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iv Detailed Contents

Learning Objectives 
Each chapter of the book 
begins with ‘Learning 
Objectives’, which lists the 
major topics discussed in the 
chapter. 

Figures and Images
The concepts are made easier 
to understand with the aid 
of numerous well-illustrated 

Features of

Learning Objectives

∑
∑
∑
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Detailed Contents v

the Book

Practice Problems 
The book includes 
a good number of 
numerical problems for  
practice.

Solved Examples 
Discussion on each topic 
is reinforced with solved 
numerical examples to 
enable application of 
concepts learned.

Multiple Choice Questions and 
Review Questions 
Each chapter supports a wealth 
of multiple choice questions and 
review questions to help students 
during exam preparation.

EXAMPLE 16.42 A six-cylinder four-stroke petrol engine (bore = 90 mm; stroke = 110 mm) running at a 

Solution: Swept volume Vs = 
p
4

2¥ ¥D L =
p
4

9 112¥ ¥  =  699.4 cc

Compression ratio, r = 
V V

V
s c

c

+
 = 

699 4 90
90
. +

Review Questions
-

tem?

battery ignition system.

ignition system?

ignition timing?

-
-

diode sensor.

advance.
-

less ignition system?

distributorless ignition system?

Practic Problemse
1. In an air standard Otto cycle, the pressure and

temperature at the start of compression stroke
-

per kg of air, (iii) maximum temperature in the 
cycle, and (iv) mean effective pressure.

(Ans.

-
pressed isentropically until the pressure rises to 
16 bar. The heat is added at constant volume 
until the pressure rises to 30 bar. Calculate the 

-

Find the temperature and pressure after com-
bustion. (Ans.

6. A spark ignition engine works an air-
standard Otto cycle that has a heat addi-

beginning of the compression process are

the cycle, and the mean effective pressure.
(Ans.

29. An air standard cycle consists of the follow-
ing processes; isentropic compression from
15°C, 1.01 bar through a compression ratio of
5; heat addition at constant volume of 2600 kJ/
kg; isentropic expansion to the initial volume; 
heat rejection at constant volume. Sketch the 
cycle on p-V and T-s diagrams, and calculate

and peak pressure.
(Ans. 51.16%, 19.44 bar, P3 = 88.6 bar)

heat is added (a) at constant pressure, (b) half at 
constant volume and half at constant pressure. 

The compression ratio is increased so as to al-
low the same peak pressure as before. Sketch 
the two cycles on P-V and T-s diagrams, and 

-
fective pressures.

(Ans. (a) 61.98%, 15.49 bar;
(b) 55.65%, 8.472 bar)

31. In a Carnot cycle, 1 kg of air is compressed 
isentropically from 1.0 bar to 4.0 bar, the tem-
perature being 10°C. The maximum tempera-
ture reached in the cycle is 400°C. Find the 

cycle. (Ans. 57.97%, 2.59 bar)

Multiple Choice Questions

1. Expansion of the unit of power, PS is
(a) Pferde Starke (b) power stroke
(c) power (d) none of these

2. Prony brake dynamometer is used to measure
(a) speed (b) torque
(c) power (d) none of these

-
gine

(b) at minimum speed of engine
(c) at maximum speed of engine
(d) at maximum power of engine 

( ) i (b) i
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Preface

Internal combustion engines are the driving force of fuel-operated vehicles. They represent the class of ma-
chines in which the chemical energy of the fuel is converted to mechanical energy in a single component. 

-
ing stationary power generation.

Internal combustion engines is a topic of interest for engineers especially mechanical and automobile, and 
-

gies being employed in internal combustion engines include variable valve timing technology, electronic fuel 
injection system, programmed electronic ignition systems, exhaust gas treatment technologies, and nano fuel 

About the Book
A course on Internal Combustion Engines is part of the curriculum of the undergraduate programme in 
mechanical engineering and related branches of most of the universities globally. This book Internal Com-
bustion Engines focuses on the fundamental aspects of IC engines, while emphasizing on the latest technolo-
gies. It will help students to understand the working of various types of IC engines, their components, and 
performance analysis which help them in conducting further research to propose solutions to challenges in 
the industry. 

This book is designed for the undergraduate students of mechanical engineering and equivalent branches, 
and will also serve as a valuable reference for postgraduate students in the relevant discipline. A review of 

the areas of combustion, fuels, and exhaust emission control technologies. It will also be useful for engineers 
-

aminations like GATE, as well as recruitment interviews. 

Key Features 
 ∑ Discusses thermodynamic analysis of combustion and heat release in IC engines
 ∑ Includes nanoparticle fuel and oil additives for emission reduction and performance improvement
 ∑ 
 ∑ -

tem
 ∑ 

and future emission norms 
 ∑ 

120 solved examples
115 practice problems
270 multiple choice questions
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viii Preface

273 review questions
Chapter-end summary

Organization of the Book
The book consists of 17 chapters. A chapter-wise scheme of the book is presented here.

Chapter 1 of the book starts with the history of internal combustion engines, followed by a description 
of engine nomenclature and components. This is followed by a description of four-stroke and two-stroke 
engines and their comparison. The chapter also includes a note on future engines.

Chapter 2, which discusses the analysis of air standard cycles, starts with an introduction to thermody-
namics followed by the analysis of various ideal cycles such as Carnot cycle, Otto cycle, Diesel cycle, Dual 

heat and dissociation. The chapter supports a number of solved problems as well as practice problems with 
answers to enable practical application of concepts learned in the chapter. 

Chapter 4 discusses the analysis of actual cycles and factors such as heat losses, time losses, combustion 

Chapter 5 discusses the various types of fuels, their properties, and measurement methods. Different types 
of alternative fuels and various types of fuel additives are also covered in this chapter. 

-

are covered in detail in this chapter. The discussion of different stages of combustion in CI engines, followed 
by knocking and the parameters affecting knocking are included here. Theoretical aspects of combustion and 

injection systems. The chapter also covers in detail the latest technologies in electronic fuel injections system 

and air-assisted fuel injection system (orbital combustion process). 
Chapter 8 covers the different types of fuel systems employed in CI engines, which include conventional 

injectors is also included in this chapter. The different types of sensors being used in electronic fuel injection 
system are discussed in detail with the help of illustrations in chapters 7 and 8. 

Chapter 9 on ignition systems discusses the conventional ignition systems and mechanical ignition ad-
vance systems. In addition to these, various types of ignitions systems which include the latest electronic 
ignition systems, corona discharge ignition system, capacitor discharge ignition systems, and distributor-less 
ignition system are covered in detail in this chapter. 

Chapter 10 discusses engine friction and various types of lubrication systems being used in a wide variety 
of automobiles including wet sump and dry sump lubrication systems in four-stroke engines and mist lubrica-
tion system used in two-stroke engines. 

Chapter 11 discusses lubricating oils, their properties, and measurement methods. Various types of ad-
2 2 nanoparticle for friction reduction are also discussed. 

Chapter 12 elucidates the different types of cooling systems in engines such as air cooling and liquid cool-
ing systems. The chapter also includes a discussion on the desirable properties of coolants. 

Chapter 13 discusses in detail the two-stroke engines. Different types of scavenging schemes and their 
comparison are provided in this chapter. The chapter also includes a detailed description of air-assisted fuel 
injection system for two-stroke petrol engines. 
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Preface ix

Chapter 14 discusses superchargers and turbochargers.  The advantages of superchargers and turbocharg-
ers are explained with the help of ideal cycles.

Chapter 15 analyses the causes of air pollution and the impact of harmful emissions on human health, with 
special emphasis on emission norms. Different types of emission control strategies being adopted to satisfy 
the existing and future emissions norms are dealt with in detail in this chapter.  The chapter also includes a 
note on nanoparticle catalysts as fuel-borne additive for emission reduction.

CI engines. It also explains the principle and methodology of emission measurement techniques. 
Chapter 17 discusses the engine gas exchange systems, which include intake and exhaust systems in 

engines. It also includes the valve timing diagram and various valve technologies being adopted for better 
power and mileage. 

Online Resources
To aid the faculty and students using this book, the following resources are available at www.india.oup.com/
orcs/9780199479481

For Faculty
 ∑ 
 ∑ 
 ∑ Additional reading material on gas turbines

For Students
 ∑ Colour photographs of engines presented in the book
 ∑ Additional reading material on gas turbines
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Learning Objectives

∑
∑
∑

1.1 Heat Engines—An Introduction
In today’s civilized world, energy plays a major role in running the entire system on this planet. The demand 
rate of energy is increasing day-by-day and new sources of energy are being explored. The conversion of 

-
gine is a device which derives heat energy from the combustion of fuels or any other source and converts this 
energy to mechanical work. A heat engine operates by taking heat from a source, converting some of that heat 
into work, and dumping the rest into a sink. In the modern society, different types of heat engines are being 
used which include, hot air engines, petrol engines, diesel engines, gas turbines, etc. for various applications. 

(a) External combustion engines
(b) Internal combustion engines

In external combustion engines, combustion of fuel occurs outside the cylinder whereas in internal com-
bustion engines combustion occurs within the cylinder. Steam engine is a popular external combustion en-
gine in which heat of combustion is employed to generate steam which produce useful work in the engine. 
Other types of external combustion engines include hot air engines, steam turbines, and closed cycle gas 
turbine, which are generally used in locomotives, ships, generators, etc. The external combustion engines 

-

internal combustion engines the combustion of fuel and air occurs within the engine cylinder and is directly 

external combustion engines. Petrol engines, diesel engines, Wankel engines, and open cycle gas turbine 
are common examples of internal combustion engines. Internal combustion engines are commonly used in 
automobiles, trucks, and buses. 

Chapter 1

Introduction
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2 Internal Combustion Engines

Several types of internal combustion engines were developed and tested during the second half of the 19th 

as fuel, in 1680. Even though many attempts were made utilizing coal gas as power source, during the period 

outwards during explosion and expansion strokes. All the engines developed until 1860, involved the com-
-

strated a practical engine working on a four-stroke cycle. Internal combustion engines started being used in 

engine and hence the series of processes that model the thermodynamic cycle in today’s four-stroke spark 
ignition engine is called Otto cycle. In 1881, Dugald Clerk, a Scottish engineer patented a two-stroke engine, 
having one working stroke per revolution as opposed to the four-stroke engine having one working stroke 

is injected towards the end of compression stroke. By 1920s multi-cylinder diesel engines were used in au-
tomobiles and trucks. Felix Wankel invented the basic design of the rotary engine, which was successfully 

obtain the rotary motion directly. 
Stirling engine was invented by Robert Striling in 1816, and was later developed in 1965. Stirling engine 

is basically an external combustion engine, operating on cyclic compression and expansion of air or any other 
-

version of heat energy to mechanical work. Extensive research is being done all over the world in the quest of 

are becoming stringent for controlling the emissions from automobiles, it is mandatory to adopt new technol-
ogies to meet the prevailing and future emission norms. With the advent of advanced electronics, petrol and 
diesel engines with electronic fuel injection systems are becoming popular due to their inherent advantage of 

A brief description of different components of an internal combustion engine and its functions are given here. 
The basic working of the four-stroke diesel and petrol engines, and two-stroke diesel and petrol engines is 
also discussed here. 

1.2
Different types of internal combustion engines are being used in automobiles depending upon their appli-

1.2.1 Applications
Both diesel and petrol engines are used for various applications, depending upon the suitability and the re-

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Introduction 3

Engines

Automotive, power generation, marine, earth movers, agriculture

Engine
design

Reciprocating
Single cylinder

Multi-cylinder
Rotary

Operating
cycle

Otto

Diesel

Dual
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Four-stroke
Two-stroke

Naturally aspirated

Turbocharged

Supercharged

OHC

OHV
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fuels
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fuels

Petroleum derived

Bio-mass derived

Mixture
preparation

Petrol
engines

Carburettor

Fuel injection

Throttle body injection

Multi-point fuel injection

Gasoline direct injection

Air-assisted fuel injection

Individual injection
pump/injector system

Unit injector system

Distributor system

Common rail direct
injection system

Water
cooling

Air cooling
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Diesel
engines

Fig. 1.1 Classification of IC engines

generally four-stroke diesel engines) 

engines)
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4 Internal Combustion Engines

1.2.2 Basic Engine Design

Reciprocating Type
The reciprocating type engine basically consists of a piston which reciprocates inside the cylinder and the 
reciprocating motion of the piston is converted to rotary motion by means of the connecting rod and crank 
mechanism (as shown in Fig. 1.2). The number of cylinders in the reciprocating engine mainly depends upon 

cylinder engines.

strokes per revolution depends on the number of cylinders. Even though the power of the engine increases 
with the number of cylinders, the mileage decreases correspondingly. Depending upon the arrangement of 

(v) opposed piston. Figure 1.2 shows the different types of engines based on the orientation of cylinders. In 
inline-type engines, all the cylinders of the engine are in a straight line and are popularly used in cars, jeeps, 

-

increases, even though the mileage of the engine decreases, the brake power output of the engine increases 

(a) (b)

(a) (d)

Fig. 1.2 Engines based on the orientation of cylinders (a) Inline type, (b) V type, (c) Horizontally opposed/Boxer type,

(d) Radial type

Rotary Type

In a rotary engine the rotary motion is directly obtained, as opposed to the reciprocating engine where the 
reciprocating motion is converted to rotary motion. Depending upon the number of rotors, rotary engines are 
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Introduction 5

1.2.3 Operating Cycle

∑ 
∑ 
∑
∑  Atkinson (for complete expansion SI engine) 
∑  Miller (for early or late inlet valve closing-type SI engine) 

(a) Four-stroke cycle

(i)  Crankcase scavenged 
(ii) Externally scavenged

In  two-stroke engines one power stroke is obtained per revolution of the engine as opposed to four-stroke 
engines, where there is one power stroke in two revolutions. Four-stroke engines are generally used where 
mileage is the prime consideration and two-stroke engines are used where power-to-weight ratio is the major 

-

1.2.5 Charging Method

(a) Naturally aspirated type Admission of air or air–fuel mixture at atmospheric pressure.
(b) Supercharged/Turbocharged type Admission of air or air–fuel mixture under pressure.

-
mitting into the engine cylinder. In supercharger the power to run the compressor is directly obtained from 
the engine. In turbocharger, the compressor input power is obtained from the enthalpy of the exhaust stream, 
by means of a turbine in the exhaust pipe of the engine, which in turn spins the compressor. Even though 
turbocharger utilizes the waste energy in the exhaust for pressurizing the air, it creates some amount of back 
pressure in the exhaust system.

1.2.6 Valve Location

In overhead valve system, the camshaft is placed near to the crankshaft and the motion is transmitted to 
the valves in the cylinder head through push rods. In overhead cam system the camshaft is placed within the 

rods. Depending upon the number of camshafts, the overhead cam system can be single overhead camshaft 

1.2.7 Fuel
The heat energy is released in an internal combustion engine by burning the fuel in the engine cylinder. Inter-
nal combustion engines are operated on different types of fuels such as gaseous, liquid, and even solid fuels. 
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6 Internal Combustion Engines

1. Conventional

2. Alternate fuels

(b) Bio-mass derived (i) ethanol (ii) vegetable oils (iii) producer gas  (iv) biogas (iv) hydrogen 

1.2.8 Mixture Preparation 

into the cylinder, which is becoming obsolete as it fails to satisfy the emissions norms.

fuel injection systems are commonly used in both diesel and petrol engines. The electronic fuel injection 

(iv) Air-assisted fuel injection system (air–fuel mixture injection directly into cylinder)
The fuel injection systems used in diesel engines are 

(i) Individual pump and injector system 
(ii) Unit injector system 
(iii) Distributor system
(iv) Common rail direct injection system (CRDI)

1.2.9 Ignition

Spark ignition engines These require an external source of energy (spark plug) for the initiation of spark 
leading to the combustion process. The types of ignition systems used in SI engines are (i) battery ignition 
system, (ii) magneto ignition system, (iii) transistorized coil ignition system, and (iv) capacitive discharge 
ignition system. 

Compression ignition system These do not require any external means to initiate the combustion as 
the air–fuel mixture is ignited by only autoignition. Compression ignition systems can have heterogeneous 
charge (as in conventional engines) or homogenous charge (as in homogenous charge compression ignition 

1.2.10 Cooling
Cooling is very essential for proper functioning of the engine. Basically there are two types of cooling, 
namely (i) air cooling (ii) liquid cooling.

cooling system, the coolant circulating through the water jackets removes the heat from the engine parts and 

1.3 Engine Components

internal combustion engine are discussed here.
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Introduction 7

Cylinder Block

The engine cylinder block is the basic frame of an engine. Cylinder block is the housing of various engine 
components such as cylinder, water jackets, water pump, timing gear, ignition distributor (in the case of petrol 

the barrel to enhance the dissipation area. In water-cooled engines, the cylinders are surrounded by jackets 

the cylinder block and crankcase are often cast as a single piece. The cylinder block is extremely strong so as 
to withstand high pressure and temperature.

Camshaft

Cam

Spark plug

Intake valve

Combustion
chamber

Cylinder block

Connecting rod

Crankshaft

Valve spring

Exhaust valve
Cylinder head

Cooling water

Piston

Crankcase

Fig. 1.3 Spark ignition engine

Cylinder Head
Cylinder head is a separate casting bolted to the top of the cylinder block. It contains the combustion chambers, 
spark plug, valves, and water jackets. A gasket is used between the cylinder block and cylinder head to avoid 
leakage. Depending upon the arrangement of valves, the cylinder head can be I-head, T-head, or F-head.

Crankcase

Crankcase is the base of the engine which supports the crankshaft and camshaft. The top half of the crankcase 
is an integral part of the cylinder block and the bottom half of the crankcase is the oil pan (pressed steel or 
aluminium). The crankcase also has mounting brackets to support the entire engine on the vehicle frame. 
These brackets are either an integral part of the crankcase or are bolted to it so that they support the engine at 
three or four points.  The material of crankcase is normally ferrous alloy or semi-steel.

Piston

and attached to the crankshaft by a connecting rod. Each piston reciprocates in its cylinder, transmitting the 
work obtained from the expansion of gas in the cylinder to the crankshaft via the piston and connecting rod. 
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8 Internal Combustion Engines

Piston is made of either heavy iron or lighter aluminium alloy. It 
is equipped with piston rings to provide a good sealing between 

reduce friction. The space enclosed between the upper part of the 
cylinder and the top of the piston during the combustion process 
is called the combustion chamber.

Connecting rod

The connecting rod transmits the piston load to the crankshaft 
causing the latter to turn, while converting the reciprocating 
motion of the piston to the rotary motion of the crankshaft. The 
small end of the connecting rod is connected to the piston by 
means of a gudgeon pin and the big end is connected to the crank 
pin. Figure 1.4 shows the piston and connecting rod.

Crankshaft

The connecting rod and crank arm of the crankshaft translate the reciprocating motion of the piston to 
rotational motion of crankshaft. The crankshaft is made from steel forging and is supported on bearings 
attached to the crankcase. The shape of crankshaft, that is, the mutual orientation of the cranks depends on the 

Crankshaft
Connecting rod Flywheel

Piston

Fig. 1.5 Crankshaft and flywheel

Flywheel

is a heavy metal wheel attached to the back of the crankshaft. Flywheel provides inertia to keep the crankshaft 
turning smoothly during the periods when no power is obtained. It also forms a base for the starter ring gear 
and for the clutch assembly in manual transmission.

Piston

Piston rings

Gudgeon pin

Small end

Connecting rod

Big end bearing

Fig. 1.4 Piston and connecting rod
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Introduction 9

1.4 Engine Nomenclature

are explained here for the better understanding of the working principle 
of engines (Fig. 1.6).

Top dead centre In a reciprocating engine the piston moves in a 
to-and-fro motion in the cylinder. As the piston moves in the upward 
direction in the cylinder, the point at which the piston comes to rest or 
changes its direction is known as top dead centre (TDC), situated at top 
end of the cylinder.

Bottom dead centre As the piston moves in the downward direction, 
the point at which the piston comes to rest or change its direction is 
known as bottom dead centre (BDC) and is situated at the bottom side 
of the cylinder.

Stroke Stroke is the distance between the top dead centre and bottom 
dead centre. It is the maximum distance travelled by the piston in a 
single direction and is designated by the letter L.

Bore The inner diameter of the cylinder is known as bore of the cylinder and is designated by the letter D.

Stroke-to-bore ratio It is the ratio of the length of stroke to the inner diameter of the cylinder. It is 

L D
(a) Under square piston, if D < L
(b) Square piston, if D = L
(c) Over square piston, if D > L

Petrol engines are normally designed with over square pistons (D > L), whereas diesel engines have under 
square pistons (D < L). In diesel engines with under square pistons, longer stroke increases engine friction as 

most often tuned to develop peak torque at relatively low speeds.

Piston area (A) It is the area of a circle of diameter equal to cylinder bore.

Cylinder volume (V)

Clearance volume (Vc) It is the volume of cylinder when the piston is at TDC.

Swept or displacement volume (Vs) It is the volume swept through by the piston in moving between 
TDC and BDC. Swept volume is the difference between the total volume and clearance volume,

Vs = V – Vc (1.1)
Swept volume is calculated as the product of piston area and stroke.

Vs = A ¥ L = p
4

2D L¥ . (1.2)

TDC

BDC

L

D

Fig. 1.6 Engine nomenclature
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10 Internal Combustion Engines

Compression ratio The ratio of maximum volume to minimum volume of the cylinder is known as 
the compression ratio. Compression ratio is in the range of 8–12 for spark ignition engines and 12–24 for 
compression ignition engines.

Compression ratio = Cylinder volume
Clearance volume c

s c

c
= =

+V
V

V V
V

(1.3)

(a) (b) (c) (d)

Fig. 1.7 Four-stroke spark ignition (SI) engine cycle (a) Intake, (b) Compression, (c) Power, (d) Exhaust

1.5
In a four-stroke cycle engine, the cycle of operation is completed in four strokes of the piston or two revo-
lutions of the crankshaft. A stroke refers to the full travel of the piston along the cylinder, in one direction.  

indicator diagram of a four-stroke SI engine. Figure 1.9 shows the actual valve timing of a four-stroke petrol 
engine, which gives a clear idea about the actual position of the piston during the opening and closing of inlet 
and exhaust valves. The four strokes of a conventional petrol engine  are discussed here.

Intake stroke Intake stroke of the piston begins at TDC and ends at BDC. The inlet valve remains open 

cylinder which inducts fresh charge of air and atomized fuel into the cylinder. An engine which sucks fresh 
charge by means of a depression in the cylinder is called ‘normally aspirated’. In the case of carburetted 
engine, air–fuel mixture preparation takes place in the carburettor, whereas in multi-point fuel injection 
(MPFI) engines, during the suction stroke air enters into the cylinder and fuel is injected into the air in the 
manifold, behind the inlet valve thus mixing the air and fuel. As the piston moves towards the BDC during the 

into the cylinder for some time even when the piston starts moving to the TDC in the compression stroke. In 
order to take the advantage of this Ram effect 
1.9) so as to induct maximum amount of air.
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Introduction 11
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       Fig. 1.8 Actual indicator diagram of a four-stroke petrol engine Fig. 1.9 Actual valve timing diagram

Compression stroke Compression stroke begins at BDC and ends at TDC. Both the intake and exhaust 
valves remain closed during this stroke. The air–fuel mixture which occupies the entire cylinder volume is 
progressively compressed into clearance volume and the pressure and temperature of the air–fuel mixture 
rise.

Power stroke During power stroke both inlet and exhaust valves are closed. Towards the end of the 
compression stroke, the mixture is ignited by means of an electric spark between the electrodes of the spark 
plug located in the combustion chamber wall. By the time the piston reaches the TDC, the charge mixture 
begins to burn, generates heat, and rapidly raises the pressure in the cylinder until the gas pressure exceeds 
the resisting load. The burning gases in the cylinder expand and change the piston’s direction of motion and 
push it to its outermost position (BDC).

Exhaust stroke At the end of the power stroke the inlet valve remains closed but the exhaust valve is 
open and the piston returns to TDC. As the valve opening is spread over a considerable number of crankshaft 

BDC. Most of the burnt gases are expelled due to the pressure energy of the gas and the piston also pushes the 
exhaust gases out of the cylinder through the exhaust-valve port to the atmosphere. During the exhaust stroke 

to the BDC in the suction stroke of the next cycle, mainly due to inertia. In order to take advantage of this 

in Fig. 1.9). Some of the residual exhaust gases remain in the cylinder, which will be used in the next cycle.

valve overlapping. During valve over-

gases to the inlet manifold, especially during part-load operation. This exhaust gas dilution mainly occurs as 
the exhaust gas pressure is higher than the intake manifold pressure. The exhaust gas dilution during idling 

emissions. The overlap is mainly due to the early opening of intake valve and delayed closing of exhaust 
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12 Internal Combustion Engines

problem in conventional petrol engines. The opening and closing of the intake and exhaust valve depend on 

exhaust is maximum, which results in maximum exhaust gas dilution. This inherent problem of SI engines 
is being solved in today’s engines that use the latest electronic control systems by means of variable valve 

-
ly injected into the cylinder by means of a fuel injector mounted in the cylinder, either during the end of suc-
tion stroke or during the compression stroke depending upon the load conditions. For higher output the fuel is 
injected towards the end of suction stroke to obtain a homogenous mixture whereas for better economy, fuel 
is injected during the compression stroke thus obtaining a heterogeneous mixture. The petrol engine with air-

in air-assisted fuel injection systems instead of injecting the fuel at high pressure, a rich air–fuel mixture is 
injected at lower pressure either during suction or compression stroke thus achieving better atomization. 

1.6
Four-stroke CI engines are similar to four-stroke SI engines except in the initiation of the combustion pro-
cess. In the petrol engines combustion is initiated by means of spark whereas in CI engines autoignition of 
fuel is caused by the high temperature at the end of compression stroke due to high compression ratio. In the 
diesel engine, during the suction stroke only air is inducted into the cylinder and fuel is injected directly into 
the cylinder by means of a high pressure pump. The four strokes of a conventional diesel engine shown in 
Fig. 1.10 are discussed here.

(a) (b) (c) (d)

Fuel injector

Fig. 1.10 Four-stroke compression ignition (CI) engine cycle (a) Intake, (b) Compression, (c) Power, (d) Exhaust

Suction stroke During suction stroke the piston moves from TDC to BDC and air at atmospheric pressure 
is drawn into the cylinder through the inlet valve. The inlet valve remains open until the piston reaches the 
lower end of the cylinder and closes slightly after the BDC, in order to take advantage of the inertia effect, 
as explained earlier.
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Introduction 13

Compression stroke During compression stroke the piston moves from BDC to TDC and both the valves 
remain closed. The upward movement of the piston compresses the air and raises the pressure and temperature 
inside the cylinder. 

Power stroke Towards the end of the compression stroke when the piston is near TDC a metered quantity 
of diesel is injected into the cylinder by a fuel injector. The heat of compressed air ignites the diesel and 
generates high pressure which pushes down the piston. At the end of power stroke the piston reaches the 
bottom end of the cylinder. Both valves remain closed during power stroke.

Exhaust stroke When the piston reaches the BDC after the power stroke, the exhaust valve opens. Exhaust 
valve is opened slightly before BDC to expel maximum amount of exhaust gases. The cylinder pressure is 
slightly above the atmospheric pressure which allows the exhaust gases to escape through the exhaust port 
and the piston moves towards TDC. The inlet valve remains closed during the exhaust stroke and is opened 
towards the end of the exhaust stroke.

1.7
In four-stroke engines, there exist separate strokes (exhaust and 

cycle completes in two piston strokes, one for compressing the 
fresh charge and the other for power stroke. During the suction 
stroke, in a typical two-stroke petrol engine as shown in Fig. 1.11, 
the compressed air from crankcase (external blower in the case 
of externally scavenged engines) enters the cylinder and also re-
moves the combustion products through the exhaust ports. As the 
piston moves upwards, pressure in the crankcase decreases and 

inlet valve. The upward motion of the piston results in lower pres-
sure in the crankcase which opens the reed valve. Meanwhile the 

of compression, ignition occurs leading to combustion. The en-

exhaust port, expelling the combustion products. Further motion of piston uncovers the transfer ports and the 

This process of removal of exhaust gas from the cylinder by the fresh charge is known as scavenging. Dur-
ing the scavenging process a portion of fresh charge is carried along with the exhaust gases and is known as 
short circuiting

port unlike in four-stroke engines, in which compression stroke starts as the piston moves from BDC to TDC.

1.8
One of the main problems associated with conventional two-stroke petrol engines is the loss of air–fuel 

diesel engines there is no short circuiting as only air is used for scavenging and diesel at higher pressure is 

Exhaust port

Spark plug

Transfer port

Crankcase

Fig. 1.11 Two-stroke petrol engine
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14 Internal Combustion Engines

directly injected into the cylinder after the closure of exhaust port. In diesel engines, the combustion initiates 
with auto-ignition which requires high pressure and temperature for the air in the cylinder. As high pressure 
cannot be obtained by crankcase scavenging, a separate blower is essential for external scavenging for the 
two-stroke diesel engines. The use of blowers makes the two-stroke diesel engines more bulky and hence 

-
sel engines are widely used.

∑  In the case of four-stroke engines one cycle is completed in two revolutions of the crankshaft or four 

the crankshaft.
∑  In a four-stroke engine one power stroke is obtained in every two revolutions of crankshaft and hence 

∑  As one power stroke is obtained per revolution, power produced for the same size of engine is more for 
two-stroke engines as compared to four-stroke engines. In other words, for the same power, four-stroke 
engines will be more heavy and bulky as compared to two-stroke engines. Two-stroke engines have higher 
power-to-weight ratio compared to four-stroke engines.

∑  The lubrication and cooling requirement is more for two-stroke engines as compared to four-stroke
engines, since one power stroke is obtained per revolution in two-stroke engines. The wear and tear of 
two-stroke engines will also be more than that of four-stroke engines of the same capacity.

∑  Four-stroke engines have valve and associated complicated valve mechanism, whereas two-stroke engines 
do not have valve but only ports which make the engine simple. 

∑  The cost of four-stroke engines will be higher because of heavy weight and complication of valve mecha-
nism, whereas two-stroke engines are cheaper due to the absence of valves.

∑  
two-stroke engines.

∑  

scavenging process.
∑  The emissions from conventional two-stroke petrol engines are more than that of four-stroke petrol

engines due to the short circuiting phenomenon.
∑  

generators. These engines are used where cost, compact, and lightweight is the prime consideration. Two-
stroke diesel engines are used in ships because of their high power-to-weight ratio.

Basic cycle Petrol engine is based on Otto cycle (constant volume) whereas diesel cycle is based on diesel 
cycle (constant pressure).

Fuel The fuel used in petrol engine should have high self-ignition temperature for better anti-knocking 
quality, whereas for the fuel used in diesel engine lower self-ignition temperature is desirable.
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Introduction 15

Mixture preparation In a carburetted-type petrol engine the air and fuel are mixed in the carburettor 
whereas in MPFI engines air is inducted during the suction stroke and fuel is injected into the inlet manifold 
thus mixing the air and fuel. In the gasoline direct injection system air is inducted during the suction 

suction stroke, air is inducted into the cylinder and fuel is injected at very high pressure towards the end of 
compression stroke to obtain a heterogeneous mixture.

Compression ratio Compression ratio used in petrol engine is in the range of 8–12, the maximum limit of 

the range of 12–24 can be used. The upper limit of compression ratio is limited by increase in weight of the 
engine and percentage of unutilized air with increase in compression ratio.

Fuel economy

petrol engines is mainly due to lower compression ratio as compared to that of diesel engines.

Power and torque Petrol engines have maximum torque and power at higher speeds as compared to 

increases the chance of abnormal combustion (knocking) decreases, whereas in conventional diesel engines 

a shorter stroke (over square piston, D > L)  and operates over much higher engine speed to enable more 

conventional diesel engines are designed with longer stroke (under square piston, D < L). At a given engine 
speed for engines with under square pistons, longer stroke increases engine friction as the piston travels a 
greater distance per stroke, which in turn increases the stress on the crankshaft due to the higher peak piston 

of common rail direct injection system, the tendency of knocking in diesel engines has been reduced thus 
achieving smooth operation.

Pollution The pollution from diesel engines is more harmful as compared to that from petrol engines. The 
particulate matter in the diesel exhaust is very toxic which mainly causes respiratory problems.

Cost The cost of diesel engine is normally higher than that of the petrol engine (identical) due to the heavy 
construction and injection equipment.

1.11
Engine performance is basically the indication of the degree of success of conversion of the chemical energy 
contained in the fuel to useful mechanical work. The various parameters to be considered for the performance 
evaluation of an engine are listed below. More details of the performance parameters are given in Chapter 16.
∑  Power and torque 
∑  Mean effective pressure (MEP)
∑  
∑  
∑  Air–fuel ratio
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16 Internal Combustion Engines

∑  
∑  
∑  
∑  
∑  

1.12 The Future Engines

bigger ones. This is mainly attributed to the reduction in inertia and engine frictional losses associated with 
smaller engines. Many automotive companies now adopt smaller engines to achieve high engine power and 
lower fuel economy simultaneously, with the aid of three technologies, namely (i) turbochargers, (ii) direct 
fuel injection, and (iii) variable valve timing. Even though the use of turbochargers in petrol engine boosts 
the power, it leads to detonation due to higher mixture temperature and pressure. This necessitates the use of 

solves this problem by cooling the intake charge by the fuel and thereby minimizing the detonation. In ad-
dition, by means of variable valve timing the intake and exhaust valve overlap duration can be extended. 

the torque and power. Even though the application of above-mentioned technologies to downsize the engines 

the engines increases correspondingly.

engines, in which the engine displacement volume is varied by turning off the cylinder depending upon the 

the same power from the remaining cylinders, thereby reducing the pumping losses. Another approach to im-
prove the performance of IC engines is the incorporation of variable compression ratio. A variable compres-

to achieve greater or lesser compression of the air–fuel mixture, thereby optimizing the performance of the 

-

which in fact is complicated. Another approach for varying the lift of the valve is Fiats MultiAir technology. 
In Fiats MultiAir engines the lift of the valve is varied by means of a hydraulic chamber that connects the in-
take valves and the camshaft. The pressure in the hydraulic chamber is controlled by solenoid valves thereby 

the conventional petrol engines such as (i) improvement in power, (ii) reduction in fuel consumption, (iii) 
x and CO2 emissions.  A new concept for the improvement of the performance of 

valves thereby regulating the intake and exhaust valves.  Free valve engines have electromagnetic, hydraulic, 
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Introduction 17

or pneumatic actuators on top of each cylinder for controlling the valves and thus get rid of the camshaft. 
Free valve engines can also shut down the number of cylinders, etc. depending upon the power requirement. 

x

x
emissions combine with other pollutants in the atmosphere to create ground-level ozone, or smog. Diesel par-

are adopted for achieving low-temperature combustion. There are engines in which some exhaust gases are 
re-circulated back into the cylinder where they absorb heat and lower the combustion temperatures, which 

x formation. The fuel injection is also initiated earlier in the engine cycle so as to give the fuel 
x emissions are reduced by avoiding high-temperature 

zones and PM emissions are controlled by avoiding fuel-rich regions. Even though low-temperature combus-
x -

combustion, details of which are given in Chapter 8. 
Even though electric powered vehicle is the ultimate solution for the control of exhaust emissions, they 

-
-

bustion engine (ICE) system with an electric propulsion system (hybrid vehicle drive train). Even modern 

brakes. In this case the electric motor which will supplement the power during starting and peak-load condi-
tions will act as a dynamo and charge the battery during braking.

Another major area where much research is being done is on hydrogen-powered engines. The main advan-
2 and O2 combine to form water, 

-
tricity to power its on-board electric motor. A fuel cell is basically a device consisting of an anode, a cathode, 
and an electrolyte which converts the chemical energy of a fuel into electricity through the chemical reaction 
of positively charged hydrogen ions with oxygen or another oxidizing agent. Fuel cells differ from batteries 
in the fact that the fuel and oxidant are not contained within the fuel. A fuel cell requires a continuous source 
of fuel and oxygen or air to sustain the chemical reaction as opposed to a battery. Active research is going on 
all over the world and new materials and technology are being developed for the storage of hydrogen.

 ∑ -
ergy to mechanical work.

 ∑ The engine is the heart of an automobile.
 ∑ The ratio of maximum volume to minimum volume of cylinder is known as the compression ratio.
 ∑ In four-stroke cycle engine, the cycle of operation is completed in two revolutions of the crankshaft, 

whereas in two-stroke engines, the entire cycle completes in one revolution.
 ∑ In petrol engines combustion is initiated by means of spark whereas in diesel engines autoignition of 

fuel is caused by the high temperature at the end of compression stroke due to high compression ratio. 
 ∑

used where cost, compact, and lightweight is the prime consideration. 
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18 Internal Combustion Engines

 ∑ Engine performance is basically the indication of the degree of success of conversion of the chemical 
energy contained in the fuel to useful mechanical work.

 ∑ -
search both on engines and after-treatment technologies.

Multiple Choice Questions

due to
(a) higher compression ratio
(b) type of fuel
(b) constant pressure heat addition
(d) none of the above

2. The compression ratio of diesel engines is in the
ratio

(c) 12–24 (d) 10–12
3. The compression ratio of petrol engines is

(c) 14–20 (d) 10–12
4. Engines normally used for marine applications

are
(a) two-stroke diesel engines 
(b) two-stroke petrol engines
(c) four-stroke diesel engines
(d) four-stroke petrol engines

5. Which of the following engines emits maxi-
mum particulate emissions?
(a) Two-stroke petrol engines
(b) Four-stroke petrol engines
(c) Four-stroke diesel engines
(d) All of the above

is injected directly into
(a) inlet manifold
(b) engine cylinder
(c) exhaust manifold
(d) none of the above

fuel is injected directly into
(a) inlet manifold
(b) engine cylinder
(c) exhaust manifold
(d) none of the above

8. In a four-stroke petrol engine, the inlet valve is
opened
(a) slightly before TDC
(b) slightly after TDC
(c) slightly before BDC
(d) slightly after BDC

9. In a four-stroke petrol engine, the exhaust
valve is closed
(a) slightly before TDC
(b) slightly after TDC
(c) slightly before BDC
(d) slightly after BDC

10. Wankel engine is a
(a) rotary engine
(b) reciprocating engine
(d) gas turbine
(d) none of the above

11. Petrol engines are normally designed with
(a) over square pistons
(b) under square pistons
(c) square pistons
(d) none of the above

12. Diesel engines are normally designed with
(a) over square pistons
(b) under square pistons
(c) square pistons
(d) none of the above

(a) piston and small end of connecting rod
(b) piston and big end of connecting rod
(c) connecting rod and crank
(d) none of the above

14. The type of engine which admits air or air–fuel
mixture into engine cylinder at atmospheric 
pressure is
(a) super charged
(b) turbo charged
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Introduction 19

(c) naturally aspirated
(d) none of the above

15. The main advantage of two-stroke petrol en-
gines over four-stroke petrol engines is 

(b) low emissions

(d) high power-to-weight ratio
16. The space enclosed between the upper part of

the cylinder and the top of the piston during the 
combustion process is called the

(a) combustion chamber
(b) swept volume
(c) cylinder volume

-

impulses in a petrol engine?
(a) Flywheel (b) Crank shaft
(c) Piston (d) Connecting rod

18. The distance between the top dead centre and
bottom dead centre is called

(a) bore (b) stroke
(c) clearance volume (d) none of the above

19. ____ is the process in which  a portion of fresh
charge is carried along with the exhaust gases
during the scavenging process in a two-stroke
petrol engine.

(b) Suction stroke
(c) Short circuiting
(d) Exhaust stroke 

20. In Fiat’s Multiair engines the lift of the valve is
varied by means of a

(a) pneumatic chamber
(b) solenoid actuator
(c) hydraulic chamber
(d) none of the above

21. The volume swept through by the piston in
moving between TDC and BDC is called

(a) swept volume
(b) clearance volume
(c) cylinder volume
(d) none of the above

22. ____ is the base of the engine which supports
the crankshaft and camshaft.

(a) Crankcase
(b) Crank shaft
(c) Cylinder head

23. ____ provide a good sealing between the pis-
ton and cylinder.

(a) Piston rings

24. Which of the following is commonly used for
marine application?

(a) Two-stroke petrol engines
(b) Two-stroke diesel engines
(c) Four-stroke diesel engines

25. Turbochargers are used to improve
(a) power

(c) emission reduction
(d) none of the above

Review Questions
1. Compare SI and CI engines.
2. What are the advantages of two-stroke engines

over four-stroke engines?
3. Explain the working of a two-stroke petrol en-

gine.

arrangement of cylinders, (ii) charge prepara-
tion.

5. Explain why two-stroke diesel engines are not
commonly used in motor bikes.

6. Draw the valve timing diagram of a typical SI
engine.

are attained at lower speeds in conventional
diesel engines as opposed to petrol engines.
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20 Internal Combustion Engines

9. Explain the working of a four-stroke diesel en-
gine.

and (iii) compression engine.

(d) bore.

(i) application (ii) valve location (iii) charging 
method.

14. Discuss the function of the following engine 
components (i) connecting rod (ii) crank shaft 
(iii) piston.

15. Write a note on Future engines.

Answers to MCQs

8. (a) 9. (b) 10. (a) 11. (a) 12. (b) 13. (a) 14 (c)

22. (a) 23. (b) 24. (b) 25. (a)
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