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NOTES 

 

 -Standard Assumptions

In our study of gas power cycles, we assume the working fluid is air, and the air undergoes a thermodynamic 

cycle even though the working fluid in the actual power system does not undergo a cycle. 

 

To simplify the analysis, we approximate the cycles with the following assumptions: 

 

• The air continuously circulates in a closed loop and always behaves as an ideal gas. 
 

• All the processes that make up the cycle are internally reversible. 
 

• The combustion process is replaced by a heat-addition process from an external 

source. 

• A heat rejection process that restores the working fluid to its initial state replaces the 

exhaust process. 

• The cold-air-standard assumptions apply when the working fluid is air and has 

constant specific heat evaluated at room temperature (25oC or 77oF). 

 Terminology for Reciprocating Devices 

The following is some terminology we need to understand for reciprocating engines— typically piston- 

cylinder devices. Let’s look at the following figures for the definitions of top dead center (TDC), bottom 

dead center (BDC), stroke, bore, intake valve, exhaust valve, clearance volume, displacement volume, 

compression ratio, and mean effective pressure. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 
 The compression ratio r of an engine is the ratio of the maximum volume to the minimum 

volume formed in the cylinder.

r  
V max 

 
VBDC 

V min VTDC 
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 The mean effective pressure (MEP) is a fictitious pressure that, if it operated on the piston 

during the entire power stroke, would produce the same amount of net work as that produced 

during the actual cycle.

 
 

 

 

 

 

 

 

MEP   Wnet 

Vmax Vmin 

  
wnet 

vmax  vmin 

 

 
 

 

 

 

 

 

 

 

 Otto Cycle (Constant Volume Cycle):

This ideal heat engine cycle was proposed in 1862 by Bean de Rochas. In 1876 Dr. Otto designed an engine to 

operate on this cycle. The Otto engine immediately became so successful from a commercial stand point, that its 

name was affixed to the cycle used by it. 

 

The ideal p - v and T-s diagrams of this cycle are shown in fig. In working out the air- standard efficiency of the 

cycle, the following assumptions are made: 

 

(i) The working fluid (working substance) in the engine cylinder is air, and it behaves as 

a perfect gas, i.e., it obeys the gas laws and has constant specific heats. 

(ii) The air is compressed adiabatically (without friction) according to law pvγ = C 

(iii)The heat is supplied to the air at constant volume by bringing a hot body in contact 

with the end of the engine cylinder. 

(iv) The air expands in the engine cylinder adiabatically (without friction) during the 

expansion stroke. 

(v) The heat is rejected from the air at constant volume by bringing a cold body in contact 

with the end of the engine cylinder. 
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th 

 
 
 

Process 1 2 Isentropic compression Process 2  3 

Constant volume heat additionProcess 3  4 

Isentropic expansion 

Process 4  1 Constant volume heat rejection 

 

 
Consider one kilogram of air in the engine cylinder at point (1). This air is compressed adiabatically to point (2), 

at which condition the hot body is placed in contact with the end of the cylinder. Heat is now supplied at 

constant volume, and temperature and pressure rise; this operation is represented by (2-3). The hot body is then 

removed and the air expands adiabatically to point (4). During this process, work is done on the piston. At point 

(4), the cold body is placed at the end of the cylinder. Heat is now rejected at constant volume, resulting in drop 

of temperature and pressure. This operation is represented by (4-1). The coldbody is then removed after the air is 

brought to its original state (condition). The cycle is thuscompleted. The cycle consists of two constant volume 

processes and two reversible adiabatic processes. The heat is supplied during constant volume process (2-3) and 

rejected during constant volume process (4-1). There is no exchange of heat during the two reversibleadiabatic 

processes (1-2) and (3-4). 

 

The performance is often measured in terms of the cycle efficiency. 

η  
Wnet 

th 
Q

 

in 

 

Thermal Efficiency of the Otto cycle 

η  
Wnet  

Qnet  
Qin  Qout  1  

Qout 

Qin Qin Qin Qin 

 
Now to find Qin and Qout. 

 
Apply first law closed system, V = constant. 

 

Heat supplied during constant volume operation (2-3), Heat rejected during constant volumeoperation (4-1) is 
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Q   U 



qin   u3   u2   cv (T) 3   T2 

qout    u4   u1   cv (T) 4   T1 

Q
net , 23   U 23 

Qne t ,  23     Qin      m C v ()T3    T2 

net , 4 1 4 1 
 

Q net ,  4 1      Qout       m C v  ()T1    T4 

Q o u t       m C v  ()T(1)  T4   m C v     T4    T1 

 
The thermal efficiency becomes 

η  1  
Qout

 

 
th , Otto 

in 
 

 1   m C v ()T4   T1 

m C v ()T3   T2 

 

 
η  1 

()T4  T1 

th , O tto    

()T T 

3 2 

 1  T1 (/T4 

 

T 2  (/T 3 

T11  ) 

T 21)


Recall processes 1-2 and 3-4 are isentropic, so 

T  v  
γ 1  v  

γ 1 

T 

   1  
 2 

  
 3 

  4 

T2  v1   v4  T3 

 

Since V3 = V2 and V4 = V1 

 

 

 
 

 

 

 
 

The Otto cycle efficiency becomes 

η  1  
T1

 

Q 
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T 2      

T 3 

T1 T 4 

o r 
 

T 4      
T 3 

  

T1 T 2 

 
 

th , Otto T 

2 
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Since process 1-2 is isentropic, 

T  v  
γ 1 

 1 
γ 1 

   2  
 1 

 
  

T1  v2   r 


Where the compression ratio is 
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2-3 Constant pressure heat addition 

3-4 isentropic expansion 

4-1 Constant volume heat rejectionThe 

P-v and T-s diagrams are 

η 1 

r  
vmax 

vmin 

 
v1 

v2 

 
th , Otto  1 




r k 1 

 

 Air-Standard Diesel Cycle (or constant pressure cycle): 

The air-standard Diesel cycle is the ideal cycle that approximates the Diesel combustionengine 

Process Description 

1-2 isentropic compression 
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Heat supplied  Q1   Q23   mcp (T) 3   T2 

Heat Rejected = Q2   Q41   mcv (T) 4   T1 

Effieciency  η  1
Q2  1

mcv (T) 4  T1  1 (T)  4  T1 

 

Q1 mcp (T)(3) T2 γ  T3   T2 

 

 

The efficiency may be expressed terms of any two of the following. 

 

Compression Ratio  rk  
v1 

v2 

Expansion Ratio  re  
v4 

v3 

Cut  off ratio  rc 

rk  re.rc 

 
v3 

v2 

 

Process 3-4 

T  v  


γ 1  

1
 

   4  
 3 

 

T v r γ 1 

3  4 

 v 

e 


γ 1 

r γ 1 

T  T 
 3 

  T 

4 3 

4 

re 

3 γ 1 

 
k 

 v 



 
 

Name of the Faculty : Mrs.Simhana Devi, Asst.Professor                                                       Page Number                                                                                                        
 

 
 

Process 2-3 

 

T2  
p2v2  

v2  
1 

T3 p3v3 v3 re 
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T  T 
1
 

 

2 3 
r
 

e 
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3 

Process 1-2 

T  v  


γ 1  

1
 

   1  
 2 

 

T v r γ 1 

2  1 

T  T 
1
 

k 

 
T3 1 

 
 

 
 

1 2 
r γ 1 r r γ 1 

k c  k 

 

 
 

By subsisting T1,T2 and T4 in the expression of efficiency 

 

r γ 1 T 1 

T c  3  

r γ 1 r r γ 1 

η  1 k c  k  

γ 

T 1 
 T 

 3 3 r 




η  1 
1 1

 

c 

r γ 1 

. c  

diesel 
γ r γ 1 r 1 

c c 

 

 
 

 Dual Cycle (mixed cycle/ limited pressure cycle): 

 

 
Process 1  2 Isentropic compression Process 2  

3Constant volume heat addition Process 3  4 

Constant pressure heat additionProcess 4  5 

Isentropic expansion 

Process 5 1 Constant volume heat rejection 
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v2.5 
P2 

    c 

Thermal Efficiency: 

 

 

where rc 

 
 

v3 and α  
P3 

 

 
Note, the Otto cycle (1rc=1) and the Diesel cycle (a=1) are special cases: 

η  1   
1   1 

r k 1




Otto r k 1 η Diesel 1

const cV 

c 
 

r k 1  k 


r 1



The use of the Dual cycle requires information about either: 

 

i) The fractions of constant volume and constant pressure heat addition (common 

assumption is to equally split the heat addition), or 

ii) Maximum pressure P3. 

Q1   mcv (T) 3   T2 

Q2  mcv (T) 5   T1 

 mcp T4  T3 



Here Q1 -= heat input 

Q2 =Out put 

 
 

η  1 
Q2  1



mcv (T) 5   T1  1 T5  T1 

 

Q mc (T)() T  mcp T4   T3  T   T  γ T4  T3 
1 v 3 2 3 2 
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Compression Ratio  rk  
v1 

 

v2 

Expansion Ratio  re  
v4 

v3 

cons tan t  volume  pressure  ratio  rp 
3 

p2 

 

rk  rc .re 

r  
rk

 

e re 

 

process3  4 

r  
v4  

T4 p3  
T4 

c v3 p4T3 T3 

T  
T4

 

3 

rc 

 
Pr ocess2  3 

 

p2v2 


T2 

p3v3 

T3 

T  T p2  
T4 

2 3 p r r 

3 p c 

 

 

 

 

 

 

process 1 2 

T  v  


γ 1  

1
 

   1  
 2 

 

T v r γ 1 

2  1  k 

 

p 
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p   c   k 

T  
T4

 

 

1 r .r .r γ 1 

 
Process 4-5 
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p   c   k 

T1  T4 

 

r .r .r γ 1 

T  v  
γ 1  

1
 

   5  
 4 

 

T v r γ 1 

4 

T  T 

5  e 

γ 1 

r 
   c  

 

 

5 4 
r γ 1 

k 

SubtitlingT1, T2,T3 and T4values 
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4 



r γ 1 T 

T c  4  

r γ 1 r .r .r γ 1 1 r r γ 1
 

η  1 k p   c   k  1 
p c

 

 

dual  T T     T  r γ 1 r 1 γ r r 1


 4    4  γ T  4 

 k p p c 

4 

 rc rprc   rc 




























































































Comparison of cycles: 

 For the same inlet conditions P1, V1 and the same compression ratio P2/P1: 

For the same initial conditions P1, V1 and the same compression ratio: 
 

ηOtto   η Dual  η Diesel 

 For the same inlet conditions P1, V1 and the same peak pressure P3: 





 
 

Name of the Faculty : Mrs.Simhana Devi, Asst.Professor                                                       Page Number                                                                                                        
 





For the same initial conditions P1, V1 and the same peak pressure P3(Actual 

design limitation in engines): 

η Diesel  η Dual  ηotto 
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 Brayton Cycle (or Joule cycle) 

The Brayton cycle is the air-standard ideal cycle approximation for the gas-turbine engine. This cycle differs 

from the Otto and Diesel cycles in that the processes making the cycle occur in open systems or control 

volumes.   Therefore, an open system, steady-flow analysis is used to determine the heat transfer and work for 

the cycle. 

 

We assume the working fluid is air and the specific heats are constant and will consider the cold-air-standard 

cycle. 
 

The closed cycle gas-turbine engine 

 

 

 
The T-s and P-v diagrams for the 
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η 
th , Brayton  

W
net    1  

Q
out 

Q in Q in 

Closed Brayton Cycle 

 
Process Description 

 
1-2 Isentropic compression (in a compressor)2-3 

Constant pressure heat addition 

3-4 Isentropic expansion (in a turbine)4-1 

Constant pressure heat rejection Thermal 

efficiency of the Brayton cycle 
 

 

 

 

 
Now to find Qin and Qout. 

 
Apply the conservation of energy to process 2-3 for P = constant (no work), steady-flow, andneglect changes in 

kinetic and potential energies. 

 

E
in 

 
out 

 

m2 h2  Qin  m3 h3 

 

The conservation of mass gives  
min 

 
 

out 

 

m2  m3  m 
 

For constant specific heats, the heat added per unit mass flow is 
 

Q
in 

 

Q
in 

 m()h3  h2 

 mC p ()T3   T2 

 

q  
Qin  C 

in 
m p 3 2 

The conservation of energy for process 4-1 yields for constant specific heats 

Qou t     m ()h4    h1 

 E 

()T  T 

 m 
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Qou t     mQC p  ()T4    T1 
qout     out  C ()T4  T 

p 1 

m 
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η 
th , Brayton 

 1   
()T4    T1 

()T  T 
3 2 

q 

The thermal efficiency becomes 

η  1  
Qout

 

 1  out 
 

th , Brayton 

 

 1  
C p ()T4   T1 

C p ()T3   T2 

qin 

 

 

 

 

 

 

 1   T1 (T/ 4 

T2 (T/ 3 

T11) 

T21)





Recall processes 1-2 and 3-4 are isentropic, so 
 

γ 1 

 

 

T2  
 p2  

γ
 

T 
 

p 


1    1 


γ 1 

T3  
 p3  

γ
 

T 
 

p 


4  4 


Since P3 = P2 and P4 = P1,  
T2  

T3 

T1 T4 

or 

T4  
T3 

T1 T2 

 

The Brayton cycle efficiency becomes 

Qin 
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η  1  
T

1
 

T   

th , Brayton 
 

Since process 1-2 is isentropic, 2 
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T  p γ 1 

 γ 

   2  
   2 




T p 

 

 
 rp 

 

 
γ 1 

γ 

 

1 

 

T1 




   1 

1 
 

 

γ 1

Where the pressure ratio is rp = P2/P1 and 

T2 

r γ 

p 

 

η 
th, Brayton 

 1
1 

rp (1γ )/     γ 
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Introduction 

– Once man discovered the use of heat in the form of fire, it was just a step to formulate 

the energy interactions. With this, human beings started to use heat energy for 

cooking, warming up living spaces, drying and so on. 

– Further, due to the development of civilization and increase in population, man had 

to move from one place to another. Animals were used in transportation between the 

4th and 5th centuries BC, and spread to Europe and other countries in the 5th century 

BC and China in about 1200 BC. 

– Gradually, man replaced the animals with motive power that was used in 

transportation. The use of power vehicles began in the late 18th century, with the 

creation of the steam engine. The invention of Otto (1876) and Diesel (1892) cycles in 

the 19th century transformed the method of propulsion from steam to petroleum 

fuel. 

– ENGINE: Engine is a device which converts one form of Energy into another form 

– HEAT ENGINE: Heat engine is a device which transforms the chemical energy of a fuel 

into thermal energy and utilizes this thermal energy to perform useful work. Thus, 

thermal energy is converted to mechanical energy in a heat engine. 

– Heat engines can be broadly classified into two categories: 

a) Internal Combustion Engines (IC Engines) 

b) External Combustion Engines (EC Engines) 

Classification of heat engines 
– Engines whether Internal Combustion or External Combustion are of two types: 

(i) Rotary engines 

(ii) Reciprocating engines 
– A detailed classification of heat engines is given in Fig. 1.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.1 Classification of heat engines 
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Comparison of I.C. Engines and E.C. Engines 
– Comparison of IC engine and EC engine is given in table 1.1. 

 

Table 1.1 Comparison of IC engine and EC engine 
 

I.C. Engine E.C. engine 

1. Combustion of fuel takes place inside the 
cylinder 

2. Working fluid may be Petrol, Diesel & 
Various types of gases 

1. Combustion of fuel takes place outside 
the cylinder 

2. Working fluid is steam 

3. Require less space 3. Require large space 

4. Capital cost is relatively low 4. Capital cost is relatively high 
5. Starting of this engine is easy & quick 5. Starting of this engine requires time 
6. Thermal efficiency is high 6. Thermal Efficiency is low 
7. Power developed per unit weight of 

these engines is high 
7. Power Developed per unit weight of 

these engines is low 
8. Fuel cost is relatively high 8. Fuel cost is relatively low 

Basic components and terminology of IC engines 

– Even though reciprocating internal combustion engines look quite simple, they are 

highly complex machines. There are many components which have to perform their 

functions effectively to produce output power. 

– There are two types of engines, viz., spark-ignition (SI) and compression-ignition (Cl) 

engine. 

Engine Components 
– A cross section of a single cylinder spark-ignition engine with overhead valves is shownin Fig.1.2. 

The major components of the engine and their functions are briefly described below. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.2 Cross-section of spark-ignition engine 
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a) Cylinder block 

– The cylinder block is the main supporting structure for the various components. The 

cylinder of a multicylinder engine are cast as a single unit, called cylinder block. The 
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cylinder head is mounted on the cylinder block. The cylinder head and cylinder block are 

provided with water jackets in the case of water cooling or with cooling fins in the case of air 

cooling. 

b) Cylinder 

– As the name implies it is a cylindrical vessel or space in which the piston makes a 

reciprocating motion. The varying volume created in the cylinder during the operation 

of the engine is filled with the working fluid and subjected to different thermodynamic 

processes. The cylinder is supported in the cylinder block. 

c) Piston 

– It is a cylindrical component fitted into the cylinder forming the moving boundary of 

the combustion system. It fits perfectly (snugly) into the cylinder providing a gas-tight 

space with the piston rings and the lubricant. It forms the first link in transmitting the 

gas forces to the output shaft. 

d) Combustion chamber 

– The space enclosed in the upper part of the cylin•der, by the cylinder head and the 

piston top during the combustion process, is called the combustion chamber. The 

combustion of fuel and the consequent release of thermal energy results in the 

building up of pressure in this part of the cylinder. 

e) Inlet manifold 

– The pipe which connects the intake system to the inlet valve of the engine and through 

which air or air-fuel mixture is drawn into the cylinder is called the inlet manifold. 

f) Exhaust manifold 

– The pipe which connects the exhaust system to the exhaust valve of the engine and 

through which the products of combustion escape into the atmosphere is called the 

exhaust manifold. 

g) Inlet and Exhaust valves 

– Valves are commonly mushroom shaped pop•pet type. They are provided either on 

the cylinder head or on the side of the cylinder for regulating the charge coming into 

the cylinder (inlet valve) and for discharging the products of combustion (exhaust 

valve) from the cylinder. 

h) Spark Plug 

– It is a component to initiate the combustion process in Spark- Ignition (SI) engines and 

is usually located on the cylinder head. 

i) Connecting Rod 

– It interconnects the piston and the crankshaft and trans•mits the gas forces from the 

piston to the crankshaft. The two ends of the connecting rod are called as small end 

and the big end (Fig.1.3). Small end is connected to the piston by gudgeon pin and the 

big end is connected to the crankshaft by crankpin. 

j) Crankshaft 

– It converts the reciprocating motion of the piston into useful rotary motion of the 
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output shaft. In the crankshaft of a single cylinder engine there are a pair of crank arms 
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and balance weights. The balance weights are provided for static and dynamicbalancing of the 

rotating system. The crankshaft is enclosed in a crankcase. 

k) Piston rings 

– Piston rings, fitted into the slots around the piston, provide a tight seal between the 

piston and the cylinder wall thus preventing leakage of combustion gases. 

l) Gudgeon pin 

– It links the small end of the connecting rod and the piston. 

m) Camshaft 

– The camshaft (not shown in the figure) and its associated parts control the opening 

and closing of the two valves. The associated parts are push rods, rocker arms, valve 

springs and tappets. This shaft also provides the drive to the ignition system. The 

camshaft is driven by the crankshaft through timing gears. 

n) Cams 

– These are made as integral parts of the camshaft and are so de•signed to open the 

valves at the correct timing and to keep them open for the necessary duration. 

o) Flywheel 

– The net torque imparted to the crankshaft during one complete cycle of operation of 

the engine fluctuates causing a change in the angular velocity of the shaft. In order to 

achieve a uniform torque an inertia mass in the form of a wheel is attached to the 

output shaft and this wheel is called the flywheel. 

p) Carburetor 

– Carburetor is used in petrol engine for proper mixing of air and petrol. 

q) Fuel pump 

– Fuel pump is used in diesel engine for increasing pressure and controlling the quantity 

of fuel supplied to the injector. 

r) Fuel injector 

– Fuel injector is used to inject diesel fuel in the form of fine atomized spray under 

pressure at the end of compression stroke. 

Terminologies used in IC engine 

– Cylinder Bore (d): The nominal inner diameter of the working cylinder is called the 

cylinder bore and is designated by the letter d and is usually expressed in millimeter 

(mm). 

– Piston Area (A): The area of a circle of diameter equal to the cylinder bore is called 

the piston area and is designated by the letter A and is usually expressed in square 

centimeter (cm2). 

– Stroke (L): It is the linear distance traveled by the piston when it moves from one 

end of the cylinder to the other end. It is equal to twice the radius of the crank. It 

is designated by the letter L and is expressed usually in millimeter (mm). 



 
 

Name of the Faculty : Mrs.Simhana Devi, Asst.Professor                                                       Page Number                                                                                                        
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 1.3 IC Engine nomenclature 
 

– Stroke to Bore Ratio (L/d): L / d ratio is an important parameter in classifying the size 

of the engine. 

– If d < L, it is called under-square engine. 

– If d = L, it is called square engine. 

– If d > L, it is called over-square engine. 
An over-square engine can operate at higher speeds because of larger bore and shorter 

stroke. 

– Dead Centre: 
In the vertical engines, top most position of the piston is called Top Dead Centre (TDC). When 

the piston is at bottom most position, it is called Bottom Dead Centre (BDC). 

In horizontal engine, the extreme position of the piston near to cylinder head is called Inner 

Dead Centre (IDC.) and the extreme position of the piston near the crank is called Outer Dead 

Centre (O.D.C.). 

– Displacement or Swept Volume (Vs): The volume displaced by the piston in one stroke 

is known as stroke volume or swept volume. It is expressed in terms of cubic 

centimeter (cc) and given by 
𝑉𝑠 = 𝐴 × 𝐿 = 

𝜋 
𝑑2𝐿 

4 

– Cubic Capacity or Engine Capacity: The displacement volume of a cylinder multiplied 

by number of cylinders in an engine will give the cubic capacity or the engine capacity. 

For example, if there are K cylinders in an engine, then 

Cubic capacity  Vs  K 

– Clearance Volume (Vc): It is the volume contained between the piston top and cylinder 

head when the piston is at top or inner dead center. 

– Compression Ratio (r): The ratio of total cylinder volume to clearance volume is called 

the compression ratio (r) of the engine. 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 

𝑟 = 
𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 



 
 

Name of the Faculty : Mrs.Simhana Devi, Asst.Professor                                                       Page Number                                                                                                        
 

 

∴ 𝑟 = 
𝑉𝑐 + 𝑉𝑠 

 
 

𝑉𝑐 

For petrol engine r varies from 6 to 10 and for Diesel engine r varies from 14 to 20. 

– Piston speed (Vp): It is average speed of piston. It is equal to 2LN, where N is speed of 

crank shaft in rev/sec. 

 
 

where, L = Stroke length, m 

𝑉𝑝 

2𝐿𝑁 
= 

60 

𝑚⁄  
𝑠𝑒𝑐 

N = Speed of crank shaft, RPM 

 

Working of Four Stroke Spark-Ignition Engine 

– In a four-stroke engine, the cycle of operations is completed in four strokes of the 

piston or two revolutions of the crankshaft. 

– During the four strokes, there are five events to be completed, viz., suction, 

compression, combustion, expansion and exhaust. Each stroke consists of 180° of 

crankshaft rotation and hence a four-stroke cycle is completed through 720° of crank 

rotation. 

– The cycle of operation for an ideal four-stroke SI engine consists of the following four 

strokes: (i) suction or intake stroke; (ii) compression stroke; (iii) expansion or power 

stroke and (iv) exhaust stroke. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.4 Working principle of a four-stroke SI engine 

 

– The details of various processes of a four-stroke spark-ignition engine with overhead 

valves are shown in Fig. 1.4 (a-d). When the engine completes all the five events under 

ideal cycle mode, the pressure-volume (p-V) diagram will be as shown in Fig.1.5. 
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a) Suction or Intake Stroke: Suction stroke 0→1 (Fig.1.5) starts when the piston is at the 

top dead centre and about to move 
downwards. The inlet valve is assumed to open 

instantaneously and at this time the exhaust valve 

is in the closed position, Fig.1.4 (a). 

– Due to the suction created by the motion of 

the piston towards the bottom dead centre, 

the charge consisting of fuel-air mixture is 

drawn into the cylinder. When the piston 

reaches the bottom dead centre the suction 
stroke ends and the inlet valve closes 

instantaneously. 

Fig. 1.5 Ideal p-V diagram of a four- 

stroke SI engine 
 

b) Compression Stroke: The charge taken into the cylinder during the suction stroke is 

compressed by the return stroke of the piston 1→2, (Fig.1.5). During this stroke both 

inlet and exhaust valves are in closed position, Fig. 1.4(b). 

– The mixture which fills the entire cylinder volume is now compressed into the 

clearance volume. At the end of the compression stroke the mixture is ignited with 

the help of a spark plug located on the cylinder head. 

– In ideal engines it is assumed that burning takes place instantaneously when the piston 

is at the top dead centre and hence the burning process can be approximated as heat 

addition at constant volume. 

– During the burning process the chemical energy of the fuel is converted into heat 

energy producing a temperature rise of about 2000 °C (process 2→3), Fig.1.5. The 

pressure at the end of the combustion process is considerably increased due to the 

heat release from the fuel. 

c) Expansion or Power Stroke: The high pressure of the burnt gases forces the piston 

towards the BDC, (stroke 3→4) Fig .1.5. Both the valves are in closed position, Fig. 

1.4(c). Of the four-strokes only during this stroke power is produced. Both pressure 

and temperature decrease during expansion. 

d) Exhaust Stroke: At the end of the expansion stroke the exhaust valve opens 

instantaneously and the inlet valve remains closed, Fig. 1.4(d). The pressure falls to 

atmospheric level a part of the burnt gases escape. The piston starts moving from the 

bottom dead centre to top dead centre (stroke 5→0), Fig.1.5 and sweeps the burnt 

gases out from the cylinder almost at atmospheric pressure. The exhaust valve closes 

when the piston reaches TDC. 

– At the end of the exhaust stroke and some residual gases trapped in the clearance 

volume remain in the cylinder. These residual gases mix with the fresh charge coming 

in during the following cycle, forming its working fluid. 
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– Each cylinder of a four-stroke engine completes the above four operations in two 

engine revolutions, first revolution of the crankshaft occurs during the suction and 

compression strokes and the second revolution during the power and exhaust strokes. 

– Thus for one complete cycle there is only one power stroke while the crankshaft 

makes two revolutions. For getting higher output from the engine the heat addition 

(process 2→3) should be as high as possible and the heat rejection (process 3→4) 

should be as small as possible. Hence, one should be careful in drawing the ideal p - V 

diagram (Fig.1.5), which should represent the processes correctly. 

Working of Four Stroke Compression-Ignition Engine 

– The four-stroke Cl engine is similar to the four-stroke SI engine but it operates at a 

much higher compression ratio. The compression ratio of an SI engine is between 6 

and 10 while for a Cl engine it is from 16 to 20. 

– In the Cl engine during suction stroke, air, instead of a fuel-air mixture, is inducted. 

Due to higher compression ratios employed, the temperature at the end of the 

compression stroke is sufficiently high to self-ignite the fuel which is injected into the 

combustion chamber. 

– In Cl engines, a high pressure fuel pump and an injector are provided to inject the fuel 

into the combustion chamber. The carburetor and ignition system necessary in the SI 

engine are not required in the Cl engine. 

– The ideal sequence of operations for the four-stroke Cl engine as shown in Fig. 1.6 is 

as follows: 

a) Suction Stroke: In the suction stroke piston moves from TDC to BDC. Air alone is 

inducted during the suction stroke. During this stroke inlet valve is open and exhaust 

valve is closed, Fig.1.6 (a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.6 Cycle of operation of CI engine 
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b) Compression Stroke: In this stroke piston moves from BDC to TDC. Air inducted during 

the suction stroke is compressed into the 
clearance volume. Both valves remain closed 

during this stroke, Fig. 1.6 (b). 

c) Expansion Stroke: Fuel injection starts nearly at 

the end of the com•pression stroke. The rate of 

injection is such that combustion maintains the 

pressure constant in spite of the piston 

movement on its expansion stroke increasing 

the volume. Heat is assumed to have been 
added at constant pressure. After the injectionof 

fuel is completed (i.e. after cut-off) the 
Fig. 1.7 Ideal p-V diagram for a four 

stroke CI engine 
 

products of combustion expand. Both the valves remain closed during the expansion stroke, 

Fig. 1.6(c). 

d) Exhaust Stroke: The piston travelling from BDC to TDC pushes out the products of 

combustion. The exhaust valve is open and the intake valve is closed during this stroke, 

Fig. 1.6 (d). The ideal p - V diagram is shown in Fig. 1.7. 

– Due to higher pressures in the cycle of operations the Cl engine has to be sturdier than 

a SI engine for the same output. This results in a Cl engine being heavier than the SI 

engine. However, it has a higher thermal efficiency on account of the high 

compression ratio (of about 18 as against about 8 in SI engines) used. 

Comparison of SI and Cl Engines 

– The detailed comparison of SI and CI engine is given in table 1.2 

 
Table 1.2 Comparison of SI and CI Engines 

 

Description SI Engine CI Engine 

Basic cycle Works on Otto cycle or constant 
 

volume heat addition cycle. 

Fuel Gasoline, a highly volatile fuel.Self- 
ignition temperature is high. 

Works on Diesel cycle or constant 
pressure heat addition cycle. 

Diesel oil, a non-volatile fuel. Self- 
ignition temperature is 
comparatively low 

Introduction of 

fuel 
A gaseous mixture of fuel-air is 
introduced during the suction stroke. 
A carburetor and an ignition system 
are necessary. Modern engines have 
gasoline injection. 

Fuel is injected directly into the 
combustion chamber at highpressure 
at the end of the compression stroke. 
A fuel pump and injector are 
necessary. 

Load control Throttle controls the quantity of 
 

fuel-air mixture to control theload. 

The quantity of fuel is regulated to 
control the load. Air quantity is not 
controlled. 
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Ignition Requires an ignition system with 
spark plug in the combustion 
chamber. Primary voltage is 
provided by either a battery or a 
magneto. 

Self-ignition occurs d u e to high 
temperature of air because of the 
high compression. Ignition system 
and spark plug are not necessary. 

Compression 

ratio 
6 to 10. Upper limit is fixed by 
anti- knock quality of the fuel. 

16 to 20. Upper limit is limited by 
weight increase of the engine. 

Speed Due to light weight and also due to 

homogeneous combustion, they are 
high speed engines. 

Due to heavy weight and also due to 
heterogeneous combustion, they are 
low speed engines. 

Thermal 

efficiency 
Because of the lower CR, the 
maximum value of thermal efficiency 
that can be obtained is lower. 

Because of higher CR, the maximum 
value of thermalefficiency that can be 
obtained is higher. 

Weight Lighter due to comparatively 
lower peak pressures. 

Heavier due to comparativelyhigher 
peak pressures. 

 

Two-Stroke Engine 

– In two-stroke engines the cycle is completed in one revolution of the crankshaft. The 

main difference between two-stroke and four-stroke engines is in the method of filling 

the fresh charge and removing the burnt gases from the cylinder. 

– In the four-stroke engine these operations are performed by the engine piston during 

the suction and exhaust strokes respectively. 

– In a two- stroke engine, the filling process is accomplished by the charge compressed 

in crankcase or by a blower. The induction of the compressed charge moves out the 

product of combustion through exhaust ports. Therefore, no separate piston strokes 

are required for these two operations. 

– Two strokes are sufficient to complete the cycle, one for compressing the fresh charge 

and the other for expansion or power stroke. It is to be noted that the effective stroke 

is reduced. 

– Figure 1.8 shows one of the simplest two-stroke engines, viz., the crankcase scavenged 

engine. Figure 1.9 shows the ideal p - V diagram of such an engine. 

– The air-fuel charge is inducted into the crankcase through the spring loaded inlet valve 

when the pressure in the crankcase is reduced due to upward motion of the piston 

during compression stroke. After the compression and ignition, expansion takes place 

in the usual way. 

– During the expansion stroke the charge in the crankcase is compressed. Near the end 

of the expansion stroke, the piston uncovers the exhaust ports and the cylinder 

pressure drops to atmospheric pressure as the combustion products leave the 

cylinder. 

– Further movement of the piston uncovers the transfer ports, permitting the slightly  

compressed charge in the crankcase to enter the engine cylinder. 
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Fig. 1.8 Crankcase scavenged two-stroke SI engine 

 

– The piston top usually has a projection to 

deflect the fresh charge towards the top of 

the cylinder preventing the flow through 

the exhaust ports. This serves the double 

purpose of scavenging the combustion 

products from the upper part of the 

cylinder and preventing the fresh charge 

from flowing out directly through the 

exhaust ports. 

– The same objective can be achieved 

without piston deflector by proper shaping 

of the transfer port. During the upward 
motion of the piston from B D C the transferports 

close first and then the exhaust ports, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.9 Ideal p-V diagram of a two-stroke SI 

engine 
 

thereby the effective compression of the charge begins and the cycle is repeated. 

IC engine Classification 

– I.C. Engines may be classified according to, 

a) Type of the fuel used as : 

(1) Petrol engine (2) Diesel engine 
(3) Gas engine (4) Bi-fuel engine (Two fuel engine) 

b) Nature of thermodynamic cycle as : 

(1) Otto cycle engine (2) Diesel cycle engine 
(3) Duel or mixed cycle engine 

c) Number of strokes per cycle as : 
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(1) Four stroke engine (2) Two stroke engine 
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d) Method of ignition as : 

(1) Spark ignition engine (S.I. engine) 
Mixture of air and fuel is ignited by electric spark. 

(2) Compression ignition engine (C.I. engine) 
The fuel is ignited as it comes in contact with hot compressed air. 

e) Method of cooling as : 

(1) Air cooled engine (2) Water cooled engine 

f) Speed of the engine as : 

(1) Low speed (2) Medium speed 
(3) High speed 

Petrol engine are high speed engines and diesel engines are low to medium speedengines 

g) Number of cylinder as : 

(1) Single cylinder engine (2) Multi cylinder engine 

h) Position of the cylinder as : 

(1) Inline engines (2) V – engines 
(3) Radial engines (4) Opposed cylinder engine 

(5) X – Type engine (6) H – Type Engine 

(7)U – Type Engine (8) Opposed piston engine 

(9) Delta Type Engine 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.10 Engine classification by cylinder arrangements 
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m 

Application of IC Engines 

– The most important application of IC engines is in transport on land, sea and air. Other 

applications include industrial power plants and as prime movers for electric 

generators. Table 1.3 gives, in a nutshell, the applications of both IC and EC engines. 

 

Table 1.3 Application of Engines 

IC Engine EC Engine 
 

Type Application Type Application 
Gasoline engines Automotive, Marine, 

Aircraft 
Steam Engines Locomotives, Marine 

Gas engines Industrial power Stirling Engines Experimental Space 

Vehicles 

Diesel engines Automotive, Railways, 

Power, Marine 

Steam Turbines Power, Large Marine 

Gas turbines Power, Aircraft, 
Industrial, Marine 

Close Cycle Gas 
Turbine 

Power, Marine 

 

Engine Performance Parameters 

– The engine performance is indicated by the term efficiency, η. Five important engine 

efficiencies and other related engine performance parameters are discussed below. 

Indicated Power 

– The power produced inside the engine cylinder by burning of fuel is known as 

Indicated power (I.P.) of engine. It is calculated by finding the actual mean effective 

pressure. 

 

 
where, 

Actual meaneffective pressure, P  
sa N

 

l m2 

(1.1) 

a = Area of the actual indicator diagram, cm2l = 

Base width of the indicator diagram, cm 

s = Spring value of the spring used in the indicator, N/m2/cm 

ip  
Pm LAn 

kW 

60000 

 

 

 

 
(1.2) 

where, 

Pm = Mean effective pressure N/m2L = 

Length of stroke, m 

A = Area of cross section of the cylinder, m2N = 

RPM of the engine crank shaft 

n  
N

 

2 

n  N 

for 4-stroke 

for 2-stroke 
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 

 

 

bth 

Brake power 

– It is the power available at engine crank shaft for doing useful work. It is also known 

as engine output power. It is measured by dynamometer. 

B.P. 
2 NT 

 
Pmb LAn 

kW
 (1.3) 

 

 
where 

60000 60000 

 

T  W  R (1.4) 

 

W = Net load acting on the brake drum, NR = 

Effective radius of the brake drum, m N = 

RPM of the crank shaft 

T = Resisting torque, Nm 

Pmb = Brake mean effective pressure 

Indicated Thermal Efficiency (ith ) 

– Indicated thermal efficiency is the ratio of energy in the indicated power, ip, to the 

input fuel energy in appropriate units. 
ip kJ / s 

(1.1) 
ith energy in fuel per second kJ / s



ip 
ith 

 

mass of fuel/s  CV of fuel 

 
ip 

mf  CV 

 
(1.2) 

Brake Thermal Efficiency (bth ) 

– Brake thermal efficiency is the ratio of power available at crank shaft, bp, to the input 

fuel energy in appropriate units. 

  bp 

mass of fuel/s  CV of fuel 

  
bp 

mf  CV 

(1.3) 

Mechanical Efficiency (m ) 

– Mechanical efficiency is defined as the ratio of brake power (delivered power) to the 

indicated power (power provided to the piston). 

  
bp 

 
bp 

(1.4) 

m ip bp  fp 

 
Volumetric Efficiency (v ) 

fp  ip  bp 
(1.5) 

–   Volumetric efficiency indicates the breathing ability of the engine. It is to be noted 

that the utilization of the air is that determines the power output of the engine. Intake 

system must be designed in such a way that the engine must be able to take in as 
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much air as possible. 

– Volumetric efficiency is defined as the ratio of actual volume flow rate of air into the 

intake system to the rate at which the volume is displaced by the system. 

  
Actual volume of charge or air sucked at atm. condition 

(1.6)
 

v Swept volume 
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1  

Air standard efficiency 

– It is the efficiency of the thermodynamic cycle of the engine. 
 

– For petrol engine, 

air 
 1 

1
 

r  1 

 

(1.7) 

– For diesel engine, 
   

1 
  1 




air 

r 
 1        1

Relative Efficiency or Efficiency Ratio 

(1.8) 

– Relative efficiency or efficiency ratio is the ratio of thermal efficiency of an actual cycle 

to that of the ideal cycle. The efficiency ratio is a very useful criterion which indicates 

the degree of development of the engine. 


rel  


th 



(1.9) 

Specific output 
 

air 

– The specific output of the engine is defined as the power output per unit area. 

Specific output  
B.P.

 

A 

 

 
(1.10) 

 

Specific fuel consumption 

– Specific fuel consumption (SFC) is defined as the amount of fuel consumed by an 

engine for one unit of power production. SFC is used to express the fuel efficiency of 

an I.C. engine. 

 

 
Air Standard Cycles 

SFC  
mf

 

B.P. 

k g / kWh (1.11) 

– In most of the power developing systems, such as petrol engine, diesel engine and gas 

turbine, the common working fluid used is air. These devices take in either a mixture 

of fuel and air as in petrol engine or air and fuel separately and mix them in the 

combustion chamber as in diesel engine 

– The mass of fuel used compared with the mass of air is rather small. Therefore the 

properties of mixture can be approximated to the properties of air. 

– Exact condition existing within the actual engine cylinder are very difficult to 

determine, but by making certain simplifying assumptions, it is possible to 

approximate these conditions more or less closely. The approximate engine cycles 

thus analysed are known as theoretical cycles. 
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– The simplest theoretical cycle is called the air-cycle approximation. The air-cycle 

approximation used for calculating conditions in internal combustion engine is called 

the air-standard cycle. 
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– The analysis of all air-standard cycles is based upon the following assumption: 

a) The gas in the engine cylinder is a perfect gas, i.e. it obeys the gas laws and has 

constant specific heats. 

b) The physical constants of the gas in the cylinder are the same as those of air at 

moderate temperatures i.e., the molecular weight of cylinder gas is 29 and Cp = 1.005 

kJ/kg K and Cv = 0.718 kJ/kg K. 

c) The compression and expansion processes are adiabatic and they take place without 

internal friction, i.e., these processes are isentropic. 

d) No chemical reaction takes place in the cylinder. Heat is supplied or rejected by 

bringing a hot body or a cold body in contact with cylinder at appropriate points during 

the process. 

e) The cycle is considered closed, with the same ‘air’ always remaining in the cylinder to 

repeat the cycle. 

– Because of many simplifying assumptions, it is clear that the air-cycle approximation 

does not closely represent the conditions within the actual cylinder. Due to the 

simplicity of the air-cycle calculation, it is often used to obtain approximate answers 

to complex engine problems. 

The Otto Cycle OR Constant Volume Cycle (Isochoric) 

 The cycle was successfully applied by a German scientist Nicolous A. Otto to produce 

a successful 4 – stroke cycle engine in 1876.

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1.11 p-V and T-s diagrams of Otto cycle 

 

 The thermodynamic cycle is operated with isochoric (constant volume) heat addition 

and consists of two adiabatic processes and two constant volume changes.

 Fig. 1.11 shows the Otto cycle plotted on p – V and T – s diagram.
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Adiabatic Compression Process (1 – 2): 
 

 At pt. 1 cylinder is full of air with volume V1, pressure P1 and temp. T1.
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p 

 Piston moves from BDC to TDC and an ideal gas (air) is compressed isentropically to 

state point 2 through compression ratio,

r  
V1

 

V2 

 

Constant Volume Heat Addition Process (2 – 3): 
 

 Heat is added at constant volume from an external heat source.

 The pressure rises and the ratio r or   p
3

p 

is called expansion ratio or pressure 

 
2 

 

ratio. 

Adiabatic Expansion Process (3 – 4): 
 

 The increased high pressure exerts a greater amount of force on the piston and pushes 

it towards the BDC.

 Expansion of working fluid takes place isentropically and work done by the system.

 The volume ratio 
V

4 is called isentropic expansion ratio. 

V3 

 
Constant Volume Heat Rejection Process (4 – 1): 

 

 Heat is rejected to the external sink at constant volume. This process is so controlled 

that ultimately the working fluid comes to its initial state 1 and the cycle is repeated.

 Many petrol and gas engines work on a cycle which is a slight modification of the Otto 

cycle.

 This cycle is called constant volume cycle because the heat is supplied to air at 

constant volume.

Air Standard Efficiency of an Otto Cycle: 

 Consider a unit mass of air undergoing a cyclic change.

 Heat supplied during the process 2 – 3,

q1  CV T3 T2 

 Heat rejected during process 4 – 1 ,

q2  CV T4 T1 

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 Work done,

 
 
 

 Thermal efficiency,

 

W  q1  q2 

W  CV T3 T2   CV T4 T1 
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



3 4 

  
Work done 

 
W 

Heat supplied  q1 

 
CV T3 T2  CV T4 T1 



CV T3 T2 

 1 
T4 T1 

T3 T2 













(1.12) 

 

 

– For Adiabatic compression process (1 – 2), 
T V 

 1 

    2 
 1 

  r 1 

T1    V2 

T  
T rγ1 

(1.13) 

2 1 

– For Isentropic expansion process (3 – 4), 
T V 

 1 

   4 
 3 




T3  V4 

 V 
 1 

T  T 
 4 



 V3 

 T  T  V 
γ1 


 1 


  V , V 



3 4 

 V2 

 V1  4 2 V3 

T   T  r  1 

(1.14)
 

3 4 
 

 From equation 1.16, 1.17 & 1.18, we get, 

 1 
 T4 T1   

otto 
T r 1 T r 1 

4 1 

  1
 T4 T1 

otto 
r 1 T 

T 

4 1 


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  1 
1 (1.15) 
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Introduction 

 In Spark Ignition (S.I.) engine, fuel and air is mixed outside the engine cylinder in 
carburetor in proper proportion. 

 Combustion is chemical reaction between hydrogen and carbon in fuel with oxygen in 
air. It produces CO2 and H2O and liberates energy in the form of heat. Actual process of 
combustion is very complicated and lot of research is going on since many years. 

 During combustion, large amount of heat is generated which is utilized to run the I.C 
engine. 

 Combustion in S.I. engine requires following conditions: 
(1) Proper proportion of air-fuel mixture should be compressed to required level 

(compression ratio = 6 to 10) 
(2) Spark should take place with required intensity. 
(3) Combustion should start at spark plug, and the flame should propagate in 

combustion chamber. 
Combustion Related Concepts and Definitions 

 The internal combustion engines derive their energy in the form of heat by combustion 
of homogeneous mixture of fuel and air in the combustion chamber. 

 An enormous amount of research has been carried out, both theoretical and 
experimental, regarding the burning of this homogeneous mixture, but in actual practice 
the mixture inside the cylinder is never homogeneous. 

 The reasons for such existent of heterogeneous mixtures in the cylinder may be non- 
uniform distribution of fuel and air in the combustion chamber or due to the dilution of 
mixture by the left over residual (burnt) gases in the clearance space of the cylinder of 
its previous stroke or for other reasons. 

 The combustion problem of such mixtures is quite complex and intricate. 

 However, the researches carried out in case of combustion of homogeneous mixtures in 
spherical bomb by igniting the fuel by a spark at a point have shown that there is a 
development of a flame defined as gas rendered luminous by liberation of chemical 
energy, which starts from the point of ignition and spreads continuously in outward 
direction. 

 If the flame travels from the point of ignition up to the end of combustion chamber 
without any change in speed and shape, the combustion is said to be normal. 

 If the mixture of fuel and air ignites prior to reaching the flame front, this phenomenon 
of combustion is called auto-ignition. 

 The temperature at which the fuel will ignite itself without a flame is called self-ignition 
temperature (S.I.T.). 

 The auto-ignition of fuel is affected by various factors like density of charge (mixture of 
fuel and air); its temperature and pressure, turbulence and the air-fuel ratio. 

 In case of normal combustion the forward boundary of reaction zone of a flame is 
called flame front. It is defined as the surface or area between the luminous region and 
the dark region of the unburned charge. 

 The velocity of flame by which it moves in space is called spatial velocity which depends 
upon the shape and size of the combustion chamber. 

 It has two components viz. transformation velocity and gas velocity. 
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 Former is defined as the relative velocity of burned gases with which the flame front 
moves from burned to unburned gases and it is the velocity by which the unburned 
gases approach the burning zone. 

 The combustion is defined as the rapid and high temperature oxidation of fuel with 
liberation of heat energy. 

 The main constituents of most fuels are carbon (C) and hydrogen (H2) and their burning 
involves the rapid oxidation of C to CO or CO2 and of H2 to H2O. Usually the combustion 
processes take place in gaseous phase. 

 The requirement for initiating a combustion process are the presence of a combustible 
mixture of air and fuel, a means for initiating the combustion, the formation of a flame 
and its propagation across the combustion chamber. 

Ignition Limit 

 The flame inside the combustion chamber will propagate from spark plug to end of 
combustion chamber only if temperature inside the cylinder exceeds 1500 K and A/F 
ratio is within combustible limit i.e. between 9:1 to 21:1. 

 Beyond this limit it may be too lean or too rich and practically the combustion will not 
be possible. As we know that Stoichiometric A/F ratio for isooctane (C8H18) is 
approximately 15:1. 

 

C8 H18 + 12.5 O2 + 12.5  3.76 N2  8 CO2 + 9 H2 O + 12.5  3.76 N2 

 
 If combustion is complete, C02 and H2O will come out in exhaust. If mixture is lean, 

excess air comes out in exhaust with C02 and H2O. If mixture is rich, incomplete 
combustion will take place resulting in reduced power and producing C02, H2O and CO in 
exhaust. 

 
 
 
 
 
 
 

 
Fig.7. 1 Ignition Limit Hydrocarbons 

 
 

Stages of combustion 

 In I.C. engine, if inlet and exhaust valves are closed and piston moves from bottom dead 
centre (BDC) to top dead centre (TDC), compression will take place and similarly from 
top to bottom, expansion will take place. If combustion does not take place during this 

process, the pressure (p) verses crank angle () diagram obtained is known as Motoring 
curve. 

 Theoretical p-  diagram where spark occurs at TDC, pressure suddenly rises due to 
combustion and, then expansion of combustion products take place. 
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Fig. 7. 2 (a) p -  diagram without combustion (b) theoretical p -  diagram with 

(non- firing)  combustion 

 

 The actual p-  diagram with combustion is very complicated but as per this figure it is 
divided into three stages namely; 
 Stage I = A to B = Ignition lag, 
 Stage II = B to C = Flame propagation, 

 Stage III = C onwards = After burning. 
 To achieve maximum advantage of high pressure generated during combustion, peak 

pressure should be after and near to the TDC. 

 If peak pressure is before TDC, it produces negative force on the piston which 
may damage the piston, piston rod, and crank shaft. 

 If peak pressure is after and far from TDC, force generated due to combustion 
cannot be fully utilized. 

 Considering above fact spark timing (point A) should be selected that maximum pressure 

(point C) will be after and near TDC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 7. 3 Actual p -  diagram for S.I. engine 
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Stage I - Ignition lag: 

 Ignition lag is the duration between spark (point A) and starting of combustion (point B). 

 At point B, first rise of pressure detected and the actual curve differs from motoring 
curve. So time interval between spark (point A) and first pressure rise (point B) is known 

 Ignition lag is also known as preparation phase during which spark, chemical process 
takes place, and flame generates. In SI engine combustion ignition lag is very important 
and it should be as small as possible for getting more power. 

Stage II - Flame propagation: 

 The time duration between point B (combustion starts) and point C (Peak pressure) is 

known as flame propagation. 

 The most of the heat is generated during this phase. Normally spark will occur (Point A) 
approximately 30° to 35° before TDC, so that peak pressure (Point C) is obtained 5° to 
10° after TDC at cruising speed. 

 As speed vary this spark timing should vary forgetting peak pressure at 5° to 10° after 
TDC. 

Stage III - After burning: 

 Theoretically we can say that combustion should be completed at point C i.e. at 
maximum pressure in Fig. 

 But actually combustion will continue after point C i.e. during expansion stroke which is 

known as after burning. 

 It may be due to type of fuel, rich mixture etc. About 10% of heat may be liberated 
during this stage. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 7. 4 Theoretical and Actual p-V diagram for S.I. engine 
 
 

 In S.I engine, combustion takes place at constant volume and in C.I. engine at constant 
pressure. Area of actual p-V diagram is always less than theoretical p-V diagram. Area of 
p-V diagram means work done and it should be as large as possible. 

 So to achieve this, actual p-V diagram should be close to theoretical p-V diagram. To 
achieve this, process of combustion should be as fast as possible i.e. timing or crank 
angle of 1st and 2nd phase should be as small as possible. 
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1. A:F ratio: 

Factors affecting ignition lag 

 Maximum power is produced at slightly richer mixture. At maximum power, heat 
generated is maximum, which will reduce Ignition-lag timing as shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2. Fuel: 

Fig.7. 5 Effect of A/F Ratio on Ignition Lag 

 Chemical composition and nature of fuel plays vital role in combustion. The fuel with 

higher self-ignition temperature has longer ignition lag period. 

3. Initial temperature and pressure: 

 The chemical reaction between fuel and air greatly depends on temperature and 
pressure. As temperature and pressure increases reaction becomes fast which reduces 
ignition lag. Any factor which increases in-cylinder temperature or pressure will lead to 
decrease the ignition lag period. These factors may be supercharging, increasing 
compression ratio, retarding –the spark timing, etc. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
4. Electrode gap: 

Fig.7. 6 Effect of Pressure and Temperature on Ignition Lag 

 In a spark plug, distance between positive and negative electrode is known as electrode. 
Sup. The effect of electrode gap on mixture strength for different compression. As the 
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electrode gap increases, higher voltage is required to produce the spark. 
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Fig.7. 7 Effect of Electrode gap on A:F ratio required for different compression ratio 

 Following conclusion were made. 
a) For small electrode gap (i.e. 0.25 mm) range of A:F ratio for development of flame 

nucleus is reduced. 
b) For low compression ratio (say for CR=5) higher electrode gap is required. 
c) As electrode gap increases the range of mixture strength increases. 
d) As compression ratio increases combustion will be possible with small electrode gap. 

5. Turbulence: 

 Turbulence means irregular motion of the charge inside the combustion chamber. 
Turbulence is directly proportional to engine speed. 

 Ignition lag is not much affected by increasing the turbulence. So, engine speed does not 
affect the ignition lag measured in milli seconds but ignition lag in crank angle increases 
with speed. 

 Therefore, angle of advance for spark timing increases with increasing speed and 
decreases with decreasing speed to maintain a constant ignition lag. Therefore, in all S.I 
engine automatic spark advance and retard mechanism is used to maintain constant 
ignition lag. 

Factors affecting the flame propagation 

 Flame propagation is very important in combustion process of S.I engines. The flame 
propagation depends on velocity of flame from spark plug to cylinder wall. The fast 
flame propagation will improve combustion and economy. A : F ratio and turbulence are 
major factors affect the flame propagation. Following are the factors that affect the 
flame propagation. 

1. A : F Ratio: 

 As we know that maximum power is generated at slightly richer mixture. Therefore, 
maximum flame speed and flame propagation take place at approximately 10% richer 
mixture. For lean or too rich mixture flame propagation takes large time. 
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Fig.7. 8 Effect of A/F Ratio on flame propagation 

 

2. Compression Ratio (CR): 

 Higher value of compression ratio increases the pressure and temperature of the 
working mixture and decreases the concentration of residual gases in the engine 
cylinder. This will speed up 1st phase (Ignition lag) and 2nd phase (flame propagation) of 
combustion. The drawback of increasing the in-cylinder temperature and pressure is to 
increase the possibility of detonation or knocking. 

3. Intake temperature and pressure: 

 As discussed earlier, as the intake temperature and pressure increases, the flame speed 
and flame propagation also increases. 

4. Load on the Engine: 

 As the load on an engine increases, the cycle pressure and temperature also increases. 
Hence the flame speed increases. 

5. Turbulence: 

 Irregular motion of charge entered inside the cylinder is known as turbulence. 
Turbulence is also generated inside the cylinder during compression by suitable design 
of the combustion chamber. In S.I. engine for combustion of fuel, the turbulence is very 
important factor because flame speed is directly proportional to the turbulence of the 
mixture. Advantages of turbulence are as follows: 

a) It provides better mixing of air and fuel. 
b) It increases the rate of heat transfer. 

c) Accelerate the chemical reaction, therefore combustion is improved. 
d) Flame propagation decreases and flame speed increases, therefore, weak 

(lean) mixture can also be burnt efficiently. 
Besides all above advantages there are few disadvantages of high turbulence:- 

 Due to high turbulence high heat transfer rate may cool the flame generated which lead 
to reduce flame velocity and flame may extinguish. 

6. Engine Speed; 

 Turbulence generated is linearly proportional to engine speed. So as engine speed 
increases, turbulence increases which will increase the flame propagation. 
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Abnormal combustion and knocking in S.I. engines 

 In normal combustion the flame generated from spark plug and it travels to the end of 
cylinder wall smoothly without any disturbance. 

 Under some operating conditions abnormal combustion may occur which will affect the 
combustion process. This results into the decreased power output, rough running of 
engine, and damage the engine parts also. 

 Abnormal combustions are mainly of two types : 
a) Detonation or knocking, and 
b) Surface ignition. 

1. Detonation or knocking 

 The temperature at which fuel will be self-ignited without any external source (like 
flame front, or spark, etc.) is known as “Self-Ignition Temperature” (SIT). 

 This process of ignition is called “auto ignition”. 

 In normal combustion all the charge in the engine cylinder is ignited by flame front 

 In knock combustion most of the charge is ignited by flame front but some amount of 
change will “auto ignite”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. 9 Normal combustion and detonation 
 

 Knocking or detonation is due to auto ignition of end charge before reaching the flume 
front in that part of the combustion chamber. 

 In normal combustion flame will travel from A to BB’ to D. Combustion of end charge 
between BB’ and D takes place by flame front only 

 The flame from A travels towards BB’ two things will happen during this process, which 
will create the knocking. 
1. End charge between BB and D receives heat by flame front, and 
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2. This end charge is compressed because of flame front. 
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 Both these factors will increase the temperature of end charge and reaches up to the 
self-ignition temperature (SIT). Therefore, the charge between CC' and D auto ignites 
before the flame is reached, which is known as knocking. 

 Due to this knocking high pitching metallic sound is produced, combustion becomes 
erratic, power is drastically reduced and whole engine vibrates. 

Salient features of knocking: - 

1. Peak pressure for normal combustion is approximately 50 bar while during knocking it 
increases to 150 to 170 bar. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. 10 Pressure rise due to knocking 
 

2. Only 5% of total charge can produce the severe knock. 
3. High pitching metallic sound is produced during knocking. 
4. Inside the cylinder high velocity and pressure waves are produced. 

2. Effects of detonation or knocking 

1. Decrease In power output and efficiency: 

 Heat transfer to cooling water increases during knocking, therefore, power output and 
efficiency of the engine decreases. 

2. Pre-ignition: 

 As rate of heat transfer increases, some parts inside the cylinder like valves, spark plug, 
etc. get overheated. Due to overheating hot spot ignition of charge occurs before the 
spark. This phenomenon is known as Pre-ignition and pre-ignition is very danger which 
may damage the engine and blast may also take place. 

3. Mechanical damage: 

 High pressure waves with large amplitude (190-210 bar) are generated during knocking. 
This will lead to wear different parts of engine like piston, cylinder, cylinder head, valves 
etc. Due to high heat transfer rate piston and piston rings may damage and even melts 
also. Spark plug is also over heated and may became hot spot. 

4. Noise and Roughness: 

 Due to high pressure waves engine parts vibrate, engine runs rough, and loud pulsating 
noise is created. 
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3. Abnormal Combustion (Surface ignition) 

 Knocking or detonation discussed above is combustion knock, and it is due to end charge 
combustion by self-ignition before reaching the flame front. It is also known as spark 
knock. 

 Abnormal combustion also occurs by surface ignition. In surface ignition, ignition will not 
occur by spark plug but due to any hot spot in combustion chamber. 

 During combustion some of the part receives heat from combustion and becomes very 
hot and it acts as a spark plug. This hot part may be exhaust valve head, any carbon 
particle deposited on the piston or cylinder head or spark plug electrode. 

 Carbon deposits also occupy some space inside the cylinder. So increases the 
compression ratio which causes for high temperature. Also carbon deposits are poor 
heat conductor which acts as an insulator leads to decreases the heat transfer and 
finally causes high in cylinder temperature. 

 The surface ignition occurs before (pre-ignition) or after (post-ignition) normal ignition. 
Pre ignition is very dangerous as it creates the negative work which may damage the 
engine parts like piston, piston rod, and crank shaft. Pre-ignition and post-ignition may 
or may not causes knocking. 

 Different type of combustion phenomenon available by this surface ignition are: 
1. Run-on surface ignition 
2. Run-away surface ignition 
3. Wild ping 
4. Rumble 

1. Run-on surface ignition: 

 S. I. engine can be stop by switch-off the ignition system means power supply to spark 
plug is cut-off and hence spark does not occur by spark plug. 

 Theoretically engine should stop but actually it runs due to any hot surface (which may 
act as a spark plug) inside the engine cylinder. This phenomenon is known as “Run-on 
surface ignition”. 

2. Run-away surface ignition: 

 Defective spark plug or exhaust valve receive the heat from combustion cycle and this 
heated spot causes pre-ignition. This type of surface ignition is very dangerous which 
may seizure or melt the piston and cylinder. The engine may catch fire, when fire enters 
in suction intake manifold. 

3. Wild ping: 

 Some hot carbon deposits moves free inside the combustion chamber which provide 
source for combustion. 

 This combustion occurs erratic and unpredictable way produces very sharp knocking 
which is known as wild ping. 

4. Rumble: 

 Due to hot spot inside the combustion chamber, combustion starts at a number of 
points (like diesel engine). It may be before (pre-ignition) or after (post-ignition) normal 
spark. 

 As combustion starts at number of points, heavy explosion of mixture take place which 
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produces large erratic noise. High pressure waves produces resulting in engine vibration 
& noise which is known as engine rumble. 
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Effect of Engine Variables on Detonation in S.I. Engines 

 It has been seen that the detonation in S.I. engine sets in if the end part of the gas auto- 
ignites before the flame front reaches it. The tendency to detonation will be reduced if 
the fuel has long ignition lag, high S.I.T. and high flame speeds or reduced time for flame 
travel. Therefore the onset of detonation is very dependent on the properties of fuel. 

 Hence, those engine variables which tend to increase the ignition lag and increase the 
flame speeds would tend to reduce the detonation tendency. The factors are : 

1. Intake temperature: 

 Increased intake temperature reduces the delay period, therefore, increases the 
detonation tendency. However, it should be noted that the increased temperatures also 
increases the flame speed, thereby, reducing the detonation tendency. 

 But, the effect of increase temperature has more pronounced effect on delay period 
compared to flame speeds due to which the detonation tendency is increased with 
increase in intake temperature. 

2. Intake pressure: 

 Increased intake pressure increases the density of charge and reduces the delay period 
but increases the flame speed. The overall effect is to increase the detonation tendency. 

3. Compression ratio: 

 Increased compression ratio increases both the pressure and temperature and reduces 
the delay period, hence, the tendency to detonation increases. 

4. Ignition advance: 

 Advancing the spark timing increases the peak pressures of the cycle and thus reduces 
the delay period of end part of the gas in the combustion chamber, hence, tendency to 
detonate increases. 

5. Coolant temperature: 

 Raising the coolant temperature will increase the cylinder wall temperature and reduce 
the heat transfer rate between gas and cylinder walls. 

 Increased temperature of the gases would reduce the delay period and increase the 
detonation tendency. 

6. Engine load: 

 Higher loads on the engine increases the heating of the engine and reduces the delay 
period. Therefore the increased loads increases the detonation tendency of the engine. 

 It is for this reason the spark ignition engines are never overloaded. 

7. Engine speed: 

 Increase in engine speed increases the turbulence in the combustion chamber thereby 
increasing the flame speeds while the effect on the delay period is negligible. Due to this 
the increased speed of the engine reduces the detonation tendency. 

8. Air-fuel ratio: 

 It has been mentioned earlier that about 10% rich mixtures have the minimum delay 
period and the flame speeds are high. 

 But, it is observed that the effect of slightly rich mixtures on delay period is more 
dominant compared to flame speeds due to which the detonation tendency increases. 
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9. Engine size: 

 Similar engines of various sizes have the delay period nearly the same. However, in case 
of larger sized engines the flame has to travel longer distance of combustion space 
compared to smaller sized engines. 

 Therefore, the larger engines have more tendency to detonate compared to smaller 

engines. 

10. Combustion chamber design: 

 In general, more the compact combustion chambers, shorter will be flame travel and 
combustion time, hence, it will give better anti-knock characteristics. 

 Also, if the combustion chamber design is such that it promotes turbulence then the 
flame speed will increase which would reduce the tendency to detonate. 

 For above reasons the combustion chamber are designed nearer to spherical shape to 
reduce the distance of flame travel and shaped in such a way to promote turbulence 

11. Location of spark plug: 

 In case the spark plug is located centrally in the combustion chamber, it reduces the 
length of flame travel, hence, reduces the tendency to detonate. The flame travel can 
also be reduced by using two or more spark plugs. 

12. Type of fuel: 

 The fuels with lower self-ignition temperature or with its greater pre flame reactions will 
have more tendency to detonate. 

 Fuels of paraffin series have maximum tendency to detonate and of aromatic series have 
minimum tendency to detonate. 

 The naphthalene series fuels come in between the two. 

 Table 7.1 gives the general summary of engine variables affecting the detonation in S.I. 
engines. 

Table 7. 1 Effect of engine variables on detonation in S.I. engines 
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Control of knocking 

 Following are different parameter by which knocking tendency can be reduced. 
1. Increasing engine speed which increases the turbulence. 
2. Retarding spark timing. 
3. Reducing pressure in inlet manifold 
4. Using too lean or too rich mixture. 
5. Injecting the water inside the combustion chamber which reduces the in cylinder 

temperature, hence the knocking tendency decreases. 
6. Decreasing the compression ratio. 
7. Increasing turbulence by proper combustion chamber design. 

S.I. engine Combustion Chamber Design 

 Design of combustion chamber for S.I engine is very important for following reasons: 
1. To achieve high power output. 
2. To achieve high thermal efficiency. 
3. Smooth running of engine. 
4. To avoid knocking or detonation. 
5. Long life of engine. 
6. Minimum maintenance of engine. 

Objectives of Combustion Chamber Design for S.I. Engines 
 

 A combustion chamber needs to be designed to meet the general objectives of 
developing high power output and high thermal efficiency with smooth running of 
engine and minimum octane number requirement of fuel. In order to achieve these 
objectives, following factors are to be kept in mind while designing the combustion 
chambers of S.I. engines. 

1. The length of flame travel from the spark plug to the farthest point should be kept 
minimum to avoid detonation problem. 

It involves the problem of location of spark plug and shape of combustion chamber. Usually the spark 
plugs are located at the central location or in some cases dual spark plugs are used. 
Also, the shape of combustion chambers should be as far as possible spherical to reduce the length of 
flame travel. 

2. To achieve high speed of flame propagation, an adequate amount of turbulence also 
ensures more homogeneous mixture by scouring away the layer of stagnant gas clinging 
to the chamber walls. However, excessive turbulence should be avoided since it 
increases the heat transfer losses to cylinder walls and affects the thermal efficiency of 
the engine. 

3. It should have small surface to volume ratio to minimise heat losses. A hemispherical 
shape provides minimum surface to volume ratio. 

4. It should provide large area to the inlet and exhaust valves with ample clearance around 
the valve head. It reduces the pressure drop across the valves, therefore, improves the 
volumetric efficiency. Use of sleeve valves are said to have low tendency to detonate 
compared to poppet valves due to absence of any high temperature area. 

5. Exhaust valves should not be located near the end gas location of combustion chamber 
to reduce the possibility of detonation since these valves are hottest spot in the 
combustion chamber. 
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6. The combustion chambers should be so designed that it can burn largest mass of the 
charge as soon as the ignition occurs with progressive reduction in the mass of charge 
burned towards the end of combustion. 

7. Exhaust valve head is the hottest region of combustion chamber. It should be cooled by 
water jacket or by other means to reduce the possibility of detonation. 

8. Octane number requirement of fuel increases with bore at the same piston speed when 
other factor remaining the same. Combustion time and cylinder inner surface 
temperature also increase with bore. For this reason the S.I. engine cylinder diameters 
are usually limited to 100 mm. 

9. Thickness of cylinder walls should be uniform to avoid non-uniform expansion. 
Different Types of Combustion Chambers for S.I. Engines inUse: 

 Few important types of S.I. combustion chambers used are being discussed below : 

1. T-Head Combustion Chamber: 

 This type of combustion chamber is shown in Fig. 7.11. It was used by Ford in 1908 but it 
is obsolete today. It has the following disadvantages : 

1. It needs two cam shafts to operate each valve separately. 
2. Long flame travel, therefore, it has more tendency to detonate. Compression ratios 

were limited to 5 : 1. 
3. Has high surface-volume ratio. 

 
 
 
 
 
 
 

 
Fig.7. 11 T-head combustion chambers 

 

2. L-Head or Side Valve Combustion Chamber: 

 Original form of L-head combustion chambers used up to 1930 is shown in Fig. 7.12. The 
top surface of the combustion chamber is in the form of a flat slab. Its intake valve and 
exhaust valve are kept side by side with spark plug location above the valves. Length of 
the combustion chamber covers the entire piston and valve assembly. 

 Advantages of L-head combustion chamber : 
1. Easy to cast. 

2. Easy to carry out maintenance. 
3. Easy to lubricate the valve mechanism. 
4. Cylinder head can easily be removed, therefore, decarbonizing can be carried out 

without disturbing the valve gear mechanism. 
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Fig.7. 12 L-head combustion chamber 

 Disadvantages of L-head combustion chamber : 
1. There is a loss of velocity of intake air since it has to take two right angle turns 

before reaching the cylinder. It results into poor turbulence. 
2. Distance to be travelled by flame is more and it is super imposed by poor turbulence, 

therefore, tendency to detonation is more. Compression ratio is limited to 4 : 1. 

3. Mixing of air-fuel is unsatisfactory. 
4. It has low power and low thermal efficiency. 

3. Recardo Turbulent Combustion Chamber: 

 The design of combustion chamber as suggested by Recardo in the year 1919 is shown in 
Fig. 7.13. However, modifications have been carried out in the design given at later 
stages. 

 The Recardo combustion chamber overcomes the disadvantages experienced in the L- 
head combustion chamber. 

 Recardo combustion chamber provides a turbulent head. 

 
 
 
 
 
 
 
 

Fig.7. 13 Recardo turbulent combustion chamber 
 

 The salient features of this combustion chamber are : 
1. Combustion chamber provides high turbulence. Because at top dead centre position 

only     a     thin     layer     of     charge     exists     between     the     piston      crown 
and combustion chamber, due to this the whole charge is pushed back in the 
combustion chamber during the compression stroke, therefore, it provides 
additional turbulence. 

2. Combustion chamber ensures a more homogeneous mixture of fuel and air by 
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scouring away the layer of stagnant gas clinging to the chamber walls. 
3. The piston comes in closed contact with the combustion chamber head in this 

design, it reduces the effective length of flame travel. Hence, tendency to detonation 
is reduced. 
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4. Because of contact of piston with chamber the mass of end gas is negligible. 
Therefore impact of detonation will be negligible even if detonation occurs. 

5. The detonation tendency is further reduced since the end gas is a thin layer and it is 
cooled by comparatively cooler cylinder head. 

6. Spark plug is centrally located in the combustion chamber, the length of flame travel 
is reduced. It results into reduced tendency to detonate. 

Modern S.I. Engine Combustion Chambers: 

 After the period of 1950 the combustion chambers used are either overhead valve, also 
called as I-head, combustion chambers or the F-head combustion chambers. Overhead 
combustion chambers were first introduced in Ambassador Car in the year 1959. 

 The overhead and F-combustion chamber designs are based on principles of Recardo 
combustion chamber with certain modifications. 

 The advantages of overhead valve combustion chambers on L-head combustion 
chambers are as follows : 
1. Use of large valves or valve lifts and reduced passage ways provides better breathing 

of the engine, it increases volumetric efficiency of the engine with reduced pumping 
losses. 

2. It gives less tendency to detonate due to reduced flame travel. 
3. Less force on head bolts and reduced possibility of leakage. 
4. Exhaust valve is incorporated in the combustion chamber head instead of cylinder 

block. Therefore, heat failures limited to head only. 
5. Uses low surface-volume ratio, it reduces the heat losses and increases power 

output and efficiency. 

 Few of the important combustion chambers of overhead valve type and F-head type are 
described below. 

1. Bath Tub Combustion Chamber: 

 This type of combustion chamber is shown in Fig. 7.14. It is simple and easy to cast. Both 
valves are mounted on the head with spark plug on one side of the combustion 
chamber. 

 The charge at the end of compression stroke is pushed into the combustion space 
known as squish which provides additional turbulence. 

 Since the valves are provided in a single row in the head, it reduces the size of the 
valves. 

 Because of this the disadvantage of this design is that it reduces the breathing capacity 
of the engine with increased pumping losses. 

 To overcome this difficulty, the modern engine design use relatively larger piston 
diameters compared to stroke length. 
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Fig.7. 14 Bath tub combustion chamber 

2. Rover Head Combustion Chamber: 

 The piston has cavity at the centre which produces high turbulence and reduces 
knocking tendency. 

 High compression ratio can be used 

 Due to high CR better combustion with high thermal efficiency can be achieved 

 
 
 
 
 
 
 

 
Fig.7. 15 Rover Head Combustion Chamber 

 

3. Wedge Head Combustion Chamber: 

 This type of combustion chamber is shown in Fig. 7.16. Valves are placed in inclined 
position. 

 The end gas is kept cool by the intake valve and relatively cooler piston. 

 Spark plug is approximately kept at the centre and it reduces the flame travel. 
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Fig.7. 16 Wedge head combustion chamber 
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4. F-Head Combustion Chamber: 

 Fig. 7.17 shows the combustion chamber similar to combustion chamber used by Willy's 
Jeep in India. This combustion chamber is also wedge shaped but similar in design to 
Rover head chamber. 

 This combustion chamber has all the advantages of modern combustion chambers listed 
above. The inlet valve is kept in vertical position with large intake area to increase 
breathing of air and reduce the pumping losses. 

 The air during compression stroke creates turbulence due to back flow of air into the 
chamber. 

 Additional turbulence is created by the left hand portion of the piston head when at TDC 
by squish action. 

 
 
 
 
 
 
 
 
 
 

Fig.7. 17 F-head combustion chamber 
 

 The spark plug is inclined and so located that it reduces the flame travel, hence, the 
detonation tendency. 

5. Combustion Chamber for Jaguar Engine: 

 Fig. 7.18 shows the combustion chamber shape used for Jaguar engine. 

 It utilises the principle that the hemispherical shape gives the minimum surface to 
volume ratio. 

 Such a concept is useful to reduce the head losses thereby increasing the output power 
and thermal efficiency of the engine. 

 The combustion chamber is designed hemispherical shape with inlet and exhaust valves 
placed on the sides of the head. 

 Valves are operated in inclined position. 
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Fig.7. 18 Combustion chamber to Jaguar engine 
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 Hemispherical shape used not only reduces the heat transfer losses by virtue of low 
surface to volume ratio, it also permits to use the larger diameter valves, therefore, has 
higher volumetric efficiency. 

 The crown of piston is so shaped to produce required turbulence, therefore, the flame 
speeds are increased, hence, reduces the tendency to detonate. 

 Spark plug is located centrally which reduces the flame travel and again it helps in 
preventing detonation. 

 

Section II: Combustion in C.I. Engines 
 
 

Introduction 

 C.I. engine only air sucks during suction and fuel is injected at the end of compression 
stroke. 

 In S.I. engine nearly stoichiometric air fuel mixture is supplied while in C.I. engine 40 to 
75% excess air is required for better combustion. For induction of this excess air, the size 
of C.I. engine compared to S.I. engine is always larger and heavier to generate the 1 
same power. 

 C.I. engine the combustion starts at I number of points simultaneously i.e. multipoint 
combustion takes place. 

 In S.I. engine combustion takes place due to spark, whereas in C.I, engine combustion 
takes place due to compression ignition. As self-ignition temperature (SIT) of diesel is 
low, fuel can be ignited without spark. 

 During compression stroke only air is compressed to higher pressure (CR = 16 to 22), so 
that temperature of air inside the cylinder increases (440 to 540°C) beyond SIT of diesel 
fuel. At the end of compression, diesel fuel is injected in liquid state at very high 
pressure (120 to 200 bar) with the help of fuel pump and injector. 

 The atomized fuel vaporize, mix with air, and combustion starts. 
Combustion Stages in C.I. Engines 

 In case of compression ignition engines the air alone is compressed and raised to high 
pressure and temperatures in the compression stroke by using high compression ratios. 

 The temperature of air attained is far above the self-ignition temperature of the diesel 

fuel used. 
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Fig.7. 19 Combustion stages in C.I. Engines 

 The fuel is injected by a fuel pump into the combustion chamber by one or more jets 

under very high pressures of about 120-210 bar pressures at about (20 – 35) 

before TDC. The point A represents the time at which the fuel injection starts on (p - ) 
diagram shown in Fig. 7.19. Combustion takes place in four stages which are as 
follows : 

 

1. First stage (Ignition delay period): 

 The fuel leaves the nozzles initially in the form of a jet, and later on, it disintegrates into 
a core of fuel surrounded by a spray envelope of air and fuel particles due to 
atomization, vaporization and mixing with hot air. 

 During vaporization process of fuel it receives its latent heat from surrounding air and 
this causes a slight drop in pressure in the cylinder as shown by curve AB. 

 As soon as the vaporization is over, the preflame reactions of the mixture start. During 
such chemical reactions the energy is released at slow rate and the pressure starts 
building up. 

 Therefore, the preflame reactions first start slowly and then accelerates until the 
ignition of fuel takes place. It corresponds to point C on diagram. 

 The time interval between the start of fuel injection and commencement of combustion 
is called the delay period. 

 The delay period can be divided into two parts as follows : 

a) Physical delay: 

 This represents the time interval from the time of injection of fuel to its attainment of 
self-ignition temperature during which the fuel is atomized, vaporized and mixed with 
air. 

b) Chemical delay: 

 After physical delay period is over, the time interval up to the time the fuel auto-ignites 

and flame appears is called chemical delay. 
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 During this period pre flame reactions take place. This period corresponds to ignition lag 
of S.I. engines. 
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 In practice, it is very difficult to separate exactly these two delay periods since the 
processes involved are very complex. 

2. Second stage (Period of uncontrolled combustion): 

 Once the delay period is over the mixture of fuel and air will auto-ignite since it is above 
the self-ignition temperature. 

 The flame appears at one or more locations where concentration of fuel and air mixture 
is optimum. This is due to the fact that the mixture present in the combustion chamber 
at the time of ignition is extremely heterogeneous unlike the homogeneous mixture of 

 engines. 

 Once the flame appears the mixture in other regions will either be burnt by propagating 
flames or it will auto-ignite because of the heat transfer from the burnt mixture and high 
temperatures existing in the combustion chamber. 

 The fuel which is accumulated during the delay period is now ready for combustion and 
it would burn at an extremely rapid rate causing a steep rise in cylinder pressure and 
temperature. 

 The rate of pressure rise depends upon the fuel injected and accumulated, which is 
directly proportional to the time of injection and the engine speed. 

 Higher the delay period, higher would be the rate of pressure rise. During this period it is 
difficult to control the amount of fuel burning, for this reason, this period of rapid 
combustion is called the period of uncontrolled combustion as represented by curve CD 
in Fig. 7.19. 

3. Third stage (Period of controlled combustion): 

 Once the fuel accumulated during the delay period is burnt in the period of uncontrolled 
combustion, the temperature and pressures in the cylinder will be so high that the 
further quantity of fuel injected will burn as soon as it leaves the nozzle provided 
sufficient oxygen is present in the cylinder. 

 Therefore the rate of pressure rise can now be controlled by controlling the rate of fuel 
injection. This period of combustion is known as period of controlled combustion 
represented by curve DE. 

4. Fourth state (After burning): 

 Theoretically the combustion is completed at the point the maximum pressure is 
attained during the cycle corresponding to point E few degree after TDC. 

 However, the burning of fuel continues during its expansion stroke due to reassociation 
of dissociated gases and any unburned fuel due to heterogeneous condition of mixture. 
This phase of combustion is called after burning. 

Effect of Engine Variables on Delay Period 

1. Compression ratio: 

 Increased compression ratio increases the density, pressure and temperature of the 
charge. Increased temperatures and pressure reduces the delay period. 

2. Inlet pressure (supercharging): 

 Increased inlet pressures increases the pressures in the compression stroke and reduces 
the delay period. 
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3. Intake temperature: 

 Higher intake temperatures will result into high temperatures at the time of fuel 
injection, therefore, it will reduce the delay period. 

4. Engine speed: 

 Increased speed will increase the delay period in terms of degrees of crank rotation, 
since the fuel pump is driven by the engine through gears. Therefore, during the delay 
period more fuel will be accumulated in the cylinder with increased speed and burning 
of this fuel during the period of uncontrolled combustion will result into high rate of 
pressure rise and high temperatures. It also results into better mixing of fuel and air due 
to increased turbulence. 

5. Jacket water temperature: 

 Increased jacket water temperature increases the air temperature in the cylinder, 
hence, reduces the delay period. 

6. Load on engine: 

 Increased loads on the engine reduces delay period. Since the air-fuel ratio decreases 
with the increase in operating temperatures. 

7. Injection pressure: 

 Increased injection pressures will give better atomization of fuel. It generally tends to 
reduce the delay period slightly. 

8. Fuels: 

 Higher the self-ignition temperature of the fuel, higher will be the delay period. 

9. Injection timing: 

 If fuel is injected much before TDC the delay period is larger since the pressure and 
temperatures in the cylinder are low. It will give extremely high rate of pressure rise 
during the period of uncontrolled combustion. 

 Too late injection will reduce delay period but it would result in poor efficiency of the 
engine and the engine will not run smoothly. 

10. Engine size: 

 It has no effect on delay period in terms of time. However, large engines operate at 
lesser speed, therefore, delay period in terms of crank angle is smaller. Hence, less fuel 
enters the cylinder and the engine will run smooth. 

Knock in C.I. Engines (Abnormal Combustion) 

 In C.I engine as delay period increases, the amount of fuel injected and accumulated in 
combustion chamber increases. A very high temperature and pressure is generated by 
combustion of this large amount of fuel is known as knocking or detonation in C.I 
engine. 

 “Accumulation of fuel during large delay period creates very high pressure, it is known as 
knocking in C.I. engine.” 

 This high rate of pressure rise creates pulsating combustion which produces heavy noise. 
 In C.I. engine knocking occurs during initial phase of combustion i.e. as delay period is  

completed and uncontrolled combustion starts. 
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Fig.7. 20 p -  diagram of C.I. engine with and without Knocking 

Factors affecting the knocking in C.I engine 

Table 7. 2 Factors affecting the knocking in C.I engine 

Sr. No Variable increases Effect on knocking tendency 

1. Fuel (Cetane No.) Decreases 

2. Intake air/fuel/Jacket water temp. Decreases 

3. Intake Pressure (supercharging) Decreases 

4. Load (F: A Ratio) Decreases 

5. Injection pressure Decreases 

6. Injection advance angle Increases 

7. Engine size Decreases 

8. Speed Increases 

9. Compression ratio Decreases 
Comparison of the knocking in S.I. and C.I. engines 

(1) In S.I. engine knocking takes place at the end of combustion process while in C.I. engine 

it takes place at the beginning of combustion. 
(2) In S.I. engine knocking is due to   end charge auto-ignition before reaching the flame 

while in C.I. engine knocking is due to auto-ignition of more fuel accumulated due to 
long delay period. 

 
 
 
 
 
 
 
 
 

 
Fig.7. 21 p -  diagram of S.I and C.I. engine 
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(3) In S.I. engine pressure rise is very high during knocking due to homogeneous mixture as 
compared to the C.I. engines. 
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(4) Chances of pre-ignition in the S.I. engine is more because air-fuel mixture enters during 
suction stroke while in the C.I. engine fuel is injected at the end of compression stroke. 

(5) In the C.I engine knocking is due to delay period and delay period cannot be zero. There 
is always pressure rise due to accumulation of fuel during delay period. Therefore, the 
engine is known as knock engine. As degree of pressure rise increases above certain limit which 
may start to produce audible noise and vibration. It is the starting of knocking. Therefore, in the 
C.I. engine it is difficult to distinguish between knocking and non-knocking operation. 

 Table 7.3 gives the factors which reduce the detonation and knocking tendency in S.I. 
and C.I. engines. 

 
Table 7. 3 Factors tending to reduce detonation and knocking in S.I. and C.I. engines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Objectives 

Combustion Chamber Design for C.I. Engines 

 

 In the C.I engine during induction, suction, and compression only air is there and fuel is  
injected at the end of compression. The time available for vaporization and mixing with 
air is very limited. Also for better mixing and better combustion air swirl is required 
which gives better combustion. 

 For better combustion atomization, vaporization and proper mixing with air is required 
in minimum time and result of all these give high power, better efficiency, smooth and 
noiseless engine running, and shorter delay period which reduces probability of 
knocking. 

 To achieve all of the above advantages the design of C.I engine combustion chamber 
becomes more complicated and swirl is very important in the C.I engine. 

Air Swirl: 
 

 For proper mixing of fuel and air in the combustion chamber the various methods of air 
movement are employed called air swirl. Various types of air swirl are being discussed 
below : 

1. Induction Swirl 
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 In this method swirl is provided to incoming air to the cylinder during suction, that’s why 
it is known as induction swirl. 

 Different methods of giving swirl to incoming air are shown in fig 7.22 in which air enters 
at some angle and gets the swirl. 

  Fig. 7.22 (b) shows a masking or shrouding one side of the inlet valve, so that air enters 
only around the part of periphery of the valve and air swirl is produced. The angle of 
mask used usually varies from 90° to 140°. 

 The best tangential direction of air movement can be obtained by turning the valve 
around its axis. Fig. 7.22 (c) illustrates the method of producing air swirl by casting a lip 
on one side of the inlet valve. Air enters from the top and due to lip it gets the swirl. 

 
 
 
 
 
 
 
 
 

Fig.7. 22 Different methods of achieve induction swirl 
 

2. Compression Swirl 

 In this method air swirl is produced during compression stroke. At the top of the piston 
different types of cavity is formed which gives different type of swirl during 
compression. It is shown in Fig. 7.23 (a) and (b). 

 
 
 
 
 
 

 
Fig.7. 23 Compression Swirl 

 

3. Combustion Induced Swirl 

 In this method swirl is produced by high pressure generated during first part of 
combustion of fuel. The piston head have different types of design which help to 
generate the swirl during combustion. This method is employed in pre-combustion and 
air cell combustion chamber designs. 

Classification of Combustion Chambers for C.I. Engines 

 The combustion chamber for the C.I. engines are classified as follows: 
a. Open combustion chamber or Direct injection (D.I.) combustion chambers. 
b. Pre-combustion chamber. 
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c. Turbulent combustion chamber or Indirect injection combustion chamber. 
d. Special combustion chambers. 

1. Open or Direct Injection (DI) Combustion Chambers 
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 In an open combustion chamber the space between the piston and cylinder head is open 
i.e. no restriction in between. Therefore, all air is contained in single space between the piston and 
cylinder head. The fuel is directly injected inside this space that’s why it is also known as direct 
injection engine or in short D.I. engine. 

 To achieve better combustion and swirl different types of cavity are formed in piston 
crown and cylinder head. 

 In some cases, the shape of cylinder head provides a cavity to create favourable 
conditions for better mixing and better burning. 

 The salient features of open combustion chamber are: 
(1) Less turbulence is generated in this type, so heat loss is less and thus, starting is 

easier. 
(2) Excess air required is more, so engine size increases, and thermal efficiency also 

increases. 
(3) Generally they are used for large capacity, and low speed engines. 

 
 
 
 
 
 
 
 
 
 

 
Fig.7. 24 Cavity in piston crown 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. 25 Cavity in piston crown 
 

 Advantages and disadvantages of this type of combustion chambers are as follows : 
Advantages: 

1. The thermal efficiency is high because heat transfer losses are less. 
2. Easier starting because heat transfer losses are less. 
3. Simple in construction. 
4. In case of slow speed engines less costly fuels with longer delay can be used. 
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Disadvantages: 

1. Engine size becomes large for generating same power due to large excess air 

required. 
2. Due to less turbulence, high injection pressure is required with multiple hole nozzle. 

3. Maintenance cost is higher. 

2. Pre-Combustion Chamber 

 A small additional chamber called as pre-combustion chamber is connected with main 
combustion chamber where fuel is injected in this pre-combustion chamber. Both these 
chambers are connected with small holes. 

 As fuel is injected, combustion starts at pre-combustion chamber and products of 
combustion rush out through small holes to main combustion chamber with very high 
velocity, thus it generates turbulence as well as swirl which produces bulk combustion in 
the main combustion chamber. About 80% of energy is released in main combustion 
chamber. 

 The first combustion starts at pre-combustion chamber due to high temperature of it 
and it propagates to main combustion chamber, thus the delay period is reduced and 
poor grade fuel can also be easily burnt. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.7. 26 Precombustion chamber 
Advantages: 

1. Fuel with wide range of Cetane No. can be used. 
2. As injection pressure is low, simple fuel nozzle can be used. 
3. Smoother running of engine. 
4. Engine can be run at high speed. 
5. As delay period in main combustion chamber is very small, knocking tendency is very 

less. Also engine can run with higher compression ratio. 
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Disadvantages: 

1. Engine design becomes complicated due to pre-combustion chamber. 
2. Heat loss from pre-combustion chamber is high. 
3. Due to high heat loss cold starting is difficult. 
4. The fuel consumption is high and thermal efficiency is low. 

3. Turbulent or Indirect Injection (IDI) Combustion Chambers 

 These combustion chambers are similar as that of pre-combustion chamber. The 
difference is that in pre-combustion chamber only 20 to 25% of total air enters while in 
these type 80 to 90% of total air circulates in pre-chamber. 

 As high rate of “swirl” produces in this type, it is also known as swirl combustion 
chamber. During compression stroke most of the air from main combustion chamber 
enters to pre-combustion chamber, where high rate of swirl is produced. 

 Fuel is injected in this pre-combustion chamber and the ignition and bulk of the 
combustion takes place therein. Few configurations of these type are shown in Fig.7.27 
(a) and (b). 

 
 
 
 
 
 
 
 
 

 
Fig.7. 27 Turbulent or Indirect Injection (IDI) Combustion Chambers 

 

 The advantages and disadvantages of this type are listed below: 
Advantages: 

1. Due to high rate of swirl comparatively rich mixture (low A:F ratio) can be used 
which makes engine compact for given output. 

2. Large range of Cetane No. fuel can be used. 
3. Injection pressure and pattern of injection is not very important due to swirl f thus 

simple nozzle can be used. 
4. Smooth running and low maintenance of the engine. 
5. The engine can be operated at high speed because delay period is very small, thus 

probability of knocking is less. 

 
Disadvantages: 

1. Due to large heat loss to cylinder wall fuel consumption increases (high bsfc). 
2. Low thermal efficiency due to heat loss. 

3. Cold starting of engine is difficult. 

4. Special combustion chambers 
1. M.A.N. Combustion Chamber 
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 Dr. Meurer of Maschimenfabric Augsburg Nurnberg (M.A.N.) of Germany in 1954 
developed a special type of open combustion chamber, also called as ‘M’ combustion 
chamber. 

 It is suitable for small, high speed engines. In this design, the combustion chamber has a 
spherical cavity in the piston as shown in Fig. 7.28. 

 The fuel spray impinges tangentially on the cavity and it spreads over the entire 
chamber. Such type fuel spray impingement was believed to be undesirable in earlier 
designs of open combustion chambers. 

 
 
 
 
 
 
 
 

 
Fig.7. 28 M.A.N. combustion chamber 

 

 But according to the theory used in this design it is suggested that the air borne fuel 
spray in the cavity makes homogeneous mixture and it auto ignites before impingement 
with normal delay period, while the remainder fuel impinging on the cavity walls have to 
evaporate from the cavity prior to combustion. 

 It controls the rate of pressure rise in the second stage of combustion and gives smooth 
running of engine. 

 However, it is further possible to control the air borne fuel spray by varying the distance 
between the nozzle tip and the combustion chamber walls. 

Advantages: 

1. Large range of fuel can be used, so poor quality of fuel with low cetane no. can also 
be used. 

2. Better combustion and low exhaust emission. 
3. More power because of high volumetric efficiency. 
4. Easy cold starting. 

5. No combustion noise. 
6. Low rate of pressure rise. 

Disadvantages: 

1. Poor performance and high emission at low load on engine. 
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2. Air-Cell Combustion Chamber 
 

 Air-cell combustion chamber design used for Lanova engine is represented in Fig. 7.29. 
In this case a separate air-cell through a small neck communicates with the main 
combustion chamber. 

 The fuel is injected across the main chamber into the neck of air-cell which is designed 
to run hot. 

 
 
 
 
 
 
 
 
 
 
 

Fig.7. 29 Air cell combustion chamber for Lanova engine (plan view) 
 

 The combustion is initiated in the air cell and due to high pressure rise it flows back into 
main chamber. 

 The main combustion chamber is so designed that the gas stream from air-cell splits into 
two vertices to create high swirl. 

 High turbulence and high temperature of gases reduce the delay period and it controls 
the rate of pressure rise and the engine runs smooth. 

 This design differs from pre-combustion chamber in respect of fuel injection. 

 In case of air cell the fuel is injected in the main chamber while in the other case into 
pre-combustion chamber. 

Advantages: 

1. Cold starting of the engine is easier. 
2. Due to high rate of swirl better mixing of air and fuel can be achieved which 

improves the combustion. 
3. Exhaust emissions is less. 
4. As maximum pressure rise is low, engine runs smoothly. 

Disadvantages: 

1. Low thermal efficiency. 
2. Higher fuel consumption (high bsfc). 
3. Cannot be used for variable speed engine. 
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