cylinder,

. . . „. . Brake power .. (10.5)i.e. Mechanical efficiency, r im = - -  -  5--------Indicated power
The difference between the indicated power and brake power represents the loss 

of power due to the friction of the rotating and sliding parts of the engine, a loss 
called the friction power,

i.e. Friction power = Indicated power -  Brake power .. (10.6)
10.14.5 Thermal Efficiency : No engine can convert alt the heat energy supplied 

by fuel to it into work. The fraction which is converted, is the thermal efficiency of the 
engine. The basis upon which the efficiency is calculated, may be indicated power or 
brake power.

Indicated thermal efficiency : This efficiency is designated by t|/ and is defined as 
the ratio of heat equivalent of power produced in the cylinder (indicated power) in unit 
time and heat supplied to the engine in unit time. The unit of time must be the same 
for the heat equivalent of power produced and heat supplied to the engine. This is 
very important.

.-. Indicated thermal efficiency,
_ Heat equivalent of indicated power in kJ/sec.
~ Heat supplied to the engine in kJ/sec.

Indicated power in kW .. (10.7)
mf x C.V.

where mf = fuel oil supplied in kg per sec.
= fuel oil supplied in litres per sec. x specific gravity of fuel oil, and

C .V .  = calorific value of fuel oil in kJ/kg.
In case of gas engine, indicated thermal efficiency,

Indicated power in kW (kJ/sec) ..(10.8)
n /  “  Vg x C . V

where Vg = volume of gas supplied per sec. in m3, and
C .V .  = calorific value of gas in kJ per m3.

Brake thermal efficiency is denoted by r\b and is defined as the ratio of heat 
equivalent of brake power in unit time and heat supplied to the engine in unit time.



Brake thermal efficiency, t , „  = kW jkJ/seco .. (10.9a)
3 10 mf x C.V.

where nrif = fuel oil supplied in kg per sec. and
C.V. = calorific value of fuel oil in kJ/kg.

In case of gas engines, brake thermal efficiency
_ Brake power in kW (kJ/sec) .. (10.9b)

11b “  Vg x C.V.

where Vg = volume of gas supplied per sec.

Now, indicated thermal efficiency, r\j =J 11 nrtf x C. V.

and Mechanical efficiency, rim = Indicated power
Indicated thermal efficiency x Mechanical efficiency

_ Indicated power Brake power _ Brake power
mf x C. V. Indicated power -  mf x C. V.

Now, Brake thermal efficiency =1 mf x C.V.

Brake thermal efficiency, r\b = r|; x i\m •• (10.10)
Brake thermal efficiency is also termed as overall efficiency.
Relative efficiency is designated by tv  and is defined as the ratio of indicated 

thermal efficiency and air standard efficiency or theoretical thermal efficiency,
_ Indicated thermal efficiency .. (10.11)
~ Air-standard efficiency

Relative efficiency shows how close the actual engine comes to the theoretically 
possible performance.

Relative efficiency on the basis of brake thermal efficiency is defined as the ratio 
of brake thermal efficiency and air standard efficiency,

 ___  Brake thermal efficiency_________  .. (10.12)
' ,1’r “  Air-standard efficiency or Ideal thermal efficiency

For air standard efficiency and relative efficiency, please refer volume II.
Problem-1 : In a test on a single-cylinder oil engine working on the four-stroke cycle, 
the following readings were taken :

Indicated mean effective pressure .. 540 kPa (5.4 bar)
Diameter of engine cylinder .. 30 cm
Piston stroke length .. 45 cm
Engine speed •• 4 r.p.s.
Calculate the indicated power of the engine.
Using eqn. (10.3a), Indicated power *  pm x a x I x n W
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where pm = Indicated m.e.p. in pascals (or N/m2) = 540 x 103 Pa



30 ^
100 

v. J
I = length of piston stroke in metre = 45/100 metre
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a = area of the piston in square metre = ^ m2

f  n s 4
n = number of working cycles or working strokes per second = ^

n = -P—  as the engine is four-stroke cycle

On substituting the above values, we' have,

Indicated power = (540 x 103) x -
2

100
= 34,330 W or = 34 33 kW 

If the indicated m.e.p. is taken as 5-4 bar,

45 4X TT- X -  100 2

Indicated power = (5-4 x 105) x -- 30
100

\2 45 4
x ioo X 2

= 34,330 W or *  34 33 kW (same as before)
Note : 1 kPa = 1 kN/m2 = 103 Pa, 1 bar = 105 Pa and 1 MPa = 106 Pa

Problem-2 : Calculate the indicated mean effective pressure when the indicator diagrams 
taken on a four-stroke cycle oil engine gave the following results :

(i) Area of the positive loop, 820 mnr?\ base length of the diagram, 50 mm; main spring used 
in the indicator had a stiffness of 50 kN/nrf per 1 mm elongation.

(ii) Area of the negative loop 1,470 m n r ; base length of the diagram, 50 mm; spring used 
in the indicator had stiffness o f2kN /nrper 1 mm elongation.

Using eqn. (10.2), indicated mean effective pressure,
Area of the indicator diagram ~p _ ------—  tt x Spring scale

Base length of indicator diagram r  3

Gross m.e.p. = — x 50 = 820 kN/m2 and 
50

Pumping m.e.p. = —’Jgp x 2 = 58-8 kN/m2.

Referring to fig. (10.21) and using eqn. (10.3b),
Net indicated m.e.p., pm = gross m.e.p. -  pumping m.e.p. = 820-58-8 = 761-2 kN/m .

Problem-3 : In a test on a single-cylinder oil engine working on the four-stroke cycle 
the following readings were taken :

Indicated m.e.p., 755 kPa (0755 MPa) ; cylinder diameter, 10 cm; piston stroke, 
15 cm; engine speed, 8 r.p.s.; brake wheel diameter, 625 cm; net load on the brake 
wheel, 170 newtons. Calculate : (a) the indicated power, (b) the brake power, and (c) 
the mechanical efficiency of the engine.

J  O f(a) Indicated power = pm x a x / x n  = (755 x 10 ) x

= 3,560 W or = 3 56 kW

15 8X ^ X — 100 2
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If the indicated m.e.p. is taken as 0-775 MPa,
x2

Indicated power = (0-755 x 106) x n ( 10
4 100

15 8
100 X 2

-  3,560 W or -  356 kW (same as before)
(b) Using eqn. (10.4a),
Brake power = (W — S) x R x 2nN
where (W — S) = net load on the brake wheel in newtons *  170 N

62 5
R = effective radius of the brake wheel in metre *  m

2nN = number of radians per second = 2n x 8 
N m number of revolutions per second = 8 

On substituting the above values,
CO.K

Brake power = 170 x ——-  x 2k x  8 = 2,699 W or = 2-669 kW
200

(c) Using eqn. (10.5),

Mechanical efficiency = = 0*75 or 75%Indicated power 3-56
Problem-4 : The following data refer to a test on a four-stroke cycle, double-acting 
single-cylinder Diesel engine having cylinder diameter 20 cm and piston stroke 30 cm :

M.E.P. on cover side .. 590 kPa
M.E.P. on crank side 
Speed
Diameter of piston rod 
Dead load on the brake 
Spring balance reading 
Brake wheel diameter 
Brake rope diameter 

Calculate the mechanical efficiency of the engine.

. 645 kPa 

. 7 r.p.s.

. 2.2 cm 

. 1,324 N 

. 131 N 

. 1 m 

. 2 cm

a\ = area of the cylinder on the cover side = ^  c/2 = ^ 

a2 = effective area of the cylinder on crank end side

20
100

m

= 5 , ^ - < * >  = * f 20  ̂
100

(2 2
100

m

where di = diameter of piston rod, and d -  cylinder diameter 
Indicated power on the cover side ■ pm x a\ x I x n



» 19,450 W i.e. 19-45 kW 
Indicated power on the crank side = pm x % x / x n
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= (645 x 103) x J 20
100

( 2-2  ̂
100

 ̂30 A 
100

= 21,063 W or -  21 063 kW 
As the engine is double-acting, total indicated power

= Indicated power on cover side + Indicated power on crank side*
= 19-45 + 21 063 -  40-513 kW 

Brake power = {W -  S) R x 2nN
where (W -  S) = net load on the brake wheel = 1,324 -  131 = 1,193 N,

1 2R = effective brake wheel radius = = 0-51 m, and

N = revolution per second made by the engine = 7 r.p.s.
Brake power -  1,193 x 0-51 x Zn x 7 = 26,760 W or 26-76 kW

Mechanical efficiency = = 0-6605 or 66-05%7 Indicated power 40-513
Problem-5 : A four cylinder four-stroke cycle petrol engine is to be designed to give 
a brake power of 185 kW at 35 r.p.s. The stroke bore ratio is to be 1.5 to 1. Assuming 
a mechanical efficiency of 75 per cent and indicated mean effective pressure of 830 
kPa, determine the required bore and stroke.

Indicated power = Brake power
Mechanical efficiency

= 246 67 kW i.e. 2,46,670 W
0-75

jnd icat^jjow er _ pm x / x a x n (indicated power per cylinder)

2,46,670 ,00_ . - 3. ni.e. ——i —  = (830 x 10 ) x -  4 4 100
1-5d 35x ——  x —  100 2

2,46,670 x 4 x 104 x 102 x 2 = 5,405
4 x 830 x 103 x 3 14 x 1 5 x 35

Diameter of cylinder, d = $5,405 = 17-54 cm
Piston stroke, r = 1-5 d = 1-5 x 17-54 = 26-32 cm.

Problem-6 : The following readings were taken during the test on a single-cylinder 
four-stroke cycle oil engine :

Cylinder diameter, 19 cm; stroke, 35 cm; gross mean effective pressure, 748 kPa; 
pumping mean effective pressure, 36 kPa; engine speed, 240 r.p.m. fuel used per hour 
35 kg, calorific value of fuel oil, 46,000 kJ/kg. Determine : (i) the indicated mean 
effective pressure, (ii) the indicated power, and (iii) the indicated thermal efficiency of 
the engine.
(i) Gross m.e.p. *  748 kPa; Pumping m.e.p. = 36 kPa.

Using eqn. (10.3b),
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Net indicated mean effective pressure. pm = 748 -  36 = 712 kPa

(ii) Using eqn. 10.3(a),

Indicated power = pm x a x / x n = (712 x 103) x . 35 4x — ~ x -  100 2100

= 14,124 W or 14124 kW.
(iii) Here, Indicated power = 14-124 kW, Wf = 3-5 kg/hr and C.V. *  46,000 kJ/kg. 

Heat equivalent of indicated power = 14-124 kJ/sec.

Heat supplied = g £qq x  46,000 = 44-722 kJ/sec,

, .. , . .. . . Heat equivalent of indicated power in kJ per sec.indicated thermal efficiency, iu  = -------- 3— r:—:------- ;; - . r ; , --------------c--------1 1 Heat supplied in kJ per sec.
14-124= = 0-3158 or 31 58%

Problem-7 : In a test on a single-cylinder oil engine working on the four-stroke cycle 
and fitted with a simple rope brake, the following readings were taken :

Brake wheel diameter, 60 cm; brake rope diameter, 2-5 cm; dead load on the 
brake, 200 newtons; spring balance readings, 30 newtons; speed, 8 r.p.s.; area of the 
indicator diagram, 420 m rrr; length of indicator diagram, 60 mm; spring used had a 
stiffness of 110 kN/rr? per mm elongation; diameter of the cylinder, 10 cm; stroke, 15 
cm; fuel used, 032 kg/kW/hour on brake power basis of calorific value 44,000 kJ/kg.

Calculate the brake power, indicated power, mechanical efficiency and indicated 
thermal efficiency of the engine.

Effective radius of the brake wheel, R = = 31-25 cm = 0-3125 m

(where D = Diameter of brake wheel in m, and d = diameter of brake rope in m)
Using eqn. (10.4a), Brake power » (IV -  S) x 2n x R x N
where (W -  S) = Net load on the brake wheel = 200 -  30 = 170 N,
N = r.p.s. = 8 and R -  Effective radius of the brake wheel = 0-3125 m 
Substituting the above values in eqn. (10.4a),
Brake power = 170 x 2rc x 0-3125 x 8 = 2,670 W = 2-67 kW 
Using eqn. (10.2), indicated mean effective pressure,

area of the indicator diagram ^ rpm =  ----- - -----; 9----------  x spring number
rm  length of the indicator diagram

420= - x 110 = 770 kPa60
Indicated power = pm x a x / x n W

= (770 x 103) x | f  10 
100

\2
X X I  = 3,627 W or = 3 627 kW 

100 2

Using eqn. (10.5), Mechanical efficiency,



t|m = Power - = -2~Y= = 0-7316 or 7316%
Indicated power 3-627

Fuel consumption per hour = 2-67 x 0-32 = 0-854 kg/hr.
. * Using eqn. (10.7), Indicated thermal efficiency,

_ Heat equivalent of indicated power in kJ/sec.
“  Heat supplied to engine in kJ/sec.

=   = = 0-3475 or 34-75%
X  44,000 10 4373,600

Problem-8 : The following data and test results refer to a test on a single-cylinder 
two-stroke cycle oil engine :

Indicated m.e.p., 550 kPa; cylinder diameter, 21 cm; piston stroke, 28 cm; engine 
speed, 6 r.p.s. brake torque, 628 N.m; oil consumption, 816 kg/hr; calorific value of oil, 
42,700 kJ/kg. Calculate: (a) the mechanical efficiency, (b) the indicated thermal efficiency, 
(c) the brake thermal efficiency and (d) brake specific fuel consumption in kg/kW/hr.

(a) Indicated power = pm x a x / x N
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= (550 x 103) x -J 21
100

28x -™  x 6 = 32,000 W or 32 kW

Brake power = (W — S) FI x 2k N = T x 2itN  W
where T = (W -  S) R -  Brake torque = 628 N.m,

N = r.p.s. = 6, and 
2nN = number of radians per second = 2n x 6.

Substituting the above values, we have,
Brake power = 628 x 2 x 314 x 6 = 23,663 W or 23-663 kW

Mechanical efficiency = - ~  -  = 0-7398 or 73-98%1 Indicated power 32
... . Heat equivalent of indicated power in kJ/sec.
(b) Indicated thermal efficiency = —  zrrnz iL  - ; ; , ; ---------' ’ Heat supplied to the engine in kJ/sec.

Heat equivalent of indicated power = 32 kJ/sec. ( v  1 kW -  1 kJ/sec.)
8* 16Heat supplied/sec. = x  42,700 kJ/sec.

32Indicated thermal efficiency =  x 100 = 3306%

£ &  >< 
po.cco

(c) Brake thermal efficiency =  x 100 = 24-4%

><

,«> Brake speo.no fuel consumption (B.S.F.C, .

= J  “ g = 0 3449 kg/kW/hr.
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Problem-9 : The following data was obtained from a trial of an single-cylinder gas 
engine working on the four-stroke cyde and governed by hit and miss method of 
governing; Diameter of cylinder, 18 cm; stroke, 38 cm; effective brake radius, 74 cm; 
indicated mean effective pressure, 440 kPa; average revolutions per second, 3; average 
explosions (working cycles) per minute, 82; net load on the brake, 235 newtons; gas 
used per hour, 42  m ; and calorific value of gas, 15,490 kJ/m3. Calculate : (a) the 
indicated power, (b) the brake power, (c) the indicated thermal effidency and (d) gas 
consumption in m3 per kW per hour based on brake power.

(a) Indicated power ■ pm x a x / x n (where n -  no. of explosions per sec.)

/  \2J8  
100

= 5,810 W or = 581 kW

=  (4 4 0  x 103)  x ^ 38 82
X x  —

10 0  6 0

(b) Brake power = (W -  S) R x 2nN = 235 x x 2 x 3-14 x 3

=* 3,277 W or 3 277 kW 
5*81

(c) Indicated thermal efficiency, = — - = 0-3215 or 32-15%

3 ,6 0 0  *  15 '4 9 0

(d) Gas consumption in m per kW Hr. on brake power basis

= “ §= = 1 28 m3/kW Hr.W'b I (
Problem-10 : The following data and test results refer to a four-stroke cycle oil engine :

Number of cylinders -  4; bore -  10 cm; stroke = 15 cm; indicated mean effective
pressure » 670 kPa; speed = 34 r.p.s.; brake-torque -  185 N.m; oil consumption =
1289 kg/hr; calorific value of fuel oil = 42,000 kJ/kg.

Calculate : (a) the brake power, (b) the brake thermal effidency, (c) the spedfic 
fuel consumption on brake power basis (B.S.F.C.), (d) the indicated power, (e) the 
mechanical effidency of the engine, and (f) the brake mean effedive pressure.

(a) Using eqn. (10.4c), Brake power = T x 2n x N
where T = Brake-torque = 185  N.m and N = r.p.s. = 34

Brake power = 185  x 2 k  x 3 4  = 3 9 ,5 2 0  W or 39 -52  kW
(b) Using eqn. (10.9a), Brake thermal efficiency,

_ Heat equivalent of brake power In kJ/sec.
~ Heat supplied to engine in kJ/sec.

39 52 39 52 0 .2 6 2 8  or 2 6  2 8 %

I 2- 8® x 4 2 ,0 0 0  150  38
3 ,6 0 0

(c) Specific fuel consumption on brake power basis or Brake specific fuel 
consumption,

B.S.F.C. = ! | | 1  = 0  3 2 6  kg per kW per hr.39-52
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(d) Indicated power per cylinder = pm x a x I x n

= (670 x 103) |  x

337

' 1 0 ' 2 15 34
X 100 X 2100

= 13,140 W or 13-41 kW 
Total indicated power of four cylinders (engine) = 13-41 x 4 -  53-64 kW

(e) Mechanical efficiency, rim = ---- = f —f f  = 0-7367or 73-67%' 7 1 Indicated power 53-64
39-52(f) Brake power per cylinder = — . - = 9-88 kW

Using eqn. (10.4d), Brake power = b.m.e.p. x a x I x n
where b.m.e.p. = brake mean effective pressure in kPa, a = area of the piston in m , 

I = length of piston stroke in m, and n = no. of working strokes per sec.

i.e. 9-88 x 103 = b.m.e.p. x ^ 10
100

15 34
x 77^; x —  100 2

b.m.e.p. per cylinder = 4,94,000 Pa or 494 kPa
Alternatively Brake mean effective pressure (b.m.e.p.)

= Indicated mean effective pressure x Mechanical efficiency
= 670 x 0-7367 = 494 kPa (same as before)

Problem-11 : A single-cylinder, four-stroke cyde oil engine is to develop 31 kW at 300 
r.p.m. If the indicated mean effective pressure is 675 kPa and speed of the piston is 
183 metres per minute, what is the diameter of cylinder and piston stroke ?

If the indicated thermal effidency of engine is 30 per cent and the calorifc value 
of the oil is 42,000 kJ/kg, what is the fuel consumption in kg per kW per hour on 
indicated power basis ?

Piston speed in m/min. = 2IN
[where I = length of piston stroke in m, and

N = number of revolutions of the engine/min. (r.p.m.)]
i.e. 183 ■ 2 x I x 300

.-. Piston stroke, I = 0-305 m
Using eqn. (10-3a), Indicated power = pm x 3 x I x n

i.e. (31 x 103) = (675 x 103) x ~ 

.-. D2 = 767-27

_d_
100 x 0-305 x 300

60 x 2

.*. Diameter of the cylinder, d = V767-27 = 27-67 cm.
Using eqn. (10.7) and taking indicated power as 1 (one),

Heat equivalent of indicated power in kJ per sec.
Heat supplied in kJ per sec.

H E I -* 22 <

Indicated thermal effidency, r|/ =



0 3 -  V ----------
3,600 X 42,000 

.-. Fuel consumption, Mf = 0-2857 kg/kW/hr.

i.e. Fuel consumption per kW per hour on indicated power basis = 0-2857 kg.

Tutorial -10
1. Fill in the gaps to complete the following statements :

(a) All large size I.C. engines and marine engines are .................
(b) The development of the Diesel engine began about .............
(c) In case of Otto cycle engine, the mixture pressure at the end of compression stroke is about ........  bar.
(d) In Diesel cycle engine ......... is compressed to about ............ bar at the end of compression stroke.
(e) Dual-combustion cycle engine is also known as .......... engine.
(f) In the petrol engine the fuel and air charge is fired by ................
(g) Lubricating oil consumption in two-stroke cycle engines is relatively  than that of four-stroke cycle
engines.

[(a) double-acting, (b) 1,893, (c) 7, (d) air, 35, (e) Semi Diesel, (f) spark, (g) higher]

2. What is meant by ‘ Internal combustion engine’ ? Briefly describe the history of its development.

3. What is meant by cycle of operations of an internal combustion engine ? Explain briefly the cycle of operat
of (i) a four-stroke cycle petrol engine, and (ii) a four-stroke cycle Diesel engine. Draw indicator diagram in each
case.

4. Sketch a typical indicator diagram of a four-stroke cycle petrol engirie and explain briefly each phase of the cycle.

5. Describe with the help of neat sketches a two-stroke cycle Diesel engine. Sketch the indicator and valve timing 
diagrams of such an engine.

6. Describe with the help of neat sketches the working of a two-stroke cycle petrol engine giving probable indicator 
and valve timing diagrams.

7. (a) Describe the cycle of operations of : (i) a two-stroke cycle petrol engine, and (H) a two-stroke cycle Diesel 
engine.
(b) What are the relative advantages and disadvantages of I.C. engines working on four-stroke and two-stroke 
cycles ?

8. (a) State the distinguishing features between four-stroke cycle and two-stroke cycle internal combustion engines, 
(b) Discuss the merits and demerits of four-stroke cycle versus two-stroke cycle internal combustion engines.

9. What is meant by cycle of operations in an internal combustion engine ? Explain clearly with the help of neat 
sketches the working of four-stroke cycle and two-stroke cycle Diesel engines. Why two-stroke cycle is specially 
suitable for Diesel engines ?

10. (a) Describe with a neat sketch, the ignition system used in a four-cylinder four-stroke cycle petrol engine.
(b) Describe with a neat sketch, the working of a fuel pump for a Diesel cycle engine.

11. (a) Enumerate the essential functions of a carburettor. Explain briefly, giving suitable sketches, the working of 
a simple carburettor.
(b) Sketch and explain the working of a fuel injector for a Diesel cycle engine.

12 Explain giving reasons why
(i) Internal combustion engine cylinders need cooling.
(ii) Internal combustion engines need cranking to start them.
(iii) Otto cycle engines need some method of ignition but Diesel cycle engines generally do not need ignition 
devices.
(iv) The camshaft speed is half that of the crankshaft in four-stroke cycle-engines.

13 (a) Distinguish between a water cooled I.C. engine and an air cooled I.C. engine.
(b) Describe an experimental method for determining brake power of an I.C. engine.

14. (a) Discuss the field of applications of I.C. engines.
(b) What is the difference between naturally aspirated I.C. engine and supercharged I.C. Engine.
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15. (a) State the factors according to which I.C. engines can be classified.

(b) Explain the basic difference between a petrol engine and a Diesel engine.
16. Answer the following briefly :

(i) Explain the term clearance volume.
(ii) What is meant by swept volume or capacity of a cylinder ?
(iii) What are the usual compression ratios for petrol engines ?
(iv) What are the usual compression ratios for Diesel engines ?
(v) How is the cylinder scavenged of burnt gases in case of a two-stroke cycle I.C. engine and in case of 
a four-stroke cycle I.C. engine ?
(vi) What are the functions of flywheel and governor in the operation of I.C. engines ?

17. What is meant by governing of an I.C. engine ? What are the methods of governing I.C. engines ?

18. What is meant by indicator, Indicator card, indicator diagram, Indicated mean effective pressure, Spring number, 
and Indicated power of an I.C. engine ?

19. Explain the following terms as applied to I.C. engines :
(i) Pumping power,
(ii) Indicated power,
(iii) Brake power, and
(iv) Friction power.

20. Explain the following terms as applied to I.C. engines :
(i) Mechanical efficiency,
(ii) Indicated thermal efficiency,
(iii) Brake thermal efficiency, and
(iv) Relative efficiency.

21. State in the following cases whether the engine is a petrol engine or a Diesel engine: (i) Fuel injector is used,
(ii) Spark plug is used, (iii) It is used in motor car engine, (iv) Compression ratio is 14, (v) combustion takes
place at constant volume, (vi) Pressure in the cylinder at the end of compression is 35 bar, (vii) Carburettor is 
used, and (viii) Mixture of fuel and air is taken during the suction stroke.

[(i) Diesel, (ii) Petrol, (iii) Petrol, (iv) Diesel, (v) Petrol, (vi) Diesel, (vii) Petrol, (viii) Petrol]

22. Write a short notes on the following giving neat sketches wherever necessary :
(i) Methods of ignition used in I.C. engines,
(ii) Methods of cooling I.C. engine cylinder,
(iii) Methods of governing I.C. engines,
(iv) Methods of fuel injection employed in Diesel engines, and
(v) Simple carburettor.

23. The diameter of the brake wheel fitted to a single-cylinder, four-stroke cycle oil engine on test is 1.48 metres 
and the brake rope diameter is 5 cm. The dead load on the brake is 804 newtons and the spring balance reading 
is 88 newtons and the engine is running at 3 r.p.s. From indicator card, the indicated m.e.p. is 687 kPa. The 
fuel consumption is 0-31 kg per kW per hour on brake power basis (brake specific fuel consumption) of calorific 
value 42,000 kJ/kg. The cylinder diameter is 23 cm and the piston stroke is 30 cm. Calculate : (a) the brake 
power, (b) the indicated power, (c) the mechanical efficiency, and (d) the indicated thermal efficiency of the 
engine.

[(a) 10-324 kW; (b) 12 844 kW; (c) 80 38%; (d) 34-4%]

24. The following readings were taken during the test of a single-cylinder, four-stroke cycle oil engine :
Cylinder diameter .. 280 mm
Piston stroke •• 425 mm
Gross m.e.p. -  724 kPa
Pumping m.e.p. -  40 kPa
Engine speed 210 r.p.m.
Net load on the brake wheel •• 1.300 newtons
Effective diameter of the brake wheel 1 -6 metres
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Fuel used per hour .. 9 kg
Calorific value of fuel oil „ 42,000 kJ/kg

Calculate the indicated power, brake power, mechanical efficiency, and indicated and brake thermal efficiencies 
of the engine.

[31-325 kW ; 22-87 kw; 73% 29-83%; 21-78%]
25. The following results were obtained during the test on a single-cylinder oil engine :

Duration of test 50 minutes; fuel oil used, 2-633 kg; average indicated power 13-32 kW; average brake 
power, 10-48 kW; calorific value of fuel oil, 44,400 kJ/kg. Calculate : (a) the indicated thermal efficiency, 
and (b) the brake thermal efficiency of the engine. [(a) 34-18%; (b) 26-89%]

26. The following results were obtained from a test on a single-cylinder oil engine : Brake specific fuel consumption, 
0-31 kg/kW/hr; Calorific value of fuel oil, 43,960 kJ/kg; Brake power, 26-1 kW; Indicated power, 32-68 kW. Cal-
culate : (a) the mechanical efficiency, (b) the indicated thermal efficiency, and (c) the brake thermal efficiency of 
the engine.

[(a) 79-86%; (b) 33 08%; (c) 26-42%]

27. The following observations were made during a trial on a single-cylinder two-stroke cycle oil engine having a 
cylinder diameter 20 cm and piston stroke 30 cm :
Duration of trial, 40 minutes; total number of revolutions, 12,000; indicated m.e.p„ 580 kPa; net load on the 
brake, 1,240 newtons; effective radius of the brake wheel, 0-58 metre; fuel consumption, 4-32 kg; calorific 
value of fuel oil, 44,000 kJ/kg. Calculate : (a) the mechanical efficiency, (b) the indicated thermal efficiency, 
and (c) the brake thermal efficiency of the engine.

[(a) 82-65%; (b) 34-48%; (c) 28-51%]

28. The following observations were made during a test on a single-cylinder, two-stroke cycle oil engine : Cylinder 
dimensions : 20 cm bore (diameter), 26 cm stroke; speed, 6 r.p.s.; effective diameter of the brake wheel, 1.2 
metres; net load on the brake wheel, 471 newtons; indicated mean effective pressure, 275 kPa; fuel oil con-
sumption, 3-36 kg per hour; calorific value of the fuel oil, 41,870 kJ/kg. Calculate : (a) the indicated power, (b) 
the brake power, (c) the mechanical efficiency, (d) the indicated thermal efficiency, and (e) fuel consumption in 
kg per kW per hour on brake power basis.

[(a) 13-47 kW; (b) 10-648 kW; (c) 79%; (d) 3447%; (e) 0-3155 kg/kW per hour]

29. A four-cylinder, four-stroke cycle petrol engine is to be designed to develop a brake power of 185 kW at 2,100 
r.p.m. The stroke bore ratio is to be 1 -5 to 1. Assuming mechanical efficiency of 75 per cent and indicated mean 
effective pressure of 830 kPa, determine the required bore and stroke.
If the indicated thermal efficiency of the engine is 31-5% and the calorific value of petrol is 42,000 kJ/kg 
calculate the petrol consumption in litres per hour and brake specific petrol consumption in litre per kW per 
hour. Take specific gravity of petrol as 0-73.

[15332 cm; 23 cm; 91-947 litres/hr; 0497 litre per kW/hour]

30. The following data refer to a test on a four-stroke cycle oil engine :
Number of cylinders = 4; cylinder bore = 9 cm; piston stroke = 13 cm; speed = 2,100 r.p.m.; brake torque 
= 167 N.m; fuel oil consumption = 13 5 litres/hr.; calorific value of fuel oil = 44,000 kJ/kg; specific gravity 
of fuel oil = 0-82. Calculate : (a) the brake mean effective pressure (b.m.e.p.), (b) the brake thermal efficiency, 
and (c) the brake specific fuel consumption in litre per kW/hr.

[(a) 634-4 kPa; (b) 27 14%; (c) 0-3676 litreAW.hr.]

31. During a test of 40 minutes duration on a single-cylinder gas engine of 22 cm cylinder bore and 43 cm stroke, 
working on four-stroke cycle and governed by hit and miss method of governing, the following readings were 
taken :
Total number of revolutions, 9,600; total number of explosions, 4,400; indicated mean effective pressure, 667 
kPa; net load on the brake wheel, 805 newtons; brake wheel diameter; 1-5 metres; brake rope diameter,
2 5 cm; calorific value of gas, 16,750 kJ/m3; gas used, 9 2  m3. Calculate : (a) the indicated power, (b) the
brake power, (c) the indicated thermal efficiency, and (d) the brake thermal efficiency of the engine.

[(a) 19-98 kW; (b) 15418 kW; (c) 31-11%; (d) 24-01%]

32. The following data was obtained from a trial of single-cylinder gas engine working on the four-stroke cycle and 
governed by hit and miss method of governing :
Diameter of the cylinder, 18 cm; stroke, 28 cm; effective brake wheel radius, 74 cm; average indicated 
mean effective pressure, 410 kPa; average revolutions per minute. 195; average expjosions (or working 
strokes) per minute, 78; net load on the brake, 235 newtons; gas used per hour, 4m ; calorific value of
gas, 15,000 kJ/m3. Calculate :
(a) Brake specific gas consumption in m /kW/hour,



INTERNAL COMBUSTION ENGINES-RECIPROCATING 341
(a) Brake specific gas consumption in m3/kW/hour,
(b) Gas consumption in m3/kW/hour on indicated power basis; and
(c) The indicated thermal efficiency of the engine.

1(a) 1-1264 m3; (b) 0-7764 m3; (c) 30 91%J

33. A single-cylinder, four-stroke cycle gas engine, having a bore and stroke of 37 cm and 70 cm respectively and 
running at 200 r.p.m., fires 75 times per min. The mean area of the indicator diagram is 480 mm2 and the length 
of the indicator diagram is 75 mm. The strength of the spring used in the indicator is 100 kN/m2/mm and the 
calorific value of the gas is 17,000 kJ per m . Determine the indicated power and the gas consumption in m 

. per kW per hour on indicated power basis, if the indicated thermal efficiency of the engine is 31%.
[60-212 kW; 0-6831]


