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INTRODUCTION

1.1 ENERGY CONVERSION

The distinctive feature of our civilization today, one that makes it
different from all others, is the wide use of mechanical power. At
one time, the primary source of power for the work of peace or war
was chiefly man’s muscles. Later, animals were trained to help and
afterwards the wind and the running stream were harnessed. But,
the great step was taken in this direction when man learned the art
of energy conversion from one form to another. The machine which
does this job of energy conversion is called an engine.

1.1.1 Definition of ‘Engine’

An engine is a device which transforms one form of energy into an-
other form. However, while transforming energy from one form to
another, the efficiency of conversion plays an important role. Nor-
mally, most of the engines convert thermal energy into mechanical
work and therefore they are called ‘heat engines’.

1.1.2 Definition of ‘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:

(i) Internal Combustion Engines (IC Engines)

(ii) External Combustion Engines (EC Engines)
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1.1.3 Classification and Some Basic Details of Heat Engines

Engines whether Internal Combustion or External Combustion are
of two types, viz.,

(i) Rotary engines
(ii) Reciprocating engines

A detailed classification of heat engines is given in Fig.1.1. Of the
various types of heat engines, the most widely used ones are the recip-
rocating internal combustion engine, the gas turbine and the steam
turbine. The steam engine is rarely used nowadays. The recipro-
cating internal combustion engine enjoys some advantages over the
steam turbine due to the absence of heat exchangers in the passage
of the working fluid (boilers and condensers in steam turbine plant).
This results in a considerable mechanical simplicity and improved
power plant efficiency of the internal combustion engine.

Heat Engines

IC Engines EC Engines

Rotary | Reciprocating 1 Reciprocating Rotary

R I

Open  Wankel Gasoline Diesel Steam  Stirling Steam - Closed
Cycle  Engine Engine Engine Engine Engine Turbine Cycle
Gﬂs G-E.B
Turbine Turbine

Fig. 1.1 Classification of Heat Engines

Another advantage of the reciprocating internal combustion en-
gine over the other two types is that all its components “{ork at
an average temperature which is much belov{ the maximum temper-
ature of the working fluid in the cycle. This is because the high
temperature of the working fluid in the cycle perslsts only for a very
small fraction of the cycle time. Therefore, vew high working fluid
temperatures can be employed resulting in higher thermal efficiency.

Further, in internal combustion engines, higher thermal efficiency
can be obtained with moderate maximum working pressure of the
fluid in the cycle, and therefore, the weight to power ratio is less
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than that of the steam turbine plant. Also, it has been possible
to develop reciprocating internal combustion engines of very small
power output (power output of even a fraction of a kilowatt) with
reasonable thermal efficiency and cost.

The main disadvantage of this type of engine is the problem of
vibration caused by the reciprocating components. Also, it is not
possible to use a variety of fuels in these engines. Only liquid or
gaseous fuels of given specification can be efficiently used. These
fuels are relatively more expensive.

Considering all the above factors the reciprocating internal com-
bustion engines have been found suitable for use in automobiles,
motor-cycles and scooters, power boats, ships, slow speed aircraft,
locomotives and power units of relatively small output.

1.1.4 External Combustion and Internal Combustion Engines

External combustion engines are those in which combustion takes
place outside the engine whereas in internal combustion engines com-
bustion takes place within the engine. For example, in a steam engine
or a steam turbine, the heat generated due to the combustion of fuel
1s employed to generate high pressure steam which is used as the
working fluid in a reciprocating engine or a turbine.

In case of gasoline or diesel engines, the products of combustion
generated by the combustion of fuel and air within the cylinder form
the working fluid.

1.2 BASIC ENGINE COMPONENTS AND NOMENCLATURE

Even though reciprocating internal combustion engines look quite
simple, they are highly complex machines. There are hundreds of
components which have to perform their functions satisfactorily to
produce output power. There are two types of engines, viz., spark-
ignition (SI) and compression-ignition (CI) engine . Let us now go
through the important engine components and the nomenclature as-
sociated with an engine.

1.2.1 Engine Components

A cross section of a single cylinder spark-ignition engine with over-
head valves is shown in Fig.1.2. The major components of the engine
and their functions are briefly described below.



4 IC Engines

Inlet valve (IV) Spark plug Exhaust valve (EV)

Inlet manifold \ / Exhaust manifold
AIr — =x~ Nl i Products
1
i ! Cylinder
]
1 Piston
i |
N
] Gudgeon pin
Connecting rod
Cylinder block
Crankshaft
Crankpin Crankcase
Crank Sump

Fig. 1.2 Cross-section of a Spark-Ignition Engine

Cylinder Block : The cylinder block is the main supporting struc-
ture for the various components. The cylinder of a multicylinder
engine are cast as a single unit, called cylinder block. The cylinder
head is mounted on the cylinder block. The cylinder head and cylin-
der block are provided with water jackets in the case of water cooling
or with cooling fins in the case of air cooling. Cylinder head gasket
is incorporated between the cylinder block and cylinder head. The
cylinder head is held tight to the cylinder block by number of bolts or
studs. The bottom portion of the cylinder block is called crankcase.
A cover called crankcase which becomes a sump for lubricating oil
is fastened to the bottom of the crankcase. The inner surface of the
cylinder block which is machined and finished accurately to cylindri-
cal shape is called bore or face.

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.

Piston : It is a cylindrical component fitted into the cylinder form-
ing 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.



Introduction 5

Combustion Chamber : The space enclosed in the upper part
of the cylinder, by the cylinder head and the piston top during the
combustion process, is called the combustion chamber. The combus-
tion of fuel and the consequent release of thermal energy results in
the building up of pressure in this part of the cylinder.

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.

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 man-
ifold.

Inlet and Exhaust Valves : Valves are commonly mushroom
shaped poppet 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.

Spark Plug : It is a component to initiate the combustion process

in Spark-Ignition (SI) engines and is usually located on the cylinder
head.

Connecting Rod : It interconnects the piston and the crankshaft
and transmits 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.

Crankshaft : It converts the reciprocating motion of the piston
into useful rotary motion of the output shaft. In the crankshaft of
a single cylinder engine there are a pair of crank arms and balance
weights. The balance weights are provided for static and dynamic
balancing of the rotating system. The crankshaft is enclosed in a
crankcase.

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 (Fig.1.3).

Gudgeon Pin : It forms the link between the small end of the
connecting rod and the piston.

Camshaft : The camshaft and its associated parts control the open-
ing and closing of the two valves. The associated parts are push
rods, rocker arms, valve springs and tappets. This shaft also pro-
vides the drive to the ignition system. The camshaft is driven by the
crankshaft through timing gears.
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Cams : These are made as integral parts of the camshaft and are
designed in such a way to open the valves at the correct timing and
to keep them open for the necessary duration.

Fly Wheel : 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.

1.2.2 Nomenclature

Cylinder Bore (d) : The nominal inner diameter of the working
cylinder is called the cvlinder 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 (cm?).

Stroke (L) : The nominal distance through which a working piston
moves between two successive reversals of its direction of motion is
called the stroke and is designated by the letter L and is expressed
usually in millimeter (mm).

Stroke to Bore Ratio : 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 : The position of the working piston and the moving
parts which are mechanically connected to it, at the moment when
the direction of the piston motion is reversed at either end of the

stroke is called the dead centre. There are two dead centres in the

engine as indicated in Fig.1.3. They are:
(i) Top Dead Centre (i) Bottom Dead Centre

(i) Top Dead Centre (T'DC)) : It is the dead centre when the piston
is farthest from the crankshaft. It is designated as T'DC for
vertical engines and Inner Dead Centre (I DC) for horizontal
engines.

(ii) Bottom Dead Centre (BDC') : It is the dead centre when the
piston is nearest to the crankshaft. It is designated as BDC for
vertical engines and Outer Dead Centre (ODC) for horizontal
engines.
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Clearance volume Bore = d
\ I l
70C Bkl 0 Lo i . I
Piston ring ol 4~ R I Stroke = L
Mpstemgaia 1
BDC _ =6 = BDC
® Small end
Pitson at Pitson at
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/ \
\
-~ Big end

Compression ratio = 6

Fig. 1.3 Top and Bottom Dead Centres

Displacement or Swept Volume (V) : The nominal volume
swept by the working piston when travelling from one dead centre to
the other is called the displacement volume. It is expressed in terms
of cubic centimeter (cc) and given by

Vi= Azl = %fL (1.1)
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 = Vg x K

Clearance Volume (V) : The nominal volume of the combustion
chamber above the piston when it is at the top dead centre is the
clearance volume. It is designated as Vo and expressed in cubic
centimeter (cc).

Compression Ratio (r) : It is the ratio of the total cylinder
volume when the piston is at the bottom dead centre, Vp, to the
clearance volume, Vp. It is designated by the letter r.

_E=VG+H=1+E
- Ve Ve Ve

T

(1.2)
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1.3 THE WORKING PRINCIPLE OF ENGINES

If an engine is to work successfully then it has to follow a cycle of
operations in a sequential manner. The sequence is~quite rigid and
cannot be changed. In the following sections the working principle
of both SI and CI engines is described. Even though both engines
have much in common there are certain fundamental differences.

The credit of inventing the spark-ignition engine goes to Nicolaus
A. Otto (1876) whereas compression-ignition engine was invented by
Rudolf Diesel (1892). Therefore, they are often referred to as Otto
engine and Diesel engine.

1.3.1 Four-Stroke Spark-lgnition 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 con-
sists 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.

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 p-V
diagram will be as shown in Fig.1.5.

(b) Compression (c) Expansion (d) Exhaust

Fig. 1.4 Working Principle of a Four-Stroke SI Engine
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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 open at this time and the ex-
haust valve is closed, 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.

Compression Stroke : The charge taken into the cvlinder dur-
ing 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.

3
F 3
p
2
4
0
” 1-5

Fig. 1.5 Ideal p-V Diagram of a Four-Stroke SI Engine

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 pres-
sure and temperature decrease during expansion.
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(iv) Exhaust Stroke : At the end of the expansion stroke the ex-
haust valve opens 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 dur-
ing the following cycle, forming its working fluid. Each cylinder
of a four-stroke engine completes the above four operations in
two engine revolutions, one revolution of the crankshaft oc-
curs during the suction and compression strokes and the sec-
ond revolution during the power and exhaust strokes. Thus
for one complete cycle there is only one power stroke while the
crankshaft turns by two revolutions. For getting higher output
from the engine the heat release (process 2—3) should be as
high as possible and the heat rejection (process 3—4) should
be as small as possible. So one should be careful in drawing
the ideal p-V diagram (Fig.1.5).

1.3.2 Four-Stroke Compression-lgnition Engine

The four-stroke CI 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 CI engine it is from 16
to 20. In the CI engine during suction stroke, air, instead of a fuel-air
mixture, is inducted. Due to the high compression ratio 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 CI engines, a high pressure fuel pump and an injector
are provided to inject the fuel into the combustion chamber. The
carburettor and ignition system necessary in the SI engine are not
required in the CI engine.

The ideal sequence of operations for the four-stroke CI engine is
as follows:

(i) Suction Stroke :  Air alone is inducted during the suction
stroke. During this stroke intake valve is open and exhaust
valve is closed, Fig.1.6(a).
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Fig. 1.6 Cycle of Operation of a CI Engine

Compression Stroke : Air inducted during the suction stroke
is compressed into the clearance volume. Both valves remain
closed during this stroke, Fig.1.6(b).

Expansion Stroke : Fuel injection starts nearly at the end of
the compression stroke. The rate of injection is such that com-
bustion 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
injection of fuel is completed (i.e. after cut-off) the products
of combustion expand. Both the valves remain closed during
the expansion stroke, Fig.1.6(c).

Exhaust Stroke : The piston travelling from BDC to TDC
pushes out the products of combustion. The exhaust valve is

open and the intake wvalve 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 CI engine
has to be more sturdy than a SI engine for the same output. This
results in a CI 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.

1.3.3 Comparison of Sl and Cl Engines

In four-stroke engines, there is one power stroke for every two rev-
olutions of the crankshaft. There are two non-productive strokes of
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Fig. 1.7 Ideal p-V Diagram for a Four-Stroke CI Engine

exhaust and suction which are necessary for flushing the products of
combustion from the cylinder and filling it with the fresh charge. If
this purpose could be served by an alternative arrangement, without
the movement of the piston, it is possible to obtain a power stroke
for every revolution of the crankshaft increasing the output of the
engine. However, in both SI and CI engines operating on four-stroke
cycle, power can be obtained only in every two revolution of the
crankshalft.

Since both SI and CI engines have much in common, it is worth-
while to compare them based on important parameters like basic cy-
cle of operation, fuel induction, compression ratio etc. The detailed
comparison is given in Table 1.1.

1.3.4 Two-Stroke Engine

As already mentioned, if the two unproductive strokes, viz., the suc-
tion and exhaust could be served by an alternative arrangement,
especially without the movement of the piston then there will be
a power stroke for each revolution of the crankshaft. In such an
arrangement, theocretically thé power output of the engine can be
doubled for the same speed compared to a four-stroke engine. Based
on this concept, Dugald Clark (1878) invented the 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 remov-
ing the burnt gases from the cylinder. In the four-stroke engine these
operations are performed by the engine piston during the suction and
exhaust ctrokes respectively. In a two-stroke engine, the filling pro-
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Table 1.1 Comparison of SI and CI Engines

Description

SI Engine

CI Engine

Basic cycle

Fuel

Introduction

of fuel

Load control

Ignition

Compression
ratio

Speed

Thermal effi-

ciency

Weight

Works on Otto cycle or
constant volume heat ad-
dition cycle.

(Gasoline, a highly volatile
fuel. Self-ignition temper-
ature is high.

A gaseous mixture of fuel-
air is introduced during
the suction stroke. A
carburettor and an igni-
tion system are necessary.
Modern engines have gaso-
line injection.

Throttle controls the
quantity of fuel-air mix-
ture introduced.

Requires an ignition sys-
tem with spark plug in the
combustion chamber. Pri-
mary voltage is provided
by either a battery or a
‘magneto.

6 to 10. Upper limit is
fixed by antiknock quality
of the fuel.

Due to light weight and
also due to homogeneous
combustion, they are high
speed engines.

Because of the lower C'R,
the maximum wvalue of
thermal efficiency that can
be obtained is lower.

Lighter due to lower peak
pressures.

Works on Diesel cycle or
constant pressure heat ad-
dition cycle.

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

Fuel is injected directly
into the combustion cham-
ber at high pressure at
the end of the compression
stroke. A fuel pump and
injector are necessary.

The quantity of fuel is reg-
ulated. Air quantity is not
controlled.

Self-ignition occurs due to
high temperature of air be-
cause of the high com-
pression. Ignition system
and spark plug are not

necessary.

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

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

Because of higher C'R, the
maximum value of thermal
efficiency that can be ob-
tained is higher.

Heavier due to higher peak
pressures.
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cess 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 piston
strokes are required for these two operations. Two strokes are sufli-
cient to complete the cycle, one for compressing the fresh charge and
the other for expansion or power stroke.

Figure 1.8 shows one of the simplest two-stroke engines, viz., the
crankcase scavenged engine. Figure 1.9 shows the ideal indicator
diagram of such an engine. The air or 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.

g Spark plug
Exhaust port i{.@'r Deflector

l Transfer port
Spring loaded
inlet valve "\ 4 —
\ Crankcase
N
Exhaust blowdown Scavenging

Fig. 1.8 Crankcase Scavenged Two-Stroke Engine

During the expansion stroke the charge in the crankcase is com-
pressed. 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 cylin-
der. The top of the piston has usually a projection to deflect the fresh
charge towards the top of the cylinder before flowing to the exhaust
ports. This serves the double purpose of scavenging the upper part
of the cylinder of the combustion products and preventing the fresh
charge from flowing directly to 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
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Fig. 1.9 Ideal Indicator Diagram of a Two-Stroke SI Engine

piston from BD(C the transfer ports close first and then the exhaust
ports close when compression of the charge begins and the cycle is
repeated.

1.3.5 Comparison of Four-Stroke and Two-Stroke Engines

The two-stroke engine was developed to obtain a greater output from
the same size of the engine. The engine mechanism also eliminates
the valve arrangement making it mechanically simpler. Almost all
two-stroke engines have no conventional valves but only ports (some
have an exhaust valve). This simplicity of the two-stroke engine
makes it cheaper to produce and easy to maintain. Theoretically
a two-stroke engine develops twice the power of a comparable four-
stroke engine because of one power stroke every revolution (compared
to one power stroke every two revolutions of a four-stroke engine).
This makes the two-stroke engine more compact than a comparable
four-stroke engine. In actual practice power output is not exactly
doubled but increased by only about 30% because of

(i) reduced effective expansion stroke and

(ii) increased heating caused by increased number of power strokes
which limits the maximum speed.

The other advantages of the two-stroke engine are more uniform
torque on crankshaft and comparatively less exhaust gas dilution.
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However, when applied to the spark-ignition engine the two-stroke
cycle has certain disadvantages which have restricted its application
to only small engines suitable for motor cycles, scooters, lawn mow-
ers, outboard engines etc. In the SI engine, the incoming charge
consists of fuel and air. During scavenging, as both inlet and ex-
haust ports are open simultaneously for some time, there is a possi-
bility that some of the fresh charge containing fuel escapes with the
exhaust. This results in high fuel consumption and lower thermal
efficiency. The other drawback of two-stroke engine is the lack of
flexibility, viz., the capacity to operate with the same efficiency at
all speeds. At part throttle operating condition, the amount of fresh
mixture entering the cylinder is not enough to clear all the exhaust
gases and a part of it remains in the cylinder to contaminate the
charge. This results in irregular operation of the engine.

The two-stroke diesel engine does not suffer from these defects.
There is no loss of fuel with exhaust gases as the intake charge in
diesel engine is only air. The two-stroke diesel engine is used quite
widely. Many of the high output diesel engines work on this cycle.
A disadvantage common to all two-stroke engines, gasoline as well as
diesel, is the greater cooling and lubricating oil requirements due to
one power stroke in each revolution of the crankshaft. Consumption
of lubricating oil is high in two-stroke engines due to higher temper-
ature. A detailed comparison of two-stroke and four-stroke engines
is given in Table 1.2.

1.4 ACTUAL ENGINES

Actual engines differ from the ideal engines because of various con-
straints in their operation. The indicator diagram also differs consid-
erably from the ideal indicator diagrams. Actual indicator diagrams
of a two-stroke and a four-stroke SI engines are shown in Figs.1.10(a)
and 1.10(b) respectively. The various processes are indicated in the
respective figures.

1.5 CLASSIFICATION OF IC ENGINES
Internal combustion engines are usually classified on the basis of
the thermodynamic cycle of operation, type of fuel used, method

of charging the cylinder, type of ignition, type of cooling and the
cylinder arrangement etc. Details are given in Fig.1.11.
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Table 1.2 Comparison of Four and Two-Stroke Cycle Engines

Four-Stroke Engine

Two-Stroke Engine

The thermodynamic cycle is com-
pleted in four strokes of the pis-
ton or in two revolutions of the
crankshaft. Thus, one power stroke

is obtained in every two revolutions
of the crankshaft.

Because of the above, turning mo-
ment is not so uniform and hence a
heavier flywheel is needed.

Again, because of one power stroke
for two revolutions, power pro-
duced for same size of engine is less,
or for the same power the engine is
heavier and bulkier.

Because of one power stroke in two
revolutions lesser cooling and lubri-
cation requirements. Lower rate of
wear and tear.

Four-stroke engines have valves
and valve actuating mechanisms
for opening and closing of the in-
take and exhaust valves.

Because of comparatively higher
weight and complicated valve
mechanism, the initial cost of the
engine is more,

Volumetric efficiency is more due to
more time for induction.

Thermal efficiency is higher; part
load efficiency is better.

Used where efficiency is important,
viz., in cars, buses, trucks, trac-
tors, industrial engines, aeroplanes,
power generation etc.

The thermodynamic cycle is com-
pleted in two strokes of the pis-
ton or in one revolution of the
crankshaft. Thus one power stroke
iz obtained in each revolution of the
crankshaft.

Because of the above, turning mo-
ment is more uniform and hence a
lighter fivwheel can be used.

Because of one power stroke for ev-
ery revolution, power produced for
same size of engine is twice, or for
the same power the engine is lighter
and more compact.

Because of one power stroke in
one revolution greater cooling and
lubrication requirements. Higher
rate of wear and tear.

Two-stroke engines have no valves
but only ports (some two-stroke en-
gines are fitted with conventional
exhaust valve or reed valve).

Because of light weight and sim-
plicity due to the absence of valve
actuating mechanism, initial cost
of the engine is less.

Volumetric efficiency is low due to
lesser time for induction.

Thermal efficiency is lower; part
load efficiency is poor.

Used where low cost, compactness
and light weight are important,
viz., in mopeds, scooters, motorcy-
cles, hand sprayers etc.
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Fig. 1.10 Actual Indicator Diagrams of a Two-Stroke and Four-
Stroke SI Engine

1.5.1 Cycle of Operation

According to the cycle of operation, IC engines are basically classified
into two categories

(i) Constant volume heat addition cycle engine or Otto cycle en-
gine. It is also called a Spark-Ignition engine, SI engine or
(Gasoline engine .

ii) Constant-pressure heat addition cycle engine or Diesel cycle en-
ycie eng y
gine. It is also called a compression-ignition engine, CI engine
or Diesel engine .

1.5.2 Type of Fuel Used

Based on the type of fuel used engines are classified as

(i) Engines using volatile liquid fuels like gasoline, alcohol,
kerosene, benzene etc.
The fuel is generally mixed with air to form a homogeneous
charge in a carburettor outside the cylinder and drawn into the
cylinder in its suction stroke. The charge is ignited near the
end of the compression stroke by an externally applied spark
and therefore these engines are called spark-ignition engines.

(ii; Engines using gaseous fuels like natural gas, Liquified Petroleum
Gas (LPG), blast furnace gas and biogas.
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The gas is mixed with air and the mixture is introduced into
the cylinder during the suction process. Working of this type
of engine is similar to that of the engines using volatile liquid
fuels (SI gas engine).

(iii) Engine using solid fuels like charcoal, powdered coal etc.
Solid fuels are generally converted into gaseous fuels outside
the engine in a separate gas producer and the engine works as
a gas engine.

(iv) Engines using viscous (low volatility at normal atmospheric
temperatures) liquid fuels like heavy and light diesel oils.
The fuel is generally introduced into the cylinder in the form
of minute droplets by a fuel injection system near the end of
the compression process. Combustion of the fuel takes place
due to its coming into contact with the high temperature com-
pressed air in the cylinder. Therefore, these engines are called
compression-ignition engines.

(v) Engines using two fuels (dual-fuel engines)
A gaseous fuel or a highly volatile liquid fuel is supplied along
with air during the suction stroke or during the initial part of
compression through a gas valve in the cylinder head and the
other fuel (a viscous liquid fuel) is injected into the combus-
tion space near the end of the compression stroke (dual-fuel
engines).

1.5.3 Method of Charging
According to thé method of charging, the engines are classified as

(i) Naturally aspirated engines : Admission of air or fuel-air mix-
ture at near atmospheric pressure.

(ii) Supercharged Engines : Admission of air or fuel-air mixture
under pressure, i.e., above atmospheric pressure.

1.5.4 Type of Ignition

Spark-ignition engines require an external source of energy for the
initiation of spark and thereby the combustion process. A high volt-
age spark is made to jump across the spark plug electrodes. In order
to produce the required high voltage there are two types of ignition -
systems which are normally used. They are :

(i) battery ignition system (ii) magneto ignition system.
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They derive their name based on whether a battery or a magneto
is used as the primary source of energy for producing the spark.

In the case of CI engines there is no need for an external means to
produce the ignition. Because of high compression ratio employed,
the resulting temperature at the end of the compression process is
high enough to self-ignite the fuel when injected. However, the fuel
should be atomized into very fine particles. For this purpose a fuel
injection system is normally used.

1.5.5 Type of Cooling

Cooling is very essential for the satisfactory running of an engine.
There are two types of cooling systems in use and accordingly, the
engines is classified as

(i) air-cooled engine (ii) water-cooled engine

1.5.6 Cylinder Arrangements

Another common method of classifying reciprocating engines is by
the cylinder arrangement. The cylinder arrangement is only appli-
cable to multicylinder engines. Two terms used in connection with
cylinder arrangements must be defined first.

(i) Cylinder Row : An arrangement of cylinders in which the
centre-line of the crankshaft journals is perpendicular to the
plane containing the centrelines of the engine cylinders.

(ii) Cylinder Bank : An arrangement of cylinders in which the
centre-line of the crankshaft journals is parallel to the plane
containing the centrelines of the engine cylinders.

A number of cylinder arrangements popular with designers are

described below. The details of various cylinder arrangements are
shown in Fig.1.12.
In-line Engine : The in-line engine is an engine with one cylinder
bank, i.e. all cylinders are arranged linearly, and transmit power to
a single crankshaft. This type is quite common with automobile en-
gines. Four and six cylinder in-line engines are popular in automotive
applications.

‘V’ Engine : In this engine there are two banks of cylinders (i.e.,
two in line engines) inclined at an angle to each other and with one
crankshaft. Most of the high powered automobiles use the 8 cylinder
‘V’ engine, four in-line on each side of the ‘V’. Engines with more
than six cylinders generally employ this configuration.
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Fig. 1.12 Engine Classification by Cylinder Arrangements

Opposed Cylinder Engine : This engine has two cylinder banks
located in the same plane on opposite sides of the crankshaft. It can
be visualized as two ‘in-line’ arrangements 180 degrees apart. It is
inherently a well balanced engine and has the advantages of a single

crankshaft. This design is used in small aircrafts.

Opposed Piston Engine : When a single cylinder houses two
pistons, each of which driving a separate crankshaft, it is called an
opposed piston engine. The movement of the pistons is synchronized
by coupling the two crankshafts. Opposed piston arrangement, like
opposed cylinder arrangement, is inherently well balanced. Further,
it has the advantage of requiring no cylinder head. By its inherent
features, this engine usually functions on the principle of two-stroke
engines.
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Radial Engine : Radial engine is one where more than two cylin-
ders in each row are equally spaced around the crankshaft. The radial
arrangement of cylinders is most commonly used in conventional air-
cooled aircraft engines where 3, 5, 7 or 9 cylinders may be used in
one bank and two to four banks of cylinders may be used. The odd
number of cylinders is employed from the point of view of balancing.
Pistons of all the cylinders are coupled to the same crankshaft.

‘X’ Type Engine : This design is a variation of ‘V’ type. It has
four banks of cylinders attached to a single crankshaft.

‘H’ Type Engine : The ‘H’ type is essentially two ‘Opposea
cvlinder’ type utilizing two separate but interconnected crankshafts.
‘U’ Type Engine : The ‘U’ type is a variation of opposed piston
arrangement.

Delta Type Engine : The delta type is essentially a combination

of three opposed piston engine with three crankshafts interlinked to
one another.

In general, automobile engines and general purpose engines utilize
the ‘in-line’ and ‘V’ type configuration or arrangement. The ‘radial’
engine was used widely in medium and large aircrafts till it was
replaced by the gas turbine. Small aircrafts continue to use either the
‘opposed cylinder’ type or ‘in-line’ or ‘V’ type engines. The ‘opposed

piston’ type engine is widely used in large diesel installations. The
- ‘H’ and ‘X’ types do not presently find wide application, except in
some diesel installations. A variation of the ‘X’ type is referred to as
the ‘pancake’ engine.

1.6 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.

1.6.1 Two-Stroke Gasoline Engines

Small two-stroke gasoline engines are used where simplicity and low
cost of the prime mover are the main considerations. In such appli-
cations a little higher fuel consumption is acceptable. The smallest
engines are used in mopeds (50 cc engine) and lawn mowers. Scooters
and motor cycles, the commonly used two wheeler transport, have
generally 100-150 cc, two-stroke gasoline engines developing a maxi-
mum brake power of about 5 kW at 5500 rpm. High powered motor
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Table 1.3 Application of Engines

IC Engine EC Engine
Tvpe Application Type Application
Gasoline engines Automotive, Steam Engines  Locomotives,
Marine, Aircraft Marine
(Gas engines Industrial power Stirling Engines Experimental

Space Vehicles

Diesel engines Automotive, Steam Turbines - Power, Large
Locomotive, Marine
Power, Marine

Gas turbines Power, Aircraft, Close Cycle Gas Power, Marine
Industnal, Turbine
Marine

cycles have generally 250 cc two-stroke gasoline engines developing
a maximum brake power of about 10 kW at 5000 rpm. Two-stroke
gasoline engines may also be used in very small electric generating
sets, pumping sets, and outboard motor boats. However, their spe-
cific fuel consumption is higher due to the loss of fuel-air charge in
the process of scavenging and because of high speed of operation for
which such small engines are designed.

1.6.2 Two-Stroke Diesel Engines

Very high power diesel engines used for ship propulsion are commonly
two-stroke diesel engines. In fact, all engines between 400 to 900 mm
bore are loop scavenged or uniflow type with exhaust valves (see
Figs.20.8 and 20.9). The brake power on a single crankshaft can be
upto 37000 kW. Nordberg, 12 cylinder 800 mm bore and 1550 mm
stroke, two-stroke diesel engine develops 20000 kW at 120 rpm. This
speed allows the engine to be directly coupled to the propeller of a
ship without the necessity of gear reducers.

1.6.3 Four-Stroke Gasoline Engines

The most important application of small four-stroke gasoline engines
is in automobiles. A typical automobile is powered by a four-stroke
four cylinder engine developing an output in the range of 30-60 kW at
a speed of about 4500 rpm. American automobile engines are much
bigger and have 6 or 8 cylinder engines with a power output upto
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185 kW. However, the oil crisis and air pollution from automobile
engines have reversed this trend towards smaller capacity cars.

Four-stroke gasoline engines were also used for buses and trucks.
They were generally 4000 cc, 6 cylinder engines with maximum brake
power of about 90 kW. However, in this application gasoline engines
have been practically replaced by diesel engines. The four-stroke
gasoline engines have also been used in big motor cycles with side
cars. Another application of four-stroke gasoline engine is in small
pumping sets and mobile electric generating sets.

Small aircraft generally use radial four-stroke gasoline engines.
Engines having maximum power output from 400 kW to 4000 kW
have been used in aircraft. An example is the Bristol Contours 57,
18 cylinder two row, sleeve valve, air-cooled radial engine developing,
a maximum brake power of about 2100 kW.

1.6.4 Four-Stroke Diesel Engines

The four-stroke diesel engine is one of the most efficient and versatile
prime movers. It is manufactured in sizes from 50 mm to more than

1000 mm of cylinder diameter and with engine speeds ranging from
100 to 4500 rpm while delivering outputs from 1 to 35000 kW.

Small diesel engines are used in pump sets, construction machin-
ery, air compressors, drilling rigs and many miscellaneous applica-
tions. Tractors for agricultural application use about 30 kW diesel
engines whereas jeeps, buses and trucks use 40 to 100 kW diesel en-
gines. Generally, the diesel engines with higher outputs than about
100 kW are supercharged. Earth moving machines use supercharged -
diesel engines in the output range of 200 to 400 kW. Locomotive
applications require outputs of 600 to 4000 kW. Marine applications,
from fishing vessels to ocean going ships use diesel engines from 100
to 35000 kW. Diesel engines are used both for mobile and stationary
electric generating plants of varying capacities. Compared to gasoline
engines, diesel engines are more efficient and therefore manufacturers
have come out with diesel engines in personal transportation. How-
ever, the vibrations from the engine and the unpleasant odour in the
exhaust are the main drawbacks.

1.7 THE FIRST LAW ANALYSIS OF ENGINE CYCLE

Before a detailed thermodynamic analysis of the engine cycle is done,

it is desirable to have a general picture of the energy flow or energy
balance of the system so that one becomes familiar with the various
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performance parameters. Figure 1.13 shows the energy flow through
the reciprocating engine and Fig.1.14 shows its block diagram as an
open systemn.

17 (1) Energy in fuel
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Fig. 1.13 Energy Flow through the Reciprocating Engine

Fuel in System boundary

[E—— I
/
/:( Engine = Work out
(D L b Exhaust
AY ] v |
N l_ _______ \( J
o, (2)

Fig. 1.14 Reciprocating Engine as an Open System

According to the first law of thermodynamics, energy can neither
be created nor destroyed. It can only be converted from one form
to another. Therefore, there must be an energy balance of input
and output to a system. In the reciprocating internal combustion
engine the fuel is fed into the combustion chamber where it burns in
air converting chemical energy of the fuel into heat. The liberated
heat energy cannot be totally utilized for driving the piston as there
are losses through the engire exhaust, to the coolant and due to
radiation. The heat energy which is converted to power at this stage
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is called the indicated power, ip and it is utilized to drive the piston.
The energy represented by the gas forces on the piston passes through
the connecting rod to the crankshaft. In this transmission there are
energy losses due to bearing friction, pumping losses etc. In addition,
a part of the energy available is utilized in driving the auxiliary
devices like feed pump, valve mechanisms. ignition systems etc. The
sum of all these losses, expressed in units of power is termed as
frictional power, fp . The remaining energy is the useful mechanical
energy and is termed as the brake power, bp . In energy balance,
generally, frictional power is not shown separately because ultimately
this energy is accounted in exhaust, cooling water, radiation, etc.

1.8 ENGINE PERFORMANCE PARAMETERS

The engine performance is indicated by the term efficiency, n. Five
important engine efficiencies and other related engine performance
parameters are given below:

Specific power output
(ix) Specific fuel consumption
(x) Inlet-valve Mach Index

(x) Fuel-air or air-fuel ratio

(xi) Calorific value of the fuel (CV)

Figure 1.15 shows the diagrammatic representation of energy dis-
tribution in an IC engine.

(i) Indicated thermal efficiency (nien)
(i) Brake thermal efficiency (ben )
(iii) Mechanical efficiency (7m)
(iv) Volumetric efficiency (1)
(v) Relative efficiency or Efficiency ratio (nye)
(vi) Mean effective pressure (Pm)
(vii) Mean piston speed (3p)
. ) (
(
(
(

1.8.1 Indicated Thermal Efficiency (1)

Indicated thermal efficiency is the ratio of energy in the indicated
power, ip, to the input fuel energy in appropriate units.

- ip [kJ/s]
atlmien = energy in fuel per second [kJ/s] LL:3)

p
mass of fuel/s x calorific value of fuel

(1.4)



28 IC Engines

e, -
@ N = ?
S o
% o
° g -
ol
7] @ o
o < E op
E 7 Ny st
(=]
g | 48 |
E -—— Energy losses in friction,
E T pumping, etc.

ip [kW]
bp [kW]

Fig. 1.15 Energy Distribution

1.8.2 Brake Thermal Efficiency ()

Brake thermal efficiency is the ratio of energy in the brake power,
bp, to the input fuel energy in appropriate units.

bp

Mass of fuel/s x calorific value of fuel (15)

Mhth =

1.8.3 Mechanical Efficiency (7,,)

Mechanical efficiency is defined as the ratio of brake power (delivered
power) to the indicated power (power provided to the piston).

. .
= i T b+ fp (1.6)
fp = ip—bp (1.7)

It can also be defined as the ratio of the brake thermal efficiency to
the indicated thermal efficiency.

1.8.4 Volumetric Efficiency (1)

This is one of the very important parameters which decides the per-
formance of four-stroke engines. Four-stroke engines have distinct
suction stroke and therefore the volumetric efficiency indicates the
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breathing ability of the engine. It is to be noted that the utilization
of the air is what going to determine the power output of the engine.
Hence, an engine must be able to take in as much air as possible.

Volumetric efficiency is defined as the volume flow rate of air
into the intake system divided by the rate at which the volume is
displaced by the system.

Mg

v = 1.8
1 ﬂavdispN/z ( )

where p, is the inlet density

An alternative equivalent definition for volumetric efficiency is

W= (1.9)

It is to be noted that irrespective of the engine whether SI, CI
or gas engine, volumetric rate of air flow is what to be taken into
account and not the mixture flow.

If p, is taken as the atmospheric air density, then 7, represents
the pumping performance of the entire inlet system. If it is taken as
the air density in the inlet manifold, then 7, represents the pumping
performance of the inlet port and valve only.

The normal range of volumetric efficiency at full throttle for SI
engines is between 80 to 85% where as for CI engines it is between
85 to 90%. Gas engines have much lower volumetric efficiency since
gaseous fuel displaces air and therefore the breathing capacity of the
engine is reduced.

1.8.5 Relative Efficiency or Efficiency Ratio (7,..;)

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 ciiterion which indicates the degree of development of

the engine.
Actual thermal efficiency

Nrel = (1.10)

Air-standard efficiency

1.8.6 Mean Effective Pressure (p,,)

Mean effective pressure is the average pressure inside the cylinders of
an internal combustion engine based on the calculated or measured
power output. It increases as manifold pressure increases. For any
particular engine, operating at a given speed and power output, there
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will be a specific indicated mean effective pressure, imep, and a cor-
responding brake mean effective pressure, bmep. They are derived
from the indicated and brake power respectively. For derivation see
Chapter 17. Indicated power can be shown to be

PimLAnK
60 x 1000

ip (1.11)

then, the indicated mean effective pressure can be written as

60000 x ip
Bim T TRk

(1.12)

Similarly, the brake mean effective pressure is given by

60000 x bp
Pbm = TTAnK

indicated power (kW)

indicated mean effective pressure (N/m?)
length of the stroke (m)

area of the piston (m?)

speed in revolutions per minute (rpm)
Number of power strokes

N/2 for 4-stroke and N for 2-stroke engines
K = number of cylinders

Another way of specifying the indicated mean effective pressure
pim 18 from the knowledge of engine indicator diagram (p-V diagram).
In this case, p;m, may be defined as

(1.13)

where ip

3
|

S 2 nbF
|

Area of the indicator diagram
Length of the indicator diagram

Pim =

where the length of the indicator diagram is given by the difference
between the total volume and the clearance volume.

1.8.7 Mean Piston Speed (5,)

An important parameter in engine applications is the mean piston

speed, 5. It 1s defined as
3, = 2LN

where L is the stroke and NN is the rotational speed of the crankshaft
in rpm. It may be noted that 3 is often a more appropriate param-
eter than crank rotational speed for correiating engine behaviour as
a function of speed.
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Resistance to gas flow into the engine or stresses due to the inertia
of the moving parts limit the maximum value of 5, to within 8 to
15 m/s. Automobile engines operate at the higher end and large
marine diesel engines at the lower end of this range of piston speeds.

1.8.8 Specific Power Qutput (F;)

Specific power output of an engine is defined as the power output
per unit piston area and is a measure of the engine designer’s success
in using the available piston area regardless of cylinder size. The
specific power can be shown to be proportional to the product of the
mean effective pressure and mean piston speed.

Specific power output, P, = bp/A (1.14)

= constant X ppm X 5, (1.15)

As can be seen the specific power output consists of two elements,
viz., the force available to work and the speed with which it is work-
ing. Thus, for the same piston displacement and bmep, an engine
running at a higher speed will give a higher specific output. It is
clear that the output of an engine can be increased by increasing ei-
ther the speed or the bmep. Increasing the speed involves increase in
the mechanical stresses of various engine components. For increasing
the bmep better heat release from the fuel is required and this will
involve more thermal load on engine cylinder.

1.8.9 Specific Fuel Consumption (sfc)

The fuel consumption characteristics of an engine are generally ex-
pressed in terms of specific fuel consumption in kilograms of fuel per
kilowatt-hour. It is an important parameter that reflects how good
the engine performance is. It is inversely proportional to the thermal
efficiency of the engine.

Fuel consumption per unit time
Power

sfc = (1.16)

Brake specific fuel consumption and indicated specific fuel con-
sumption, abbreviated as bsfc and isfc, are the specific fuel con-
sumptions on the basis of bp and ip respectively.

1.8.10 inlet-Valve Mach iIndex (Z2)

In a reciprocating engine the flow of intake charge takes place through
the intake valve opening which is varying during the induction oper-
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ation. Also, the maximum gas velocity through this area is limited
by the local sonic velocity. Thus gas velocity is finally chosen by the
following equation,
Ap
C;A;

gas velocity through the inlet valve
at smallest flow area

p = piston area

nominal intake valve opening area
inlet valve flow co-efficient

v (1.17)

where u

Q>
I

.

and

4 V;
A; Cia

R
I
P o N
S
S—
]
I

Z (1.18)

cylinder diameter
inlet valve diameter
mean piston speed
inlet sonic velocity

= inlet valve average tflow co-efficient
= inlet valve Mach index.

Large number of experiments have been conducted on CFR sin-
gle cylinder engine with gaseous mixtures and short induction pipe
lengths, at fixed valve timing and fixed compression ratio, but vary-
ing inlet valve diameter and lift. The results are quite revealing as
regards the relationship of volumetric efficiency versus Mach index
are concerned. From Fig.1.16, it could be seen that the maximum
volumetric efficiency is obtainable for an inlet Mach number of 0.55.
Therefore, engine designers must take care of this factor to get the
maximum volumetric efficiency for their engines.

where

NOARSDT

1.8.11 Fuel-Air (F/A) or Air-Fuel Ratio (A/F)

The relative proportions of the fuel and air in the engine are very
important from the standpoint of combustion and the ethciency of
the engine. This is expressed either as a ratio of the mass of the fuel
to that of the air or vice versa.

In the SI engine the fuel-air ratio practically remains a constant
over a wide range of operation. In CI engines at a given speed the air
flow does not vary with load; it is the fuel flow that varies directly
with load. Therefore, the term fuel-air ratio is generally used instead
of air-fuel ratio.
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Fig. 1.16 Inlet-Valve Mach Index

A mixture that contains just enough air for complete combustion
of all the fuel in the mixture is called a chemically correct or stoi-
chiometric fuel-air ratio. A mixture having more fuel than that in a
chemically correct mixture is termed as rich mixture and a mixture
that contains less fuel (or excess air) is called a lean mixture. The
ratio of actual fuel-air ratio to stoichiometric fuel-air ratio is called
equivalence ratio and is denoted by .

Actual fuel-air ratio
= 1.1¢
? Stoichiometric fuel-air ratio (1.19)

Accordingly, ¢ = 1 means stoichiometric (chemically correct)
mixture, ¢ < 1 means lean mixture and ¢ > 1 means rich mixture.

1.8.12 Calorific Value (C'V)

Calorific value of a fuel is the thermal energy released per unit quan-
tity of the fuel when the fuel is burned completely and the prod-
ucts of combustion are cooled back to the initial temperature of the
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combustible mixture. Other terms used for the calorific value are
heating value and heat of combustion.

When the products of combustion are cooled to 25 °C practically
all the water vapour resulting from the combustion process is con-
densed. The heating value so obtained is called the higher calorific
value or gross calorific value of the fuel. The lower or net calorific
value is the heat released when water vapour in the products of com-
bustion is not condensed and remains in the vapour form.

1.9 DESIGN AND PERFORMANCE DATA

Engine ratings usually indicate the highest power at which manufac-
turers expect their products to give satisfactory economy, reliability,
and durability under service conditions. Maximum torque, and the
speed at which it is achieved, is also usually given. Since both of these
quantities depend on displaced volume, for comparative analysis be-
tween engines of different displacements in a given engine category
normalized performance parameters are more useful.

Typical design and performance data for SI and CI engines used
in different applications are summarized in Table 1.4. The four-
stroke cycle dominates except in the smallest and largest engines.
The larger engines are turbocharged or supercharged. The maximum
rated engine speed decreases as engine size increases, maintaining
the maximum mean piston speed in the range of about 8 to 15 m/s.
The maximum brake mean effective pressure for turbocharged and
supercharged engines is higher than for naturally aspirated engines.
Because the maximum fuel-air ratio for Sl engines is higher than
for CI engines, their naturally aspirated maximum bmep levels are
higher. As the engine size increases, brake specific fuel consumption
decreases and fuel conversion efficiency increases due to the reduced
heat losses and friction. For the large CI engines, brake thermal
efficiencies of about 40% and indicated thermal efficiencies of about
50% can be obtained in modern engines.
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Worked out Examples

1.1 The cubic capacity of a four-stroke over-square spark-ignition
engine is 245 cc. The over-square ratio is 1.1. The clearance
volume is 27.2 cc. Calculate the bore, stroke and compression

ratio of the engine.

Solution

Cubic capacity, Vi
dﬂ
Bore, d

Stroke, L

Compression ratio, r

_ mor T Lfi_
= gdL=7 = =25
= 343
== 7 cm g
DU S - ans
1
VW
B Ve
245 + 27.2 -
- =10 s
27.2

1.2 The mechanical efliciency of a single-cylinder four-stroke engine
is 80%. The frictional power is estimated to be 25 kW. Calcu-
late the indicated power (ip) and brake power (bp) developed

by the engine.

Sohition

3
|
S
I

S
|
o
oo
X
]
g~
|

3
I

0.8
20
29
25 . Ans
o5 =125 kW AL

7

ip— fp=125—25 =100 kW 22
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1.3 A 42.5 kW engine has a mechanical efficiency of 85%. Find the
indicated power and frictional power. If the frictional power is
assumed to be constant with load, what will be the mechanical

efficiency at 60% of the load?

Solution
b 42.5
Indicated power, ip = P .20 g0 kW A
m  U.8D
Frictional power, fp = ip—bp=>50-42.5
=  T75kW e

42.5 x 0.6 = 25.5 kW

bp 255
bp+ fp  25.5+7.5

Brake power at 60% load

Mechanical efficiency ny,

= 0.773 = 77.3% o=

1.4 Find out the speed at which a four-cylinder engine using nat-
ural gas can develop a brake power of 50 kW working under
following conditions. Air-gas ratio 9:1, calorific value of the
fuel = 34 MJ/ m?, Compression ratio 9:1, volumetric efficiency
= 70%, indicated thermal efficiency = 35% and the mechanical
efficiency = 80% and the total volume of the engine is 2 litres.

Solution
Total volume/cylinder, V; — m::lﬂ = 500 cc
Swept volume /cylinder,V; = % x 500 = 450 cc
Volume of air taken in/cycle = Ny X Ve

(0.7 x 450 = 315 cc

%Z?af)cc

35 x 107°% x 34 % 10°

I

|

Volume of gas taken in/cycle

Energy supplied /cylinder, E
= 1.19 kJ (1)
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Indicated thermal efficiency, n;, =

Energy supplied/cylinder/s, E

bp/ T
Energy supplied /cylinder/s

50/0.8
0.3 x 4

= 44.64 kJ

Now, energy supplied per cyvlinder in kJ = TLNEHU

5356.8
N

Equating (1) and (2)

N

44.64 x 120
N

5356.8

e ——

N

Il

(2)

1.19

g

0

4500 rpm

1.5 A four-stroke, four-cylinder diesel engine running at 2000 rpm
develops 60 kW. Brake thermal efficiency is 30% and calorific
value of fuel (CV) is 42 MJ/kg. Engine has a bore of 120 mm
and stroke of 100 mm. Take p, = 1.15 kg/m?, air-fuel ratio
= 15:1 and 7, = 0.8. Calculate (i) fuel consumption (kg/s);
(ii) air consumption (m>/s); (iii) indicated thermal efficiency;
(iv) volumetric efficiency; (v) brake mean effective pressure and

(vi) mean piston speed

Solution

Fuel consumption, g

Air consumption

I

Air flow rate/cylinder

Indicated power =

bp 60
noer X CV 0.3 x 42000
4.76 x 1073 kg/s ans
my A 476 x 107°
vl ST R
62.09 x 107 * m®/ s L
-3
62_[}9: 1552 x 10 m* /s
P e i

Tm 0.8
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Tith

Volumetric efficiency =

79
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4.76 x 1073 x 42000

0.37515 = 37.51%

Actual volume flow rate of air

g

x 100

Volume flow rate of air corresponding to displacement volume

T =

Brake mean effective pressure,

——
—

Pbm

I

15.52 x 1073

x 100

T % 0.122 x 0.10 x

82.3%

bp
LAnK

60

2000
120

g

0.1 x T x 0.122 x

ZE_UU % 4

x 10°%

7.96 x 10° N/m? = 7.96 bar 222

1.6 A single-cylinder, four-stroke hydrogen fuelled spark-ignition
engine delivers a brake power of 20 kW at 6000 rpm. The air-
gas ratio is 8:1 and the calorific value of fuel is 11000 kJ/m®.
The compression ratio is 8:1. If volumetric efficiency is 70%, in-
dicated thermal efficiency is 33% and the mechanical efficiency
is 90%, calculate the cubic capacity of the engine.

Solution

Energy input

Number of power strokes/s

Energy input/power stroke

Actual volume of Hy x CV

_ by /1im _ 20
Nith 0.8 x 0.33
= 75.76 kJ /s
N 6000
- 2x 60 120 W
75.76
= =152 kJ
50
= 1.52



40 IC Engines

Actual volume of hydrogen taken in

1.52 x 108

= 11000 — 138.18 cc
Actual volume of air take in == % x 138.18 = 8 x 138.18
— 1105.44 cc
Actual volume of air taken in
Swept volume, V, = -
Th

i 113:..';44 = 1579.2 cc

Vs x K =1579.2 x 1

Cubic capacity of the engine

1579.2 cc an

1.7 Consider two engines with the following details:

Engine I: Four-stroke, four-cylinder, SI engine, indicated power
is 40 kW, mean piston speed 10 m/s.

Engine I1: Two-stroke, two-cylinder, Sl engine, indicated power
is 10 kW.

Assume that mean effective pressure of both the engine to be
same. Ratio of bore of the engine I:II = 2:1. Show that the
mean piston speed of engine II is same as that of engine I.

Solution

. _  PnlLAnK
p = 60000

= % for four-stroke engine and n = N for two-stroke engine.

5, = 2LN

P x Aj x_iﬂ x 4
60000

For engine I: 40

Prr X App X E% x 2
60000

1 4 10
10 Arr o Sprr

For engine II: 10
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_ A 10 (dy?
Spll = A—”K 1 _(dz) ¥ 2.5
9 2
s (I) x 2.5 = 10 m/s
SpIt — Spr = 10 m/s g

1.8 An one-litre cubic capacity, four-stroke, four-cylinder SI en-
gine has a brake thermal efficiency of 30% and indicated power
is 40 kW at full load. At half load, it has a mechanical effi-
ciency of 65%. Assuming constant mechanical losses, calculate:
(i) brake power (ii) frictional power (iii) mechanical efficiency
at full load (iv) indicated thermal efficiency. If the volume de-
creases by eight-fold during the compression stroke, calculate
the clearance volume.

Solution

Let the brake power at full load be bp and the frictional power be
fp.

bp+ fp =  40kW (1)
At halfload, bp = 0.5 x bp at full load
0.5 bp
o = 0= 0.5 bp+ fp
05bp = 0.65x(0.5xbp+ fp)
= 0325 xbp+0.65x fp
0.175
fp = 065 > bp = 0.27bp (2)
. . 40 s
Using (2) in (1)  bp = 197 = 31.5 kW Aus

fp = 31.5x027=85kW s
Mm at full load = %‘5’- = (.788 = 78.8% 2us
Nith = Dth B % 100 = 38% 288

m  T78.8



42 IC Engines

Swept volume/cylinder = B 250 cc
Vs + V. Ve
r= V. = 1+ E = 8§
Ve = 2—20 = 35.71 cc

ans

1.9 A four-stroke petrol engine at full load delivers 50 kW. It re-
quires 8.5 kW to rotate it without load at the same speed. Find
its mechanical efficiency at full load, half load and quarter load?

Also find out the volume of the fuel consumed per second at full
load if the brake thermal efficiency is 25%, given that calorific
value of the fuel = 42 MJ/kg and specific gravity of petrol is

0.75. Estimate the indicated thermal efficiency.

Solution
Mechanical efficiency at full load = T I
o0
—] = u. T = 85.47
o0 + 8.9 0-854 %
Mechanical efficiency at half load
25
= = (0.7462 = 74.62
25+ 8.5 e 82%

Mechanical efficiency at quarter load

12.5
= 25385 — 0.5952 = 59.52%

Mass flow rate of fuel iy = %_

e XCV

50 &
= 02 xazo00  T6x 107 ke/s

Volume flow rate of fuel

4.76 x 1073 -5
= 750 = 6.34 x 107" m” /s

Indicated thermal efficiency at full load

| _ Tetn _ 025 _
Nith = = 0.8547 0.2925 = 29.25%



Introduction 43

1.10 The indicated thermal efficiency of four-stroke engine is 32%
and its mechanical efficiency is 78%. The fuel consumption rate
is 20 kg/h running at a fixed speed. The brake mean pressure
developed is 6 bar and the mean piston speed is 12 m/s. As-
suming it to be a single cylinder square engine, calculate the
crank radius and the speed of the engine. Take CV = 42000

kJ/kg.

Solution

Brake thermal efficiency,

Rate of energy input from fuel

Brake power bp

I

Since it is a square engine, d = L.

Pbm

L*n

Nith < Thm = 0.32 %< 0.78

0.2496 = 24.96%

20
3600 x 42000 = 233.33 kW

Mhtn X 233.33
0.2496 x 233.33 = 58.24 kW

bp x 60000
LAnK

H&8.24 x 60000
TL3 xnx1

=6 x 10°

7.415 (1)

Note L is in m and N in per minute. Now,

Sp
LN

Dividing (1) by (2), gives,

pa
N

For a four-stroke engine n/N = %

L

www.Engineerin

2LN
19 T2
60

360 (2)

0.0206

v/0.0206 x 2 = 0.203 m

203 mm
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203

360 360
Speed, N = =
peeh L ~ 0203
=  1773.4 rpm s

Review Questions

1.1 Define the following : (i) engine and (ii) heat engine.
1.2 How are heat engines classified?

1.3 FEzxplain the basic difference in their work principle?
1.4 Give examples of EC and IC engines.

1.5 Compare EC and IC engines.

1.6 What are the important basic components of an IC engine?
Ezxplain them briefly.

1.7 Draw the cross-section of a single cylinder spark-ignition engine
and mark the important parts.

1.8 Define the follounng :

(i)  bore (iv) clearance volume
(it)  stroke (v) compression ratio
(iti) displacement volume (vi) cubic capacity

Mention the units in which they are normally measured.

1.9 What is meant by TDC and BDC¥? In a suitable sketch mark

the two dead centres.
1.10 What is meant by cylinder row and cylinder bank?

1.11 With neat sketches explain the working principle of four-stroke
spark-ignition engine.

1.12 Classify the internal combustion engine with respect to

(i) cycle of operation (iv) type of ignition
(ii) cylinder arrangements (v) type of fuels used
(i) method of charging the cylinder (vi) type of cooling
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1.13 In what respects four-stroke cycle CI engine differ from that of
an SI engine?

1.14 What 1s the main reason for the development of two-stroke en-
gines and what are the two main types of two-stroke engines?

1.15 Describe with a neat sketch the working principle of a crankcase
scavenged two-stroke engine.

1.16 Draw the ideal and actual indicator diagrams of a two-stroke 51
engine. How are they different from that of a four-stroke cycle
engine¥

1.17 Compare four-stroke and two-stroke cycle engines. Bring out
clearly their relative merits and demerits.

1.18 Compare SI and CI engines with respect to

(i)  basic cycle (v) compression ratio
(ii)  fuel used (vi)  speed

(iti) introduction of fuel (vii) efficiency

(iv) ignition (viit) weight

1.19 Discuss in detail the application of various types of internal
combustion engines.

1.20 Give an account of the first law analysis of an internal com-
bustion engine.

1.21 Show by means of a diagram the energy flow in a reciprocating
internal combustion engine.

1.22 What s meant by mean piston speed? Ezplain its importance.

1.23 Discuss briefly the design performance data of SI and CI
ENngines.

1.24 Define the following efficiencies :
(i) indicated thermal efficiency (iv) relative efficiency
(it)  brake thermal efficiency (v) volumetric efficiency
(iii) mechanical efficiency

1.25 Explain briefly

(i)  mean effective pressure
(ii) specific output

(1it) specific fuel consumption
(iv) fuel-air ratio

(v)  heating value of the fuel
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Exercise

1.1

1.2

1.3

1.4

1.5

1.6

A diesel engine has a brake thermal efficiency of 30 per cent.
If the calorific value of the fuel is 42000 kJ /kg. Find its brake
specific fuel consumption. Ans: 0.2857 kg/kW h

A gas engine having a cylinder 250 mm bore and 450 mm
stroke has a volumetric efficiency of 80%. Air-gas ratio equals
9:1, calorific value of fuel 21000 kJ per m® at NTP. Calcu-
late the heat supplied to the engine per working cycle. If
the compression ratio is 5:1, what is the heat value of the

mixture per working stroke per m?® of total cylinder volume?
Ans: (i) 36.08 kJ (ii) 1306.8 kJ/m?

A certain engine at full load delivers a brake power of 36.8
kW at certain speed. It requires 7.36 kW to overcome
the friction and to rotate the engine without load at the
same speed. Calculate its mechanical efficiency. Assum-
ing that the mechanical losses remain constant, what will
be the mechanical efficiency at half load and quarter load.

Ans: (1)83.33% (ii) 71.42% (iii) 55.55%

An engine used for pumping water develops a brake power of
3.68 kW. Its indicated thermal efficiency is 30%, mechanical
efficiency is 80%, calorific value of the fuel is 42,000 kJ/kg
and its specific gravity = 0.875. Calculate (i) the fuel con-
sumption of the engine in (a) kg/h (b) litres/h (ii) indicated
specific fuel consumption and (iii) brake specific fuel consump-
tion. Ans: (i) (a) 1.31 kg/h (b) 1.5017 litres/h
(ii) 0.2856 kg/kW h (iii) 0.3571 kg/kW h

A two-stroke CI engine develops a brake power of 368 kW
while its frictional power is 73.6 kW. Its fuel consumption is
180 kg/h and works with an air-fuel ratio of 20:1. The heat-
ing value of the fuel is 42000 kJ/kg. Calculate (i) indicated
power (ii) mechanical efficiency (iii) air consumption per hour
(iv) indicated thermal efficiency and (v) brake thermal effi-
ciency. Ans: (i) 441.6 kW (ii) 83.3%
(iii) 3600 kg/h (iv) 21% (v) 17.5%

Compute the brake mean effective pressure of a four-cylinder,

four-stroke diesel engine having 150 mm bore and 200 mm

stroke which develops a brake power of 73.6 kW at 1200 rpm.
Ans: 5.206 bar
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1.7 Compute the brake mean effective pressure of a four-cylinder,
two-stroke engine, 100 mm bore 125 mm stroke when it devel-
ops a torque of 490 Nm. Ans: 7.84 bar

1.8 Find the brake thermal efficiency of an engine which consumes
7 kg of fuel in 20 minutes and develops a brake power of 65 kW.
The fuel has a heating value of 42000 kJ/kg. Ans: 26.53%

1.9 Find the mean piston speed of a diesel engine running at 1500
rpm. The engine has a 100 mm bore and L/d ratio is 1.5.
Ans: 7.5 m/s

1.10 An engine is using 5.2 kg of air per minute while operating at
1200 rpm. The engine requires 0.2256 kg of fuel per hour to
produce an indicated power of 1 kW. The air-fuel ratio is 15:1.
Indicated thermal efficiency is 38% and mechanical efficiency
is 80%. Calculate (i) brake power and (ii) heating value of the
fuel. Ans: (1) 73.7 kW (ii) 41992.89 kJ/kg

1.11 A four-cylinder, four-stroke, spark-ignition engine has a bore

of 80 mm and stroke of 80 mm. The compression ratio is

8. Calculate the cubic capacity of the engine and the clear-

ance volume of each cylinder. What type of engine is this?
Ans: (i) 1608.4 cc (ii) 57.4 ce (iii) Square engine

1.12 A four-stroke, compression-ignition engine with four cylinders
develops an indicated power of 125 kW and delivers a brake
power of 100 kW. Calculate (i) frictional power (ii) mechanical
efficiency of the engine. Ans: (i) 25 kW (ii) 80%

1.13 An engine with 80 per cent mechanical efficiency develops a
brake power of 30 kW. Find its indicated power and fric-
tional power. If frictional power is assumed to be con-
stant, what will be the mechanical efficiency at half load.

Ans: (i) 37.5 kW (ii) 7.5 kW (iii) 66.7%

1.14 A single-cylinder, compression-ignition engine with a brake
thermal efficiency of 30% uses high speed diesel oil having a
calorific value of 42000 kJ /kg. If its mechanical efficiency is 80
per cent, calculate (i) bsfc in kg/kW h (ii) isfc in kg/kW h

Ans: (i) 0.286 kg/kW h (ii) 0.229 kg/kW h

1.15 A petrol engine uses a fuel of calorific value of 42000 kJ/kg and
has a specific gravity of 0.75. The brake thermal efficiency is 24
per cent and mechanical efficiency is 80 per cent. If the engine
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1.16

1.17

1.18

1.19

1.20

1C Engines

develops a brake power of 29.44 kW, calculate (i) volume of

the fuel consumed per second (ii) indicated thermal efficiency
Ans: (i) 2.92x107 kg/s (ii) 30%

A single-cylinder, four-stroke diesel engine having a displace-
ment volume of 790 cc is tested at 300 rpm. When a brak-
ing torque of 49 Nm is applied, analysis of the indicator di-
agram gives a mean effective pressure of 980 kPa. Calcu-
late the brake power and mechanical efficiency of the engine.

Ans: (i) 1.54 kW (ii) 79.4%

A four-stroke SI engine delivers a brake power of 441.6 kW
with a mechanical efficiency of 85 per cent. The mea-
sured fuel consumption is 160 kg of fuel in one hour and
air consumption is 410 kg during one sixth of an hour.
The heating value of the fuel is 42000 kJ/kg. Calculate
(i) indicated power (ii) frictional power (iii) air-fuel ratio
(iv) indicated thermal efficiency (v) brake thermal efficiency.

Ans: (i) 519.5 kW (ii) 77.9 kW (iii) 15.5

(iv) 28.1% (v) 23.9%

A two-stroke CI engine develops a brake power of 368 kW
while 73.6 kW is used to overcome the friction losses. It
consumes 180 kg/h of fuel at an air-fuel ratio of 20:1. The
heating value of the fuel is 42000 kJ/kg. Calculate (i) indi-
cated power (ii) mechanical efficiency; (iii) Air consumption
(iv) indicated thermal efficiency (v) brake thermal efficiency.
Ans: (i) 441.6 kW (ii) 83.3% (iii) 1 kg/s
(iv) 21% (v) 17.5%

A four-stroke petrol engine delivers a brake power of
36.8 kW with a mechanical efficiency of 80%. The air-
fuel ratio is 15:1 and the fuel consumption is 0.4068
kg/kW  h. The heating wvalue of the fuel is 42000
kJ/kg. Calculate (i) indicated power (ii) frictional power(iii)
brake thermal efficiency (iv) indicated thermal efficiency
(v) total fuel consumption (vi) air consumption/second.

Ans: (i) 46 kW (ii) 9.2 kW (iii) 21% (iv) 26.25%

(v) 0.0042 kg/s (vi) 0.063 kg/s.

A spark-ignition engine has a fuel-air ratio of 0.067. How
many kg of air per hour is required for a brake power out-

put of 73.6 kW at an overall brake thermal efficiency of 20%7?
How many m? of air is required per hour if the density of air
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1.25
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is 1.15 kg/m>. If the fuel vapour has a density four times

that of air, how many m® per hour of the mixture is re-

quired? The calorific value of the fuel is given as 42000 kJ /kg.
Ans: (i) 470.75 kg/h (ii) 409.35 m®/h (iii) 416.21 m?/h

A four-stroke CI engine having a cylinder diameter of 39 cm and
stroke of 28 cm has a mechanical efficiency of 80%. Assume the
frictional power to be 80 kW. Its fuel consumption is 86 kg/h
with an air-fuel ratio of 18:1. The speed of the engine is 2000
rpm. Calculate (i) indicated power (ii) if 1y, is 40%, calculate
the calorific value of the fuel used (iii) piy, (iv) m,/hour (v) 5,.
Ans: (i) 400 kW (ii) 41860 kJ (iii) 12.13 bar
(iv) 1548 kg/h (v) 18.7 m/s

A four-stroke LPG engine having a cylinder 250 mm diame-
ter and stroke of 300 mm has a volumetric efficiency of 70%
at atmospheric conditions. Gas to air ratio is 8:1. Calorific
value of the fuel is 100 MJ/m? at atmospheric conditions.
Find the heat supplied to the engine per working cycle. If
the compression ratio is 10, what is the heat value of the mix-

ture per working stroke per m® of the total cylinder volume?
Ans: (i) 128.8 kJ (i) 7.8 MJ

A four-cylinder spark-ignition engine has the following dimen-
sions: bore = 680 mm and a crank radius = 375 mm. If the
compression ratio is 8:1, determine the (i) stroke length (ii)
swept volume (iii) cubic capacity (iv) clearance volume and
(v) total volume. If the volumetric efficiency is 80% determine
the (vi) actual volume of air aspirated /stroke in each cylinder?
Ans: (i) 750 mm (ii) 1.088 m? (iii) 0.272 m? (iv) 0.039 m?
(v) 0.0311 m® (vi) 0.2176 m?

An engine with an indicated thermal efficiency of 25% and
mechanical efficiency of 75% consumes 25 kg/h of fuel at a fixed
speed. The brake mean effective pressure is 5 bar and the mean
piston speed is 15 m/s. Assuming it is a single cylinder square
engine determine the crank radius and the speed in rpm. Take
C'V of the fuel = 42 MJ /kg. Ans: (i) 68.2 mm (ii) 3300 rpm

A four-cylinder SI engine running at 1200 rpm gives 18.87 kW
as brake power. When one cylinder missed firing the average
torque was 100 Nm. Calculate the indicated thermal efficiency
if the calorific value of fuel is 42000 kJ/kg. The engine uses
0.335 kg of fuel per kW /h. What is the mechanical efficiency
of the engine? Ans: (i) 34.2% (ii) 74.9%

www.EngineeringEBooksPdf.com



80 IC Engines

1.26

A certain engine with a bore of 250 mm has an indicated ther-
mal efficiency of 30%. The bsfec and specific power output are
0.35 kg/kW h and 90 kW/m?. Find the mechanical efficiency
and brake thermal efficiency of the engine. Take the calorific
value of the fuel as 42 MJ/kg.  Ans: (i) 81.7% (ii) 24.5%

1.27 A single-cylinder, four-stroke engine having a cubic capacity

of 0.7 litre was tested at 200 rpm. From the indicator dia-
gram the mean effective pressure was found to be 10® N/m?
and the mechanical efficiency is 75%. Find the frictional
power of the engine if the engine is an over-square engine
with a over-square ratio of 0.8. Calculate the bore and stroke.
Ans: (i) 0.29 kW (ii) 41.5 mum (iii) 89.34 mm
(iv) 111.68 mm

1.28 In a performance test on a four-stroke engine, the indicator

1.29

1.30

diagram area was found to be 5 x 10™* m? and the length of
the indicator diagram was 0.05 m. If the y-axis has a scale of
I m = 50 MPa, find the imep of the engine given that bore =
150 mm, stroke = 200 mm. The measured engine speed was
1200 rpm. Also calculate the ip and isfc of the engine if the
fuel injected per cycle is 0.5 cc with the specific gravity of 0.8.
Ans: (i) 5 bar (ii) 70.68 kW (iii) 203 g/kW h

A four-stroke, four-cylinder automotive engine develops
150 Nm brake torque at 3000 rpm.  Assuming bmep
to be 0.925 bar, find (i) brake power (ii)displacement
volume (iii) stroke (iv) bore. Take 35, = 12 m/s.
Ans: (i) 47.124 kW (ii) 5.1 x10~3 m?

(iii) 120 mm (iv) 233 mm

A single-cylinder, four-stroke, engine has a bsfec of 1.13 x 107°
kg/kW h and a fuel consumption rate of 0.4068 kg/h. The
specific power output of the engine is 0.33 kW /cm?. If the
engine runs at 3000 rpm find the displacement volume of the
cylinder and if the 3, is 15 m/s, find the bmep.

Ans: (i) 900 cc (ii) 4.44 bar



2

REVIEW OF BASIC
PRINCIPLES

2.1 INTRODUCTION

The main objectives in studying the theory of IC engines can be
summarized as

(i) To have a better understanding of the various processes taking
place and the conditions prevailing in the engine cylinder.

(ii) To predict the changes in power, fuel consumption and relia-
bility resulting from the changes in the operating conditions or
changes in the design features of a given engine.

(iii) To predict the operating characteristics of a new design from
test results on a similar engine of a different size.

Basic knowledge and the familiarity of the principles of thermo-
dynamics, physics and chemistry is a must for achieving the above
objectives. However, mere familiarity alone will not serve the pur-
pose. The tamiliarity must be supplemented by the ability to apply
these principles correctly. This requires an understanding of funda-
mentals used to derive the important formulae. The main aim of
this chapter is to place before the reader the basic principles of ther-
modynamics, physics, chemistry and other relevant information for
the understanding of the various details discussed in the subsequent
chapters. Although a fairly exact treatment has been attempted, the
reader is advised to go through other relevant textbooks to get more
detailed account of the various basic principles.
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2.2 BASIC AND DERIVED QUANTITIES

In this section we will briefly recall the definition of basic quantities
like length, time, mass, weight, acceleration due to gravity, force and
pressure. These quantities will be used to derive other quantities.

2.2.1 Length

The unit of length is metre. Originally, metal bar standards were
used to define length. They have been abandoned now in favour
of a standard length which can be reproduced in any laboratory in
the world. Length is now defined in terms of the atomic standards.
The orange light emitted by the gas krypton under special experi-
mental conditions is used to define length. One metre is defined to
be 1,650,763.73 wavelengths of the orange light Krypton-86. How-
ever, for convenience in engine applications, millimeter (mm) and
centimeter (cm) may also be used to represent length.

2.2.2 Time

The unit of time is second. Time is also defined in terms of atomic
standards. The time standard is based on the duration of the periods
of the radiation of the atom cesium-133.

Il second = 9,192,631, 770 periods

The second, minute, hour, day and year are used throughout the
world. Their interrelation requires no description here.

2.2.3 Mass and Weight

The mass of a body, m is the amount of matter in the body. The
mass of a given body therefore is the same anywhere in the universe.
The unit of mass is kilogram (kg). However, for engine applications,
gram (gm) may also be used as the unit of mass.

The weight of a body, w is the force with which the earth attracts
the body. The weight of a given body will change with the value of
acceleration due to gravity, g.

The weight, w is always equal to the number of kg mass, m times
the local value of g or

w = mg (2.1)
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2.2.4 Gravitational Constant

The force of attraction by the earth experienced by any body is
called the gravitational force. Since, the mass of most of the bodies
under consideration are negligible compared to that of earth this
force effects only the other bodies. This results in bodies not able
to float and a body without support experiences a motion in the
direction of the gravitational force. The acceleration of such freely
falling body is called acceleration due to gravity. This is found to
vary from place to place on the surface of the earth and hence an
average value is used for engineering calculations, viz., 9.81 m/s® or
32 ft /s

In the derivation of unit of force it is required to prescribe mass
and acceleration. In prescribing the acceleration, two conventions are
used, one to prescribe unit acceleration and the other to prescribe
the acceleration due to gravity. In the four methods of systems of
units so far evolved two use the former and two later.

FPS. : 1 pound 1 slug x 32 ft /s’
C.G.S. : 1dyne 1 gm x 1 m/s*
M.K.S. : 1kgf 1 kg x 9.81 m/s’
SI : 1 Newton = 1kgx1m/s®

Il

I

In using M.K.S. system care should be taken to differentiate be-
tween kgf and kg since 1 kgf is actually equal to 9.81 Newton. This
is done by defining a gravitational constant, g. which is numerically
equal to the acceleration due to gravity but without dimensions.
Since it is proposed to use SI units in this book use of g. is not

elaborated further.

2.2.5 Force

In this book the unit of force will be Newton and is abbreviated as
N. A Newton is the force required to give an acceleration of 1 m/s”

to a mass of one kg of matter. This definition is adopted because
it is convenient to metrologists; its adoption is rendered possible by
the universal validity of Newton’s Second Law of Motion.

2.2.6 Pressure

Fluids, gas or liquid exert forces on its boundaries. These forces
are not concentrated at particular points, but are distributed. It is
therefore useful to define the quantity pressure as the force exerted
on a surface which is normal to the force, divided by the area of the
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surface. The units of pressure is N/m?. However, it may also be
expressed in bar, Pascal and standard atmosphere, (atm).

The inter relation between bar, Pascal and standard atmosphere
with N/m? is given below.

1 Pascal (Pa)
1 bar (bar)
1 standard atmosphere (atm)

1 N/m?
10° Pascal
1.01325 x 10° N/m?

i

&

2.2.7 Temperature

The unit of temperature is Kelvin. The Kelvin is 1/273.16 of the
thermodynamic temperature of the triple point of water, viz., the
point at which liquid water, water vapour and ice are in equilibrium.

2.3 THE GAS LAWS

During the various strokes of the engine different pressures and tem-
peratures exist in the engine cylinder and all gases encountered in
engine operation are assumed to obey at all these pressures and tem-
peratures the simple gas law,

pvV = NRT (2.2)
where p = Pressure of the gas (N/m?)
V = Volume occupied by the gas (m?)
N = Number of moles of gas (kmol)
R = Universal gas constant (8.314 kJ/kmol K)
T = Absolute temperature (K)

The above equation is an approximation sufficiently close for en-
gineering purposes. This law is very simple and ‘always’ applies to
‘any’ gas, regardless of the process to which the gas is subjected, as
long as the gas is not near its liquefaction.

2.3.1 The Mole

A kilomol of any gas is a quantity of the gas whose weight is equal
to the molecular weight in kg. Thus

N = (2.3)

=
M

where m Mass of gas (kg)
M = Molecular weight of the gas, (g/mol)
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Combining Eqs.2.2 and 2.3, the gas law may be written as

m— R
pV M RT m ( 3 {) m (2.4)
The quantity B/M is called the characteristic gas constant and

is usually denoted by R. Since M is different for different gases, the
characteristic gas constant will also be different for different gases.

2.3.2 Specific Volume and Density

The volume occupied by unit mass of a substance is known as its
specific volume (m®/kg) and is denoted by v. The inverse of the
specific volume is the density (kg/m?®) and is denoted by p. The
specific volume and density of the gas depend upon the pressure and
temperature.

2.3.3 Simplification of the Gas Laws

When the number of moles m/M of gas under consideration is fixed,
both N and R are constant. Then from Eqs.2.2 and 2.4,

pus . pv2 . _ Paln
T 15 T,

= Constant (2.5)

This simple relation is always true when applied to a constant number
of moles of a gas and makes it possible to calculate the effect of
changing any two of the variables (pressure, volume or temperature)
upon the remaining one.

2.3.4 Mixture of Gases

During expansion and exhaust strokes (also during suction and com-
pression) the cylinder is occupied by two or more gases. Each of
these gases diffuses and fills up the entire space, obeying the gas law
just as though the other gases were not present. This principle is
called Dalton’s Law. For example, let three gases 1, 2 and 3 occupy
the cylinder at a particular instant. Let the volume of the cylinder
at that instant be V. If the temperature of the mixture is T, then
the pressure exerted on the walls of the cylinder by gas 1 is, by the
gas law,

N\RT
%

P =
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and the pressure exerted by gas 2 is
NoRT
P = v

The total pressure within the container is

Ni+No+Ns+..)RT N,RT
m=p1+m+m+---=(1 2 V3 L '1, (2.6)

From the above expression for p; and ps , it is seen that

no_ N
P2 N

and from Eq.2.6
p1 N
—_— = = (2.7
Pt Ny )

The pressures p; , p2 etc. which go to make up the total pressure
are called partial pressure.

2.4 FORMS OF ENERGY

An engine takes in chemical energy in the fuel and changes most of
this into sensible energy during the combustion process, and then
transforms part of the sensible energy into mechanical work on the
piston head.

During the suction stroke the atmosphere does work on the mix-
ture as it forces it into the cylinder. During the exhaust stroke the
products of combustion do work on the atmosphere as they leave the
cylinder. In order to understand these processes, it is necessary to
study the various forms of energy in some detail.

Energy is defined as the capacity to do work. If a machine or
body, because of its position, temperature or velocity is capable of
doing work on another body, it is said to have energy. Work is done
whenever motion takes place against a resistance. The amount of
work done is the distance moved, times the magnitude of the resisting
force in the direction of motion.

Work = Force x distance

Work and energy are expressed in the same units, viz., Nm or
Joule.
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When energy is being transferred from one body to another by
virtue of a temperature difference, it is called heat and is usually
measured in Joules.

Work and heat are related by the mechanical equivalent of heat .J.
The relation is

W = JH (2.8)

where W is the work, H is the heat and J = 427 kgf m/kcal. Thus

work and heat can be expressed in any units of convenience with the
help of J.

2.4.1 Transfer of Energy

Heat and work are boti energy in transit. When two bodies at dif-
ferent temperatures are brought in contact, heat flows from a body
at higher temperature to a body at lower temperature. Similarly,
when work is done, the system doing work loses energy and the sys-
tem upon which the work i1s being done gains exactly this amount of
energy.

2.4.2 Stored Energy

In the two cases above, when the process is completed the energy
gained by the second body is not called heat or work, since, heat is
no longer flowing and work is no longer being done. The additional
energy which is now stored in the second body may be called stored
energy, E, which includes many types of energies like kinetic energy,
potential energy, surface tension, electrical energy etc. depending
upon the manner in which they are stored.

2.4.3 Potential Energy

It is the energy contained in the system by virtue of its elevation with
reference to an arbitrarily chosen datum, usually the sea level. Or
alternatively it is equivalent to energy required to raise the system
from an arbitrary datum.

2.4.4 Kinetic Energy

Any body of mass, m kg, moving with a velocity of C metres per
second will do mC? Joules of work before coming to rest. In this

state of motion, the body is said to have kinetic energy equal 1o
%mcz Joules.
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2.4.5 Internal Energy

A body may possess energy due to the motion or position or the
attraction between the particles of which it is made. In a permanent
gas (i.e. a gas which is far from its liquefaction point), the internal
energy, F, will usually be in the form of

(i) translational motion of the molecules of the gas and

(ii) motion of the atoms within the molecules

These two kinds of internal energy are known as sensible internal
energy, although only that part which is due to molecular translation
can actually be felt as warmth. For a given quantity of a particu-
lar permanent gas, the amount of sensible internal energy present is
fixed by the temperature of the gas alone. The sensible internal en-
ergy is denoted by U,.The gas under consideration may also contain
chemical energy which is usually denoted by U.,.

The sum of the sensible internal energy and the chemical energy
of the fuel present and is called the total internal energy, U, i.e.,

U — Us " Uc (2.9)

If during any combustion process no heat is allowed to escape
from the gases and no work is permitted to be done by the gases,
then at any time during the process the increase in sensible energy
due to combustion is exactly equal to the loss in chemical energy
as the fuel is used up. The total internal energy therefore remains
unchanged.

2.5 FIRST LAW OF THERMODYNAMICS

Whenever a system undergoes a cyclic change, the algebraic sum of
work transfer is proportional to the algebraic sum of heat transfer
as work and heat are mutually convertible from one form into the
other.

For a closed system, a change in the energy content is the alge-
braic difference between the heat supply, 2, and the work done, W,
during any change in the state. Mathematically,

dE = 0Q— oW (2.10)

The energy E may include many types of energies like kinetic energy,
potential energy, electrical energy, surface tension etc., but from the
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thermodynamic point of view these energies are ignored and the en-
ergy due to rise in temperature alone is considered. It is denoted
by U and the hirst law is written as:

dU = 46Q — oW (2.11)
or during a process 1-2, dU can be denoted as

2
Uy = /1 (6Q — 6W) (2.12)

2.6 PROCESS

A change in the condition or state of a substance is called a process.
The process may consist of heating, flow from one place to another,
expansion etc. In general, a process may be divided into non-flow or
flow processes.

2.6.1 Non-flow Processes

If there is no How of material into or out of a system during a pro-
cess, it is called a non-flow process. This is the simplest kind of
process, and much can be learned about it by applying the principle
of conservation of energy.

2.7 ANALYSIS OF NON-FLOW PROCESSES

The purpose of the analysis is to apply the First Law of Thermody-
namics to process in which a non-flow system changes from one state
to the other and also to develop some useful relations.

2.7.1 Constant Volume or lsochoric Process

This process is usually encountered in the analysis of air-standard
Otto, Diesel and Dual cyeles. Figure 2.1 shows the constant volume
process on a p-V diagram.

As there is no change in volume, the work [(pdV') is zero. Hence,
according to the first law for the constant volume process the change
in internal energy is equal to the heat transfer, i.e.,

dU = 8Q = mCudlT = mCo(T-T) (2.13)
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V

Fig. 2.1 Constant Volume Process

For unit mass,
du = 48 = CudT

(& 210

i.e., specific heat at constant volume is the rate of change of internal
energy with respect to absolute temperature.

Cy

2.7.2 Constant Pressure or Isobaric Process

Figure 2.2 shows a system that changes from state 1 to state 2 at
constant pressure. Application of first law yields,

5Q = dU+pdV = dU+pV) = dH (2.15)

where H is known as the enthalpy. Thus, during constant pressure
process, heat transfer is equal to change in enthalpy or

dH = 6Q = mCudT (2.16)
For umit mass,
0g = dh = CudT (2.17)
dh
C, = (E)p (2.18)

i.e., specific heat at constant pressure is the rate of change of specific
enthalpy with respect to absolute temperature.
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V

Fig. 2.2 Constant Pressure Process

2.7.3 Constant Temperature or Isothermal Process

The isothermal process on a p-V diagram is illustrated in Fig.2.3.
As there is no temperature change during this process, there will not
be any change in internal energy i.e., dU = 0, then according to the
first law

Q = oW (2.19)

or 9 V2
Q2 = [PV = mlilog (ﬁ) (2.20)

2.7.4 Reversible Adiabatic or Isentropic Process

If a process occurs in such a way that there is no heat transfer be-
tween the surroundings and the system, but the boundary of the
system moves giving displacement work, the process is said to be
adiabatic. Such a process is possible if the system is thermally insu-
lated from the surroundings. Hence, () = 0, therefore,

W = —6U = —mCyudT (2.21)

Reversible adiabatic process is also known as isentropic process. Let
pVY = C be the law of the isentropic process. For unit mass flow,
gi-2 = 0 = wi_o+4us—1 (2.22)

or
wi—2 = —(ug —u)
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Isothermal process
pV=C

V

Fig. 2.3 Constant Temperature Process

In other words, work is done at the expense of internal energy

" pdV * C 4y
Wi = fl pav = [ 5 (2.23)

i V2 , . ; -
[Cvl T]v; i CVy ¥ vy ’
1 —« 1 —«

when C = pV}' = gV,

1- 1
PV VT — p VeV Y

Wi =

|

Using pV = RT for unit mass flow, we have,

R(Ty — T3)
wy-2 =
v—1
= Co(T1 - T3) = —(u2—u)
Vi _ p2Ve
T T

therefore,
T, pVa ( Vi ) i ( Vs )
1 mVi Va Vi
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_ (%)h_” (2.24)
n = - ) ()

- (@) - ®T ew
Ao @7 - BT ew

2.7.5 Reversible Polytropic Process

In polytropic process, both heat and work transfers take place. It is
denoted by the general equation pV" = C, where n is the polytropic
index. The following equations can be written by analogy to the
equations for the reversible adiabatic process which is only a special
case of polytropic process with n = . Hence, for a polytropic process

mVy" = pVy (2.27)
I{ B (E)n—l
. \W
n—1
Bha Vi — poVi
g = Dt _re7d (2.29)
n-—1

2.7.6 Heat Transfer During Polytropic Process

Heat transfer per unit mass,

2
dics = lip—iii)d f1 pdV (2.30)

R(Ty —Ty)

l1—n

GH(TE - Tl) +

: }—?n) (Tp = T1)

CP_CH
— T
(co+ 2= @m-T)

(c.u +
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CP_HCH
l1—n )(TE—TI)

(
(=) (@) m-m
(
(

—
.

“) (y=n) (- Th)

pa—
=

-

-2

I

=") Cu(f - i) (2.31)

=

Hence,
Cn(T2 —T1)

412

where,

Chn

(7 — ”) C, (2.32)

1—n

Table 2.1 gives the formulae for various process relations for easy
reference.

2.8 ANALYSIS OF FLOW PROCESS

Consider a device shown in the Fig.2.4 through which a fluid flows
at uniform rate and which absorbs heat and does work, also at a
uniform rate. In engines, the gas flow, heat flow and work output
vary throughout each cycle, but if a sufficiently long time interval
(such as a minute) be chosen, then, even an engine can be considered
to be operating under steady-flow conditions.

Applying the principle of conservation of energy to such a system
during the chosen time interval, the total energy in the mass of fluid
which enters the machine across boundary 1-1 plus the heat added
to the fluid through the walls of the machine, minus the work done
by the machine, must equal the total energy left in the equal mass
of fluid crossing boundary 2-2 and leaving the machine. Expressed
in the mathematical form,

C= £s
Q-W, = m[(h2+—21+932)—(h1+%+931)]

Q-W.  _ &(h+c—2+gz) (2.33)

m 2

or
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In the above equation, m denotes mass. It is known as the gen-
eral energy equation and is the one which illustrates the first law of
thermodynamics.

Here, W, is the external work and given by
W = W,—mpiVi+mpaVs (2.34)

where W is the net work and V stands for volume.

2
o dok U
-
|
Steady flow I
| 2
|
pCUV —3 -
> W
| |
= |
! X

U — Internal energy H — Enthalpy 2z — Datum height
p — Pressure V' — Volume ' — Velocity
U — Internal energy H — Enthalpy 2z — Datum height

Fig. 2.4 Illustration of Steady Flow Process

2.8.1 Flow Work

The term pV in the above equation is called low work and must be
considered whenever flow takes place. It is the work necessary either
to push certain quantity of mass into or out of the system.

2.9 WORK, POWER AND EFFICIENCY

In this section let us define work, power and efficiency and also the
relation between them.
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2.9.1 Work

Work might be defined as the energy expended when motion takes
place in opposition to a force. Work thus represents energy being
transferred from one place to another.

2.9.2 Power

Power is the rate of doing work. It is generally useless to do a certain
piece of work unless it can be done within a reasonable length of
time. When work is done at the rate of 736 Nm/s or 75 kgf m/s, the
quantity of power being developed is known as one horse power. In
SI units power is expressed in kW = 1 kN m/s.

2.9.3 Efficiency

It is common practice in engineering to establish a figure of merit
for a device by comparing the actual performance of the device with
the performance it would have had under some arbitrary set of ideal
conditions. The ratio of actual performance to the ideal performance
is called the efficiency of the device. Since the ideal performance is
usually unattainable, the efficiency is usually less than 1. In internal
combustion engines, one of the most important efficiencies is the
thermal efficiency, which is defined as

Work delivered by the engine
Chemical energy in the fuel

Thermal efliciency =

Work output
Fuel energy input

Obviously, the output and input may be measured over any con-
venient interval such as one cycle or one minute. The output and
input energies must be expressed in same kind of units, since ryy, is
a number without units.

Let W be the work delivered by the engine (Nm) and my be the
mass of fuel (kg) required and CV be the calorific value of the fuel
(kJ/kg), then the efficiency 1y, is given by

W :

If W is the indicated work then 7y, is called the indicated thermal
efficiency, nin, and if W is the work delivered at the output shaft
then it is called the brake thermal efliciency, ny,- The ratio of the
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brake thermal efficiency to the indicated thermal efliciency is called

the mechanical efliciency, n,,. These efficiencies have already been
defined in Chapter 1.

Worked out Examples

2.1 A closed system undergoes a thermodynamic cycle consisting
of four separate and distinct processes. The work and heat
transfer for each of these processes is given below

Heat Transfer Work Transfer

Process
(J/s) (Nm/s)
1-2 7000 5300
2-3 —3500 9100
3—-4 17500 8700
41 0 —2100

Show that the above data is in accordance with the first law of
thermodynamics and determine : (i) Net rate of work output
(ii) Efficiency of the cycle (iii) Change in internal energy in
each process

Solution
For the above closed cycle 1-2-3-4-1,

j{ 5Q = 7000 — 3500 + 17500 + 0
= 21000 J/s
?4 SW = 53004 9100 + 8700 — 2100
= 21000 Nm/s = 21000 J/s

As $0Q = ¢ 6W, the above cycle satisfies the first law of thermody-
namics

Power = Net rate of work = 21000 J/s
= 21 N/m’kW Ans
Net work 21000

100

%
Heat input 7000 + 17500

Thermal efficiency

85.71% s
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Change in internal energy of each process can be estimated by using
the relation, 6QQ = du + W

5Q W [ du=6Q — W
Frocess J/s Nm/s J/s
1-2 7000 | 5300 1700
2-3 | —3500 | 9100 —12600
34 17500 | 8700 8800
4-1 0 —2100 2100

2.2 Air at the rate of 10 kg/min flows steadily through an air com-
pressor in which the inlet and discharge pipe lines are at the
same level. Following data regarding the fluid are available:

At inlet At outlet

Fluid velocity 5 m/s 10 m/s
Fluid pressure 1 bar 8 bar

Specific volume 0.5 m®/kg 0.20 m?/kg

The internal energy of the air leaving the compressor was 250
kJ/kg greater than that entering and during the process the
system lost 140 kJ /s of energy dissipated as heat to the cooling
water and to the environment, Find (i) Rate of shaft work
input to the air (ii) Ratio of inlet pipe diameter to outlet pipe
diameter

Solution
Consider 1 kg/min of mass flow :
140 x 60
10
= 840 kJ/kg

|

Heat lost to cooling water and environment

Applying steady flow energy equation, (the potential energy changes
are neglected as the inlet and outlet pipes are at the same level).

C? C3
U1+p1V1+?+q = U2+ML&+T+W
therefore,
Cc? -3
w = (U-U)+mVi—mVa)+ 22 +¢

2
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1

250 x 10% + (1 x 10° x 0.5 — 8 x 10° x 0.2)

+52 — 102
2

—500037.5 J/kg ~ —500 kJ/kg

— 140 x 10°

I

W = mw = 10 x (—500)
= 5000 kJ/min = —83.33 kJ/s
Power input =  83.33 N/m’kW e

From continuity equation, A1Cip1 = A3C2p2. Since, the specific
volume, v = pll' We have,

ACT A
Uy N U9
ﬂ B nly  05x10 5
Ag N Ugcl - 02 x5 B
D1 ns
— = = .236
— V5 2.23 aps

2.3 A tank of volume 0.1 m? contains 4 kg nitrogen, 1.5 kg oxygen
and 0.75 kg carbon dioxide. If the temperature of the mixture
is 20 °C, determine : (i) the total pressure of the mixture,
(ii) the gas constant of the mixture. (Given that Ry, = 296.8
J/kg K, Ro, = 259.83 J/kg K and Rco, = 188.9 J/kg K).

Solution

Ny :m; =400kg, t1 =t=20°C; Vi=V=01m?
O :my=150ke to=1t=20°C; Vo=V =01m?
CO;:m3 =0.75kg: t3=t=20°C; V3=V =0.1m?

Assumptions :

(1) the component gases and the mixture behave like an ideal
gas

(ii) the mixture obeys the Gibbs-Dalton law
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For No :
mlRNET
m = V
_ 4 x 296.8 x (273 + 20) — 3478 x 10° N/mz
0.1
For O, :
. ngOET
rz = v
_ 1.5 x 259.83 x (273 + 20) — 1142 x 10 N/m2
0.1
For CO» :
- m3Rco,T
PE — V
_ 0.75 x 188.{{;;:: (273 + 20) — 415 x 10° N/m2

Then, total pressure, P

p = pi+pe+ps = (34.78+11.42+4.15) x 10°
=  50.35 x 10° N/m? L
R . (mn, RN, +mo, Ro, +mco, Rco,)
T
_ (4x296.8+ 1.5 x 259.83 + 0.75 x 188.92)
B 4+1.5+4+0.75
—~ 27498 N/m?J/kg K Ans

2.4 Determine the work done by the air which enters an evacuated
bottle from the atmosphere when the cock is opened. The
atmospheric pressure is 1.013 x 10° N/m? and 0.3 m? of air
(measured at atmospheric conditions) enter.

Solution

No work is done by the part of the boundary in contact with the
bottle. Only the moving external part need to be considered. Over
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this part pressure is uniform at 1.013 x 10° N/m?, therefore,

W, = / | V+f %
; Lo PV ™
- Putm[dv +0 = 1.013 x 10°(—0.3)
=  -30390 N/m*Nm ans

The work is negative as the boundary is contracting.

2.5 A balloon of flexible material is to be filled with air from a
storage bottle until it has a volume of 1 m®. The atmospheric
pres;ure is 1.01 x 10° N/ m?2. Determine the work done by the
system comprising the air initially in the bottle, given that the
balloon is light and requires no stretching.

Solution
5?1 $B, Valve Final vnlu{me (1 m%)
A l -7 |
\ P = Patm i /

Balloon
initially flat

Initially the system boundary coincides with the inner surface of the
storage bottle. At the end of the process the boundary also encloses
the 1 m® content of the balloon.

The displacement work which is the onlv work in this process, is
obtained by taking the summation of the values of [ pdV for each
part of the boundary. As there is no change in the volume of the
bottle, dV' is zero for the part of the boundary which is in contact
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with the bottle surface. Hence the pressure inside the cylinder is not
necessary in the calculation. Therefore,

Wdisp{acement = ] pdV + pdV
Balloon Bottle
= pﬂt.m-/dv—}—ﬂ — 1.01 x 10° x 1.0
=  1.01 x 10° N/m*Nm Ans

Review Questions

2.1 What are the main objectives in studying the theory of 1.C.
engines?

2.2 What are the important fundamental quantities used in the ap-
plication and analysis of I.C. engines? Explain them briefly.

2.3 What is meant by mole?

2.4 For a mirture of gases show that P\/P, = N;/N;

2.5 What are the various forms of energy normally used in engine
applications. Briefly explain them.

2.6 What are isochoric and isobaric processes? Explain them.

2.7 For an isentropic process, show that (i) To/T, = (Vy/Va)?™!
and (i2) T5 /T = (pl/pz)(’r—l)ﬁ

2.8 Derive an expression for heat transfer during a polytropic
Process.

2.9 FEzxplain how an internal combustion engine can be analyzed
from the point of view of steady flow process.

2.10 Define: (i) work (ii) power and (iii) efficiency

Exercise

2.1 The piston of an oil engine, of area 50 cm?, moves downwards 10
cm and draws in 300 cc of fresh air from the atmosphere. The
pressure in the cylinder is uniform during the process at (.8 bar,
while the atmospheric pressure is 1.013 bar. The difference in
the pressure is accounted for by flow resistance in the induction
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pipe and inlet valve. Determine the displacement work done
by the air finally in the cylinder. Ans: —-9.611J

2.2 Air at 600 K and 1.2 bar undergoes an adiabatic expansion.
The new value of pressure is 0.6 bar. The mass of the air,
which may be treated as an ideal gas, is 0.12 kg. Determine
(i) the work done by the air and (ii) the change in the internal
energy of the air. Ans: (i) 9.285 kJ (ii) —9.285 kJ

2.3 An open tank is filled to the brim with a liquid of density 1100
kg/m®. A spherical balloon 0.5 m in diameter is immersed
in the liquid with its centre 2.5 m below the free liquid sur-
face. Gas from a storage vessel is used to inflate the balloon
thereby causing the tank to overflow. The atmospheric pres-
sure is 10° N/‘mz. Evaluate the work done by the gas in the
balloon on the storage vessel as the balloon diameter increases

to 1 m. Assume g = 9.81 m/s®. Ans: 58.2 x10° Nm

2.4 A gas flows steadily through a rotary compressor. The gas
enters the compressor at a temperature of 16°, a pressure of
10° N/m? and an enthalpy of 391.2 KJ/kg. The gas leaves the
compressor at a temperature of 245 °C, a pressure of 6 x 10°

N/m? and an enthalpy of 534.5 KJ/kg. There is no net heat
transfer to or from the gas as it flows through the compressor.

(i) Evaluate the external work done per unit mass of gas as-
suming the gas velocities at entry and exit to be negligible.

(ii) Evaluate the external work done per unit mass of gas when
the gas velocity at entry is 80 m/s and at exit is 160 m/s.

Ans: (i) 143.3 KJ/kg (i) 152.9 KJ /kg

2.5 The relation between the properties of gaseous oxygen gas may
be expressed over a restricted range by :

Pv =260t + 71 x 10° and t=1.52u— 273
where P is in N/m?, v in m®/kg, ¢t in °C and u in kJ /kg.

(i) Evaluate the specific heat at constant volume and specific
heat at constant pressure in kJ/kg K.

(ii) Show that for any process executed by unit mass of oxy-
gen, Au = C,At and Ah = C,At

Ans: (i) 0.658 kJ/kg K (ii) 0.918 kJ /kg K
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2.6 Two kg of a gas at 10 bar expands adiabatically and reversibly
till the pressure falls to 5 bar. During the process 170 kJ
of non-flow work is done by the system, and the tempera-
ture drops from 377 °C to 257 °C. Calculate (i) the value
of the index of expansion and (ii) characteristic gas constant.

Ans: (i) 1.416 (ii) 294 J/kg K

2.7 Show that for a Vander Waals gas which has the equation of

state

(P = = RT)
Va
The work done at constant temperature per unit mass of gas
is
Vo —b 1 1
RT In Vi b E(Vl — VE)

where V] and V5 denote the initial and final specific volumes
respectively.

2.8 In an air-standard cycle, heat is supplied at constant volume
resulting in an increase in temperature of air from T; to Ts.
The air is then expanded isentropically till its temperature falls
to Ty. Finally, it is returned to its original state by a reversible
isothermal compression process.

Show that the efficiency of the cycle is given by

T T

_ 1
To—T, T

7 = 1

2.9 A volume of 5 m? of air at a pressure of 1 bar and 27 °C is
compressed adiabatically to 5 bar. The compressed air is then
expanded isothermally to original volume. Find :

(i) The final pressure of the air after expansion

(ii) The quantity of heat added from the beginning of com-
pression to the end of expansion

(ili) The quantity of heat that must be added or subtracted
to reduce the air after expansion to the original state of
pressure, volume and temperature.

Ans: (i) 1.58 bar (ii) 910.09 kJ (iii) —729.8 kJ

2.10 A perfect gas of molecular weight 30 has the ratio of spe-
cific heats 1.3. One kg of the gas at 1 bar and 27 °C
is compressed adiabatically inside a cylinder to 7 times its
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2.11

2.12

IC Engines

initial pressure. Heat i1s now extracted from the system
at constant pressure until it reaches a state (temperature
27 °C) such that the gas when expanded isothermally from
this state will reach the state before adiabatic compression.
Calculate the heat transfer during constant pressure cool-
ing and the work done during isothermal expansion. What
is the amount of work transfer during the cycle and in
which direction does it take place. R = 0.287 kJ/kg K.

Ans: (i) -204 kJ/kg (ii) 161.8 kJ/kg (i1i) —42.2 k] /kg

A perfect gas flows steadily through a horizontal cooler. The
mass flow rate through the cooler is 1 kg/s. The pressure
and temperature are 2 bar and 127 °C at entry and 1.5 bar
and 7 °C at exit. The cross sectional areas at entry and exit
are each 80 cm®. Calculate the velocities of the gas at entry
and exit of the cooler and the heat transfer rate in the cooler.
Take for the gas C,, = 0.70 kJ/kg K and R = 160 J/kg K.
Ans: (i) 40 m/s (ii) 37.5 m/s (iii) —103.3 kJ/s

Air inside a cylinder is compressed from the same initial state,
without friction such that the compression ratio, % is 15. In
one case it is compressed isothermally and in the other case it
is compressed polytropically with polytropic index, n = 1.3.
Calculate the ratios of work done and heat transfer in two
cases. What will be the ratio of final pressure in the two cases.

Ans: (i) 0.649 (ii) 2.59 (iii) 0.444
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3

AIR-STANDARD
CYCLES AND THEIR
ANALYSIS

3.1 INTRODUCTION

The operating cycle of an internal combustion engine can be broken
down into a sequence of separate processes viz., intake, compression,
combustion, expansion and exhaust. The internal combustion en-
gine does not operate on a thermodynamic cycle as it involves an
open system i.e., the working fuid enters the system at one set of
conditions and leaves at another. However, it is often possible to
analyze the open cycle as though it were a closed one by imagining
one or more processes that would bring the working fluid at the exit
conditions back to the condition of the starting point.

The accurate analysis of internal combustion engine processes is
very complicated. In order to understand them it is advantageous
to analyze the performance of an idealized closed cycle that closely
approximates the real cycle. One such approach is the air-standard
cycle, which is based on the following assumptions:

(i) The working medium is assumed to be a perfect gas and follows
the relation pV = mRT or p = pRT.

(ii) There is no change in the mass of the working medium.
(iii) All the processes that constitute the cycle are reversible.

(iv) Heat is assumed to be supplied from a constant high tempera-
ture source and not from chemical reactions during the cycle.



78 IC Engines

(v) Some heat is assumed to be rejected to a constant low temper-
ature sink during the cycle.

(vi) It is assumed that there are no heat losses from the system to
the surroundings.

(vii) The working medium has constant specific heats throughout
the cycle.

(viii) The physical constants viz., Cp, C,, v and M of working
medium are the same as those of air at standard atmospheric
conditions. For example in SI units,

OP
Cy

1.005 kl/kg K M
0717 kJ/kg K~

29 kg/kmol
1.4

il
|

Due to these assumptions, the analysis becomes over-simplified
and the results do not agree with those of the actual engine. Work
output, peak pressure, peak temperature and thermal efficiency based
on air-standard cycles will be the maximum that can be attained and
will differ considerably from those of the actual engine. It is often
used, mainly because of the simplicity in getting approximate an-
swers to the complicated processes in internal combustion engines.

In this chapter, we will review the various cycles and also derive
the equations for work output, mean effective pressure, efficiency etc.
Also, comparison will be made between Otto, Dual and Diesel cycles
to see which cycle is more efficient under a set of given operating
conditions.

3.2 THE CARNOT CYCLE

Sadi Carnot, a French engineer, proposed a reversible cycle in 1824,
in which the working medium receives heat at a higher temperature
and rejects heat at a lower temperature. The cycle will consist of two
isothermal and two reversible adiabatic processes as shown in Fig.3.1.
Carnot cycle is represented as a standard of perfection and engines
can be compared with it to judge the degree of perfection. It gives
the concept of maximizing work output between two temperature
limits.

The working of an engine based on the Carnot cycle can be ex-
plained reterring to Fig.3.2 which shows a cylinder and piston ar-
rangement working without friction. The walls of cylinder are as-
sumed to be perfect insulators. The cylinder head is so arranged
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that it can be a perfect heat conductor as well as a perfect heat
insulator.

3 4
L=1 f--
p T 1 [
5% [T !
V s

Fig. 3.1 Carnot Engine

High temperature Perfectly insulated walls
source /—/
] 7 " SR L LI T
LK ~—— Piston
O b
T, K
vV /77 7 7 7 7 7 7]
Low temperature Perfect insulator cum
sink perfect conductor

Fig. 3.2 Working Principle of a Carnot Engine

First the heat is transferred from a high temperature source, (7%),
to the working medium in the cylinder and as a result the working
medium expands. This is represented by the isothermal process 3—4
in Fig.3.1. Now the cylinder head is sealed and it acts as a perfect
insulator. The working medium in the cylinder is now allowed to ex-
pand further from state 4 to state 1 and is represented by reversible
adiabatic process 4—1 in p-V and T-s diagrams in Fig.3.1. Now
the system is brought into contact with a constant low temperature
sitik, (77), as the cylinder head is now made to act as a perfect heat
conductor. Some heat is rejected to the sink without altering the
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temperature of sink and as a result the working medium is com-
pressed from state 1 to 2 which is represented by isothermal line
1—2. Finally the cylinder head is made again to act as a perfect
insulator and the working medium is compressed adiabatically from
state 2 to 3 which is represented by process 2—3. Thus the cycle is
completed.

Analyzing the cycle thermodynamically the efficiency of the cycle
can be written as
Work done by the system during the cycle (W)
Heat supplied to the system during the cycle (Qgs)

NICarnot =

According to the first law of thermodynamics,

Work done = Heat supplied — Heat rejected

W = Qs—Qnr (3.1)
Considering the isothermal processes 1—2 and 3—4, we get
%
Qr = mRT log, Fl (3.2)
2
Qs = mRT13log, —Vi (3.3)
Vi
Considering adiabatic processes 2—3 and 4—1
1
Vi Tz) =
v (T3 (3.4)
and 1)
Vi . T\ \5=1
o (T4 ) (3:5)
Since T1 = 15 and T = T3 we have,
Vi _ Vs
i Vs
o V. v,
4 _ N _
% = W r (say) (3.6)
then, :
& mRI3log, r — mRT log, r
nﬂtﬂrﬂﬂt = mmwﬂ lﬂ'gf I (3‘?]
Ty — T T
= 223 = fegs (3.8)
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The lower temperature i.e., sink temperature, 77, is normally
the atmospheric temperature or the cooling water temperature and
hence fixed. So the increase in thermal efficiency can be achieved
only by increasing the source temperature. In other words, the up-
per temperature is required to be maintained as high as possible,
to achieve maximum thermal efficiency. Between two fixed temper-
atures Carnot cycle (and other reversible cycles) has the maximum
possible efficiency compared to other air-standard cyvcles. In spite
of this advantage, Carnot cycle does not provide a suitable basis for
the operation of an engine using a gaseous working fluid because the
work output from this cycle will be quite low.

Mean effective pressure, p,,, is defined as that hypothetical con-
stant pressure acting on the piston during its expansion stroke pro-
ducing the same work output as that from the actual cycle. Mathe-
matically,

Work Output

b = Swept Volume (3.9)

It can be shown as

Area of indicator diagram
Po: = Tendih of G X constant (3.10)

The constant depends on the mechanism used to get the indicator
diagram and has the units, bar/m. These formulae are quite often
used to calculate the performance of an internal combustion engine.
If the work output is the indicated output then it is called indicated
mean effective pressure, p;,, and if the work output is the brake
output then it is called brake mean effective pressure, pp,,.

3.3 THE STIRLING CYCLE

The Carnot cycle has a low mean effective pressure because of its very
low work output. Hence, one of the modified forms of the cycle to
produce higher mean effective pressure whilst theoretically achieving
full Carnot cycle efficiency is the Stirling cycle. It consists of two
isothermal and two constant volume processes. The heat rejection
and addition take place at constant temperature. The p-V and T-s
diagrams for the Stirling cycle are shown in Figs.3.3(a) and 3.3(b)
respectively. It is clear from Fig.3.3(b) that the amount of heat
addition and rejection during constant volume processes is same.
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T Heat addition
from the source

3

! /A ) (R 3 s 4

Soy,

p setmay
4
2 O
fgmhf
gy 1 L=1 - -2-
% Heat added from/ Heat rejection
Heat added to the regenerator to the sink

Fig. 3.3 Stirling Cycle

Hence, the efficiency of the cycle is given as

RTlog, () — RTlog, (1)

fIStirling = (3.11)
RT;log, (1)
ButV;g:VzaﬂdVd:HT T
3 41
NStirling = TE (312)

same as Carnot efficiency

The Stirling cycle was used earlier for hot air engines and became
obsolete as Otto and Diesel cycles came into use. The design of Stir-
ling engine involves a major difficulty in the design and construction
of heat exchanger to operate continuously at very high temperatures.
However, with the development in metallurgy and intensive research
in this type of engine, the Stirling engine has staged a come back
in practical appearance. In practice, the heat exchanger efficiency
cannot be 100%. Hence the Stirling cycle efficiency will be less than
Carnot efficiency and can be written as

- R(I5 —Ti)log,r
T T RTlog.r+(1-€Co(T5 - T1)

where ¢ is the heat exchanger eftectiveness.

(3.13)

3.4 THE ERICSSON CYCLE

The Ericsson cycle consists of two isothermal and two constant pres-
sure processes. The heat addition and rejection take place at constant
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pressure as well as isothermal processes. Since the process 2—3 and
3—4 are parallel to each other on the 7-s diagram, the net effect is
that the heat need be added only at constant temperature T3 = T
and rejected at the constant temperature 17 = T5.

The cycle is shown on p-V and T-s diagrams in Fig.3.4(a) and
3.4(b) respectively. The advantage of the Ericsson cycle over the
Carnot and Stirling cycles is its smaller pressure ratio for a given
ratio of maximum to minimum specific volume with higher mean
effective pressure.

% Heat addition
from the source
2 3 T3 = ?; ________ 3 / 4
o
p h"‘%
RN
o
Ia=1 ===
| 4 2 ] p)
s
V }:‘EEt added from / Heat rejection
eal rejected to to the sink
the regenerator

Fig. 3.4 Ericsson Cycle

The Ericsson cycle does not find practical application in piston
engines but is approached by a gas turbine employing a large number
of stages with heat exchangers, insulators and reheaters.

3.5 THE OTTO CYCLE

The main drawback of the Carnot cycle is its impracticability due
to high pressure and high volume ratios employed with compara-
tively low mean effective pressure. Nicolaus Otto (1876), proposed
a constant-volume heat addition cycle which forms the basis for the
working of today’s spark-ignition engines. The cycle is shown on p-V
and T-s diagrams in Fig.3.5(a) and 3.5(b) respectively.

When the engine is working on full throttle, the processes 0—1
and 1—0 on the p-V diagram represents suction and exhaust
processes and their effect is nulliied. The process 1—2 represents
isentropic compression of the air when the piston moves from
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Fig. 3.5 Otto Cycle

bottom dead centre to top dead centre. During the process 2—3
heat is supplied reversibly at constant volume. This process corre-
sponds to spark-ignition and combustion in the actual engine. The
processes 3—4 and 4-—1 represent isentropic expansion and constant
volume heat rejection respectively.

3.5.1 Thermal Efficiency

The thermal efficiency of Otto cycle can be written as

i 1 2 ‘:;SQR (3.14)

Considering constant volume processes 2—3 and 4—1, the heat sup-
plied and rejected of air can be written as

Qs = mC,(T3-T) (3.15)
Qr = mCy(Ty-T1) (3.16)
" _ m(T3 —T3) —m(Ty — T1)
Crtto m(T3 — TE)
Ty — T
= 1- s
T Th (3.17)
Considering isentropic processes 1-—2 and 3-—4, we have
T vi\ O~
T ( E) (3.18)

and
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Ty Vi (v—1)
T, (Fﬁ) 219

But the volume ratios Vi /V3 and V4 /V3 are equal to the compression
ratio, r. Therefore,

i Vi
v = % r (3.20)
therefore,
T, T3
.= (3.21)
From Eq.3.21, it can be easily shown that
Iy, T @ Ty—-Th
s T  T3-T e
d £
O = 1-— 3.23
NOtto T ( )
= 1 : 3.24
o= (ﬂ)(’r—ll (3.24)
Vs
= ] : 3.25
o - T{T—l} ( ) d)

Note that the thermal efliciency of Otto cycle is a function of com-
pression ratio r and the ratio of specific heats, v. As + is assumed
to be a constant for any working fluid, the efficiency is increased by
increasing the compression ratio. Further, the efficiency is indepen-
dent of heat supplied and pressure ratio. The use of gases with higher
v values would increase efficiency of Otto cycle. Fig.3.6 shows the
effect of v and r on the efficiency.

3.5.2 Work Output

The net work output for an Otto cycle can be expressed as

Vs — paVi o
W p3Vs —psVa  paVo —piWi

e R ~ 1 (3.26)
Also
2 . B -
P P4
P3 P4
—_ = = = r say 27
BB (3.27)
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_ Y=167
&

= ==

= Y =140
5

5 Y=130
=

(8 4/

Compression ratio, r

Fig. 3.6 Effect of r and v on Efficiency for Otto Cycle

Vi = TVE and V; = T‘Vg
therefore,
Vi V- V. %
W - PII(PE 3 paVa po 2+1) (3.28)
y-1\mV1i pVi W
V. ¥ 5
- Pl_;l(rpr - r_+1)
5 r r
Vi
= i 11 (rprT_l —rp — g1l g 1)
l}! Jr—
| %
= f;’l_ =(rp — 1)(r —1) (3.29)

3.5.3 Mean Effective Pressure
The mean effective pressure of the cycle is given by

Work output

Pm. = Swept volume =39}
Swept volume = Vi -V, = V(r—1)
Shombit, ~ (0 -1
= Va(r —1)
pir(r, —1)(rO-1) -1
- - ( ) (3.31)

(v - 1D(r—1)
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Thus, it can be seen that the work output is directly proportional
to pressure ratio, r,. The mean effective pressure which is an indi-
cation of the internal work output increases with a pressure ratio at
a fixed value of compression ratio and ratio of specific heats. For an
Otto cycle, an increase in the compression ratio leads to an increase
in the mean effective pressure as well as the thermal efliciency.

3.6 THE DIESEL CYCLE

In actual spark-ignition engines, the upper limit of compression ratio
is limited by the self-ignition temperature of the fuel. This limitation
on the compression ratio can be circumvented if air and fuel are com-
pressed separately and brought together at the time of combustion.
In such an arrangement fuel can be injected into the cylinder which
contains compressed air at a higher temperature than the self-ignition
temperature of the fuel. Hence the fuel ignites on its own accord and
requires no special device like an ignition system in a spark-ignition
engine. Such engines work on heavy liquid fuels. These engines are
called compression-ignition engines and they work on a ideal cycle
known as Diesel cycle. The difference between Otto and Diesel eycles
is in the process of heat addition. In Otto cycle the heat addition
takes place at constant volume whereas in the Diesel cycle it is at
constant pressure. For this reason, the Diesel cycle is often referred
to as the constant-pressure cycle. It is better to avoid this term as
it creates confusion with Joules cvele. The Diesel cycle is shown on
p-V and T-s diagrams in Fig.3.7(a) and 3.7(b) respectively.

Fig. 3.7 Diesel Cycle
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To analyze the diesel cycle the suction and exhaust strokes, rep-
resented by 0—1 and 1—0, are neglected as in the case of the Otto
cycle. Here, the volume ratio % is the compression ratio, . The

volume ratio E‘ is called the cut-off ratio, r..

3.6.1 Thermal Efficiency

The thermal efficiency of the Diesel cycle is given by

il & Qs — Qr
TESC QS
_ mCy(T3 — Tz) —mCy(Ty — Tj) (3.32)
me(T;; T Tz)
_ B Cv(Til . Tl)
CP(TE - TE)
1 /Ty~ Tl)
= 1—-— 3.33
g! (Ta -1 by
Considering the process 1—2
(=12
T = N (ﬂ) = Tyrr Y (3.34)
Vo
Considering the constant pressure process 2—3, we have
W . B
n, 0T
T V:
?’3 = Fz = 1. (say)
Ty =Tsr, (3.35)
From Eqs.3.34 and 3.35, we have
5 = Tir Y, (3.36)
Considering process 3—4, we have
Ve (1)
Ty = T; (—3) (3.37)
Vi

I

Va Vz)ﬁ—l)
TE(E *Va
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(v—1)
- Tg(E) (3.38)
T
From Eqgs.3.36 and 3.37, we have
(v-1)
| ! ] Ty(rY - 1)
nﬂlﬂﬂﬂl = i ; -Tl {T[T_l}?‘c . T[T_I})
1 2=1)
- oy lrO Dy, — pO-1)
1 ry —1
= 1 {5to) W

It may be noted that the efliciency of the Diesel cycle is different
from that of the Otto cycle only in the bracketed factor. This factor
is always greater than unity. Hence for a given compression ratio,
the Otto cycle is more efficient. In diesel engines the fuel cut-off
ratio, r., depends on output, being maximum for maximum output.
Therefore, unlike the Otto cycle the air-standard efhiciency of the
Diesel cycle depends on output. The higher efficiency of the Otto
cvcle as compared to the Diesel cycle for the same compression ratio
is of no practical importance. In practice the operating compression
ratios of diesel engines are much higher compared to spark-ignition
engines working on Otto cycle. The normal range of compression
ratio for diesel engine is 16 to 20 whereas for spark-ignition engines
it is 6 to 10. Due to the higher compression ratios used in diesel
engines the efficiency of a diesel engine is more than that of the
gasoline engine.

3.6.2 Work Qutput
The net work output for a Diesel cycle is given by

Vi — paV Vo =iV
W = w-Re SR B I (3.40)

||
3
o
3
|
=
+
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= Vb Pa(re— Dl - 1) +p3(1"31_ Bar) —p2(1- Br)]
N -
= p2Vs -[Tﬂ ~hly=1+ (T‘c;?:“_ﬂ) - (1 = r{I-"r})'

p Virtr—1 [’}’(T‘c —1) - r':l_"'}{rg’ - 1}]
v—1

(3.41)

3.6.3 Mean Effective Pressure

The expression for mean effective pressure can be shown to be
PV [rO Dy (re = 1) = (17 - 1)
(y— )W (=2)

pilyrtre— 1) —r(rd —1}]
(y—1(r-1)

P = (342}

(3.43)

3.7 THE DUAL CYCLE

In the Otto cycle, combustion is assumed at constant volume while
in Diesel cycle combustion is at constant pressure. In practice they
are far from real. Since, some time interval is required for the chemi-
cal reactions during combustion process, the combustion cannot take
place at constant volume. Similarly, due to rapid uncontrolled com-
bustion in diesel engines, combustion does not occur at constant
pressure. The Dual cycle, also called a mixed cycle or limited pres-
sure cycle, is a compromise between Otto and Diesel cycles, Figures
3.8(a) and 3.8(b) show the Dual cycle on p-V and T-s diagrams re-
spectively.

In a Dual cycle a part of the heat is first supplied to the system at
constant volume and then the remaining part at constant pressure.

3.7.1 Thermal Efficiency

The efficiency of the cycle may be written as

i SR (3.44)
Qs
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Constautmﬁme
Constant pressure
T 3 :
d 2
5
1 Cnnaﬂ“wnkw
v 5
Fig. 3.8 Dual Cycle
- mCy(T3 — T3) + mCp(Ty — T3) — mCy(T5 — Th)
- mCy(Ts — T2) + mCyp(Ty — T3)
Ts — T3
= 1- 3.45
(T3 = T3) + (T4 — T3) (345)
Now, )
~—1
13 = 1T (}i) = TyrrD (3.46)
V2
Ty, = 13 (E) = Tlrprh-” (3.47)

where 7, is the pressure ratio in the constant volume heat addition
process and is equal to E

Cut-off ratio r, is given by (%)

T4 = Tg% = T;;T"c
Substituting for T3 from Eq.3.47

Ty = Tirerr™V (3.48)
. (r-1) (v=1)

i VA~ - (v—1) V“) L

T5 = T4 (*1';'5-) = T]_TFTET' (-@ [349)
Now

Vi Vi Vi V3

|
|
|
I
X

(3.50)
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= % X % (sinceVy = V3)
Therefore,
% = % (3.51)
where % is the expansion ratio. Now,
T = Tlrprcr""_l (%)Tﬂl
= Tiryr] (3.52)

Substituting for 75, T3, Ty and T5 into Eq.3.45 and simplifying

1 ]
n = 1 ' ik ] (3.53)

- (- (rp~1) + rpy(re — 1)

It can be seen from the above equation that a value of r, > 1 results
in an increased efliciency for a given value of r. and . Thus the
efficiency of Dual cycle lies between that of the Otto cycle and the
Diesel cycle having same compression ratio.

With r. = 1, it becomes an Otto cycle, and with r, = 1, it
becomes a Diesel cycle.

3.7.2 Work Output

The net work output of the cycle is given by

pPaVy —psVs  pVa — Wi
7v—1 7 -1

W = p3(Vi—V3)+

_ [(*r - (mlﬁ 3 paVa) L PaVa _ psVs  pVe 44
v—1 Vi piVvi/ Vi ;Wi i
Vi
= _1:1_ 11 [{'}r - 1)(T¢rp'r""1 - TPTT_I) + rerpr? !

—rpr) — 71 4 1]

- mWi _ o _ _
= VTl - Vrpr? L2 rpr’ . rpry —r7 4+ I]

v—1

Vi o =
= 2o [ e = D 47— ) = (i~ 1)) (359
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3.7.3 Mean Effective Pressure

The mean effective pressure is given by

_ Workoutput W
oy == Swept volume — V,

1 Vi = o |
T Wi-V, ’fl— 1 [’}'r,,r“" Hre=1) 4+ 7" (rp = 1) — (rpr] - 1)]

1 P1 [ v—1 y—1
= YrprT (re=1)+r7" (1p — 1)

V. -
(1-%) (-1
—(rprd — 1))

_ o b re = 1) +17(rp — 1) — r(rprd — 1))
. G- D (399

3.8 COMPARISON OF THE OTTO, DIESEL AND DUAL
CYCLES

The important variable factors which are used as the basis for com-
parison of the cycles are compression ratio, peak pressure, heat ad-
dition, heat rejection and the net work. In order to compare the
performance of the Otto, Diesel and Dual combustion cycles some of
the variable factors must be fixed. In this section, a comparison of
these three cycles is made for the same compression ratio, same heat

addition, constant maximum pressure and temperature, same heat
rejection and net work output. This analysis will show which cycle
is more efficient for a given set of operating conditions.

3.8.1 Same Compression Ratio and Heat Addition

The Otto cycle 1—-2—3—4—1, the Diesel cycle 1—-2—3'—4'—1 and
the Dual cycle 1—-2—2"—3"—4"—1 are shown in p-V and T-s5 dia-
grams in Fig.3.9(a) and 3.9(b) respectively for the same compression
ratio and heat input.

From the 7-s diagram, it can be seen that Area 5236 = Area
523'6' = Area 522"3"6" as this area represents the heat input which
is the same for all cycles.

All the cycles start from the same initial state point 1 and the
air is compressed from state 1 to 2 as the compression ratio is same.
It is seen from the 7-s diagram for the same heat input, the heat
rejection in Otto cycle (area 5146) is minimum and heat rejection
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Constant pressure 3
311
21'
2 3’
r gl
P P
4 41!
1
Constant volume
5 6 6"6’
V s
(a) ®)

Fig. 3.9 Same Compression Ratio and Heat Addition

in Diesel cycle (514'6’) is maximum. Consequently Otto cycle has
the highest work output and efficiency. Diesel cycle has the least
efficiency and Dual cycle having the efficiency between the two.
One more observation can be made i.e., Otto cycle allows the
working medium to expand more whereas Diesel cycle is least in this
respect. The reason is heat is added before expansion in the case of
former (Otto cycle) and the last portion of heat supplied to the fluid
has a relatively short expansion in case of the latter (Diesel cycle).

3.8.2 Same Compression Ratio and Heat Rejection
Efficiency of Otto cycle is given by [Figs.3.10(a) and 3.10(b)]

Qr
— 1 —_— —

where Qg is the heat supplied in the Otto cycle and is equal to the
area under the curve 2—3 on the T-s diagram [Fig.3.10(b)]. The
efficiency of the Diesel cycle is given by

NDiesel m— 1-— “@;

where Q% is heat supplied in the Diesel cycle and is equal to the area
under the curve 2—3’ on the T-s diagram [Fig.3.10(b)].

From the T-s diagram in Fig.3.10 it is clear that @s > Qfj i.e.,
heat supplied in the Otto cycle is more than that of the Diesel cycle.
Hence, it is evident that, the efficiency of the Otto cycle is greater
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3
»| 2 3 7
4
Isentropic process |
vV s
(a) - (b)

Fig. 3.10 Same Compression Ratio and Heat Rejection

than the efficiency of the Diesel cycle for a given compression ratio
and heat rejection.

3.8.3 Same Peak Pressure, Peak Temperature and Heat
Rejection

Figures 3.11(a) and 3.11(b) show the Otto cycle 1—-2—3—4 and
Diesel cycle 1—2'—3—4 on p-V and T-s coordinates, where the peak
pressure and temperature and the amount of heat rejected are the
same.

Cons®™
4
I —/’uﬁ
I Constant V¢
V 5 8§ 6
(a) (b)

Fig. 3.11 Same Peak Pressure and Temperature
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The efficiency of the Otto cycle 1-2—3—4 is given by

R
m e 2%
Notto Qs
where (g in the area under the curve 2—3 in Fig.3.11(b).
The efficiency of the Diesel cycle, 1 -2—3'—3—4 is

coip e s PRV
N Dies Q’S

where QY is the area under the curve 2'—3 in Fig.3.11(b).

It is evident from Fig.3.11 that Q5 > Qg . Therefore, the Diesel
cycle efficiency is greater than the Otto cycle efficiency when both
engines are built to withstand the same thermal and mechanical
stresses.

3.8.4 Same Maximum Pressure and Heat Input

For same maximum pressure and same heat input the Otto cycle
(12341) and Diesel cycle (12'3'4’'1) are shown on p-V and T-s dia-
grams in Figs.3.12(a) and 3.12(b) respectively.

Constant v I
v 5 s 66
(a) (b)

Fig. 3.12 Same Maximum Pressure and Heat Input

It is evident from the figure that the heat rejection for Otto cycle
(area 1564 on T-s diagram) is more than the heat rejected in Diesel
cycle (156'4"). Hence Diesel cycle is more efficient than Otto cycle for
the condition of same maximum pressure and heat input. One can
make a note that with these conditions the Diesel cycle has higher
compression ratio % than that of Otto cycle & One should also
note that the cycle which is having higher efficiency allows maximum
expansion. The Dual cycle efficiency will be between these two.
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3.85 Same Maximum Pressure and Work Output

The efficiency, n, can be written as

Work done Work done
Heat supplied Work done + Heat rejected

'ﬂ':

Refer to T-s diagram in Fig.3.12(b). For same work output the area
1234 (work output of Otto cycle) and area 12’3’4’ (work output of
Diesel cycle) are same. To achieve this, the entropy at 3 should be
greater than entropy at 3'. It is clear that the heat rejection for Otto
cycle is more than that of Diesel cycle. Hence, for these conditions
the Diesel cycle is more efficient than the Otto cycle. The efficiency
of Dual cycle lies between the two cycles.

3.9 THE LENOIR CYCLE

The Lenoir cycle consists of the following processes [see Fig.3.13(a)].
Constant volume heat addition (1—2); isentropic expansion (2—3);
constant pressure heat rejection (3—1). The Lenoir cycle is used for
pulse jet engines. '

2
o«
p T ¥
o 3
1 1r:=:n1ﬂ-‘ﬂ"“”“""ﬁg‘ﬂe
V §
(a) (b)
Fig. 3.13 Lenoir Cycle
o = Qs — QF
enaotr QS
Qs = mCy(T2 —Th) (3.56)
Qr = mCy(T3 —T) (3.57)
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mCy(Ty — T1) — mCy(T3 — T1)

= 1-1{(z7)
L T -1
Taking p2/py = rp, we have T = Tir, and
T (%)
LA (@) " (3.59)
1y P2
=) (252)
(5 ﬂ,
T3 = T (_) = Tlrp(-l—) = Tl,-élf'r}
Tp Tp
_ Tlrélm -7\ r},””‘"] -1

Thus the efficiency of the Lenoir cycle depends upon the pressure
ratio as well as the ratio of specific heats, viz., v.

3.10 THE ATKINSON CYCLE

Atkinson cycle is an ideal cycle for Otto engine exhausting to a gas
turbine. In this cycle the isentropic expansion (3—4) of an Otto cycle
(1234) is further allowed to proceed to the lowest cycle pressure so
as to increase the work output. With this modification the cycle
is known as Atkinson cycle. The cycle is shown on p-V and T-s
diagrams in Figs.3.14(a) and 3.14(b) respectively.

NAtkinson — QS{:;SQR (361)
_ mCy(T3 —T3) - mCp(Ty —Th) (3.62)
mCu(TE = TE)
_ Ty — 11

=1 T( I3 - T3 ) —
the compression ratio, r = % and the expansion ratio e = -‘Eﬁi Now,

T Jipas (r-1)
— = | — — 3.64
7 = (%) ' TR

Therefore,
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? 3
7
“%%%% i &5
2 4 CO‘M 4
4 l\\t" 2 ﬂﬁw 4!
%ﬂm CM M
1 Consa
V s
(a) (b)
Fig. 3.14 Atkinson Cycle
Ty = Tyr?-D (3.65)
s  ps (PE P4f)
T —_ ity f— —_— W —
T3 p2 Py P2
= (1“’3 x ﬂ) (3.66)
Py D2
P3 lﬁ*)"’ Y
= o | i = e 3.67
Py (V:?. (3.67)
2} ayv _ 1
N T S
Substituting Eqs.3.67 and 3.68 in Eq.3.66,
13 e’
T, - (3.69)
e’ _ne’ e
Ty = T = Ty rO ],Tr = Ti— (3.70)
Ty ( E )('r-l) B 1
T3 B E’Er N E{'T—].}
T 1
¥ = Tﬂeiﬂr—li (3.71)
e’ 1
- 1(5) (&)
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P = T1§ (3.72)

Substituting the values of 73, T3, Ty in the Eq.3.63,

| g Tie/r — T
NAtkinson = v TlﬂTfT — Tl'l"{"f_l}

1—7[ £t ] (3.73)

e’ — 77

3.11 THE BRAYTON CYCLE

The Brayton cycle is a theoretical cycle for gas turbines. This cycle
consists of two reversible adiabatic or isentropic processes and two
constant pressure processes.

Figure 3.15 shows the Brayton cycle on p-V and T'-s coordinates.
The cycle is similar to the Diesel cycle in compression and heat addi-
tion. The isentropic expansion of the Diesel cycle is further extended
followed by constant pressure heat rejection.

Fig. 3.15 Brayton Cycle

S Qs — Qr
rayton QS
mCy(T3 — T2) — mCp(Ty — T1)
= 3.74
mC,(Ts — T) Sl
Ty — T4

L= T3 — 'Tg
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If r is compression ratio i.e., (V1 /V2) and r, is the pressure ratio i.e.,

(p2/pl) theni

~1 ~1
s _ (E)(%) » (E)(j"_) (3.75)
Ty P4 m
i\ (y-1)
13
Ty = —=1) (3.77)
T3
Ty = oy 5y (3.78)
(T3 /Th-li) — (T /r{'r—l})
'Brayton = 1 - Ta = Tt
1
— l_rh—l} (3.79}
1
Vi (192):1r -
r. = — = == = T 3.80
7 0 p (3.80)
1 1
= 3= —EE = 1 - = (3.81)
()

From Eq.3.81, it is seen that the efficiency of the Brayton cycle de-
pends only on the pressure ratio and the ratio of specific heat, ~.

Network output = Expansion work — Compression work

I

Cp(T3 — Ty) — Cp(T2 — Th)

B T Ty T
h CPTI(Tl " T +1)
W T T T
£ ™ -RR R (3.82)

It can be easily seen from the Eq.3.82 (work output) that, the
work output of the cycle depends on initial temperature, 71, the
ratio of the maximum to minimum temperature, %, pressure ratio,

rp and vy which are used in the calculation of % Therefore, for the
same pressure ratio and initial conditions work output depends on
the maximum temperature of the cycle.
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Worked out Examples

OTTO CYCLE

3.1 An engine working on Otto cycle has the following conditions :
Pressure at the beginning of compression is 1 bar and pressure
at the end of compression is 11 bar. Calculate the compression
ratio and air-standard efficiency of the engine. Assume v = 1.4.

Solution
1
A (@)(T) -
Va 1
= 554 0
Air-standard efficiency @ = 1~ _rl -
-
1 0.4
- ]_— —_— et 2
()" - om
=  49.6% ans

3.2 In an engine working on ideal Otto cycle the temperatures at
the beginning and end of compression are 50 °C and 373 °C.
Find the compression ratio and the air-standard efficiency of

the engine.
Solution
A (E)ﬁ-l _ (@)ﬁ
B 7 Ts 323
= 5.6 4ns
1 T
Moo = l-——— = 1= T
= 1-38 _ o5 = s0% =t
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3.3 In an Otto cycle air at 17 °C and 1 bar is compressed adiabat-
ically until the pressure is 15 bar. Heat is added at constant
volume until the pressure rises to 40 bar. Calculate the air-
standard efficiency, the compression ratio and the mean effec-
tive pressure for the cycle. Assume C, = 0.717 kJ/kg K and R

= 8.314 kJ/kmol K.

Solution

Consider the process 1 — 2

I

I

Consider the process 2 — 3

13 =

15\11
i
v—1
1~(1) _
r

0.539 = 53.9% Ans
paVa 15 1
F3ldey . 22
Vi 1 ] ® 601 *x 290
629.5 K
T
pslz _ A0 6205 = 16787

P2 15
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Heat supplied

Work done

U

Up — U2

I

Cy(T3 — T»)

0.717 x (1678.7 — 629.5)

752.3 kJ /kg

N X4gs
0.539 x 752.3
Work done

Swept volume

h _ u™

m P1

8314 x 290
20 x 1 x 10°

5.91

405.5
0.711 10°

I

5.70 bar

405.5 kJ /kg

= 0.8314 m®/kg

0.711 m®/kg

=  5.70 x 10° N/m’

=

3.4 Fuel supplied to an SI engine has a calorific value 42000 kJ /kg.
The pressure in the cylinder at 30% and 70% of the compres-
sion stroke are 1.3 bar and 2.6 bar respectively. Assuming that
the compression follows the law pV!® = constant. Find the
compression ratio. If the relative efficiency of the engine com-
pared with the air-standard efficiency is 50%. Calculate the
fuel consumption in kg/kW h.

Solution

= 1

140.7(r —1)

I

= 1+0.3(r—1)

()

2w

I

= 0.7r4+0.3

= 03r+0.7



Air-Standard Cycles and Their Analysis 105

P
Jit:’i'l
26 p---4-3
: I
1.3 fomdoneao-t
‘F"l‘I : : i
oy
y 1w 'm
{ 3 '
i } L i
70% 30% V
B (2.ﬁ)fs . 17
= = =
0.7 4+ 0.3 _ 17
0.3r +0.7
r i 4.68 A
1
Air-standard efficiency = 1 - —
-1
1 i
= 1-— v 0.46
= 46%

Relative efficiency
Nith
Tth

where m is in kg/s

isfc

I

Indicated thermal efficiency
Air-standard efficiency

05x046 = 0.23

ip
CV xm

1
42000 x 0.23

1.035 x 10™* kg/kW s

1.035 x 10~ x 3600 kg/kW h

0.373 kg/kW h 4n0s
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3.5 A gas engine working on the Otto cycle has a cylinder of di-
ameter 200 mm and stroke 250 mm. The clearance volume is
1570 cc. Find the air-standard efficiency. Assume C, = 1.004
kJ/kg K and C, = 0.717 kJ/kg K for air.

Solution
T 9 w 2
Stroke volume, V, = Ed L = rike 20 %25
= 7853.98 cc
. : Ve 7853.98
Compression ratio, r - 1+ F.-: = 1+ 1570
= 6.00
Cp 1.004
T = & T oom - M
Airstandurd sffic S e = 1o
Ir-standard efiicrency = ~ A1 == 504)
= 0512 = 51.2% e

3.6 In a S.I. engine working on the ideal Otto cycle, the compres-
sion ratio is 5.5. The pressure and temperature at the begin-
ning of compression are 1 bar and 27 °C respectively. The peak
pressure is 30 bar. Determine the pressure and temperatures
at the salient points, the air-standard efficiency and the mean
effective pressure. Assume ratio of specific heats to be 1.4 for

air.
Solution
Since Vo = Vg3 = V,
i = Vo = 1V,
Consider the process 1 — 2,
P2 - = 55 = 1088
D1
p2 = 10.88x1x10°=10.88 x 10° N/m? &2
15

r7-1 = 55%4 = 1.978
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3
Pl a
4
1
y
T, = 1978x300 = 5934K =3204°C 22
Consider the process 2 — 3,
ps = 30x10° N/m*
13 B Pz 30 _
T»,  pa 1088 it
Ty =  2757x5934 = 1636 K
~  1363°C Ans
Consider the pl"ﬂﬂ'ESS:f? ~ 4,
SR
P4 Va Vo
— T'T — 5,51'4 = 1088
s P3 - 5 2 ns
i =  Togg = 276x10°N/m e
Ts  _ 41 _ re0d4 _
L = 7 = 55 = 1.978
Ts 1636
T o o — —_— e 2
: 1.978 1.978 B27.1 K
= 554.1°C Ao
Notto = 1-—- hedy 1 - 5504 0.4943

49.43% fus
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Indicated work/cycle
Pm V.
]

Area of p-V diagram 1234
Vs

Area under 3-4 — Area under 2-1

Il

Area 1234

p3Va —pdVy  pVo —piWa
v-1 v—1

30 x 10° x V. — 2.76 x 10° x 5.5V,
0.4

10.88 x 10° x V. — 1 x 10% x 5.5V,
0.4

236 x10° xV., = pmxV;

[

Il

23.6 x 10° x V.,
Pm = V

23.6 x 10° x V.
4.5 x V,

= 5.24 x 10° N/m?

5.24 bar Ans

I

3.7 A gas engine operating on the ideal Otto cycle has a com-
pression ratio of 6:1. The pressure and temperature at the
commencement of compression are 1 bar and 27 °C. The heat
added during the constant volume combustion process is 1170
kJ/kg. Determine the peak pressure and temperature, work
output per kg of air and air-standard efficiency. Assume C, =
0.717 kJ/kg K and v = 1.4 for air.

Solution

Consider the process 1-2

P2

P1

[

614 = 1228
p2 = 1228 x 10° N/m?
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2
4
1
V

T (VI )T_l y=1 _ p0.4

—— = —_— = = = 2.0

0 7 r 6 5

Ty = 205x300 = 615K = 342°C
Consider the process 2-3
For unit mass flow

gs = g3 = C(T3-T)

= 1170 kJ /kg
1170
T3 —To = o7 1631.8
T3 = 1631.84+616 = 22468 K
= 19738°C Ans

P3 T3 2246.8

2 = B s 2 =o3es

D2 Tz 615 s
Peak pressure,ps — 3.65 x 12.28 x 10°

4482 x 10° N/m?* = 44.82 bar ~ 22¢

Work output Area of p-V diagram

Area under (3 - 4) - Area under (2 - 1)

psVa —pdVy  pVo —piWa
v —1 y—1

— (T3 = T4) = (T2 - Th)]

[
:.’;']
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Work output/kg

TiOtto

I

|

Cp—-C, = 1.004-0.717
0.287 kJ /kg K
-1 i
(fﬁ)ﬂir — @y
Vi
6“'4 = 2.048
Ty 2246.8
= == _1097.1K
2.048 2048 7
9‘62:31_7'. - [(2246.8 — 1097.1) — (615 — 300)]
598.9 kJ e
1
L~ T[T—”
1 =
j i 0.5116
51.16% =

3.8 A spark-ignition engine working on ideal Otto cycle has the
compression ratio 6. The initial pressure and temperature of
air are 1 bar and 37 °C. The maximum pressure in the cycle is
30 bar. For unit mass flow, calculate (i) p, V and T at various
salient points of the cycle and (ii) the ratio of heat supplied to
the heat rejected. Assume v = 1.4 and R = 8.314 kJ/kmol K.

Solution

Consider point 1,

n

Vi

Consider point 2,

P2

Il

I

Il

hidd
M

HRT:[ .

P

p1 77

12.3 x 10° N/m? = 12.3 bar

1
29
1 x 8314 x 310

_ 3 Ans
20 op— = 0-889 m D

= 10° x 64

Ans
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3
Py
4 .
1
4
% = A a 5o gaupnd ans
6 6
p2 Vs
iE — EEE P
2 mWi !
12.3 x 10° x 0.148 x 310
= = 634.8K
1 x 10° x 0.889
= 361.8°C fAe
Consider point 3,
Vi =V = 0148 m? Ans
ps =  30x10° N/m? = 30 bar Ans
B _ R
15 13
30 x 10°
s = TR 634.8 = 1548K
=  1275° C L
Consider point 4,
PEV; - P4Vf
B VE ¥ B . 1 1.4
moo= m(y) = 0x10(g)

2.44 x 10° N/m? = 2.44 bar ns
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Vi = WV = 0.889m ans
~ pa 2.44 % 10°
T4 - Tlm = 310 x ]){1[}5
= 7564 K = 483.4° C e
o ~ R 8314
v MRH-1) 29x04
=  0717kJ/kg K

For unit mass,

Heat supplied = Co(T3 — T3)

= 0717 x (1548 — 635.5) = 654.3 kJ
Heat rejected = Cy(Ts — Tq)

= 0.717 x (756.4 =310) = 320.1 kJ
Heat supplied 654.3 =
Hestnlécted — Toa o~ =

3.9 In an Otto engine, pressure and temperature at the beginning
of compression are 1 bar and 37 °C respectively. Calculate the
theoretical thermal efficiency of this cycle if the pressure at the
end of the adiabatic compression is 15 bar. Peak temperature
during the cycle is 2000 K. Calculate (i) the heat supplied per
kg of air (ii) the work done per kg of air and (iii) the pressure
at the end of adiabatic expansion. Take C, = 0.717 kJ/kg K
and v = 1.4.

Solution

Consider the process 1-2

y—1
Ty = T3 (E) : = 310 x (15){0'4;1'4]
Y41
= 672 K
Ty 310

I
e
£
e
2
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Consider the process 2 —~ 3

For unit mass flow

Heat supplied, g = Cu(13 — T3)

0.717 x (2000 — 672)

—~  952.2 kJ/kg e
B Work done per kg of air ~ _ w
T = Heat supplied per kg of air g,
w = g = 0.539x 9522
— 5132 kJ/kg o
Ty 2000
mo= on(g) = v
== 44.64 bar

Consider the process 3 — 4

R o= (&)
P4 Vs
-y -
Va 1
(pl) 44.64 x 1
P4 = P33y — ==
P2 15

il
N
%
g
e
11
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3.10 Compare the efficiencies of ideal Atkinson cycle and Otto cycle
for a compression ratio is 5.5. The pressure and temperature
of air at the beginning of compression stroke are 1 bar and 27
°C respectively. The peak pressure is 25 bar for both cycles.
Assume «v = 1.4 for air.

Solution
1 1 o
NOtto = 1- r’l’_'l = 1- 5 504 = 49.43%
(Refer Fig.3.14)
e—r
NAtkinson = 1-— FL& 5 T'T)
r e 2.5
1 1
Vy ( P3 ) o (25) i
€ = — = — = | — = 9.966
Vi P4’ 1
e = 9966 = 25
r¥ = 554 = 1088
1.4 x (9.966 — 5.5)
N Atkinson o 1 25 — 10.88 55.72%
TN Atkinson 55.72 =
= === 1127 ans
TlOtto 49.43

DIESEL CYCLE

3.11 A Diesel engine has a compression ratio of 20 and cut-off takes place
at 5% of the stroke. Find the air-standard efficiency. Assume vy =

1.4.
Solution
Vi
T = E 20
Vi = 20V5

Vs = 20V5 — Vo

19V5



Il
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0.05V; + V2

0.056 x 19V2 + Vg =
Vs 1.95V;

V. W
1 rf—1
r7=1 y(re—1)

- 1 y 1.9514 — 1
2004 © (1.4 x (1.95—-1)

1.95V;

= 1.95

1

64.9%

0.649

4ns

3.12 Determine the ideal efficiency of the diesel engine having a cylinder
with bore 250 mm, stroke 375 mm and a clearance volume of 1500
ce, with fuel cut-off occurring at 5% of the stroke. Assume v = 1.4

for air.
Solution
Ve
T
N

m

- T a2 - 2
= 1 d® L 2 x 25° x 37.5
= 18407.8 cc
Vs 18407.8
— — = 1 =
1+ 7 + 1500
. 1 rl —1

1P 30— D)

13.27
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L_ %
3 B Ve
Cut-off volume —— Va—Vo = 0.05V,

0.05 x 12.27V,

Va = Ve
Vs = 1.6135V,

V.
Te = F: == 1.6135

1 1.613514 — 1
n = 1— X
132794 ~ 1.4 x (1.6135 - 1)
=  0.6052 = 60.52% ane

3.13 In an engine working on Diesel cycle inlet pressure and temperature
are 1 bar and 17 °C respectively. Pressure at the end of adiabatic
compression is 35 bar. The ratio of expansion i.e. after constant
pressure heat addition is 5. Calculate the heat addition, heat rejec-
tion and the efficiency of the cycle. Assume v = 1.4, C, = 1.004
kJ/kg K and (', = 0.717 kJ /kg K.

Solution

Consider the process 1 — 2

141 - (_rzz)
V2 3l

|
Il
o



Cut-off ratio

b

I

Air-Standard Cycles and Their Analysis 117

(ﬁ‘?)“ — 12674
1

i _ % W
Va WiV

Compression ratio
Expansion ratio

Consider the process 2 — 3

T3

Ty

Heat added

Heat rejected .

Efficiency

-

oy
—

Il

I

12.674 _ 9538

o

8 haacl
&)
n

0.286
()™ - o
1
276 x290 = B&01.7K
v Vs
TEE' 801.7 x 1}2
801.7x 2535 = 20323 K

Vi
1067.6 K
Cp(T3 —T3) = 1.004 x (2032.3 — 801.7)
1235.5 kJ /kg Ans
Co(Ty —Ty) = 0.717 x (1067.6 — 290)
557.5 kJ /kg 4ns
Heat supplied - Heat rejected

Heat supplied

12351.:35;57.5 — 0519

54.9% Ans
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3.14 A Diesel engine is working with a compression ratio of 15 and expan-
sion ratio of 10. Calculate the air-standard efficiency of the cycle.

Assume v = 1.4.
Solution
2 3
P
4
1
V
_
T == v = 15
V.
re = i;:- = 10
"
I 0 U
- o =1
v 77 _(é)—1
Eirate
11 [(B) -
= l—ﬁ}(15u4}f (_;l]:%)_l s 0.63
= 63% il

3.15 A Diesel engine works on Diesel cycle with a compression ratio of
15 and cut-off ratio of 1.75. Calculate the air-standard efficiency

assuming y = 1.4.

Solution
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1 1 1.75'4 — 1
= e X g ( 175 1 ) = 0O
= 6L7% 4o

3.16 A Diesel cycle operates at a pressure of 1 bar at the beginning of
compression and the volume is compressed to 1= of the initial vol-
ume. Heat is supplied until the volume is twice that of the clearance
volume. Calculate the mean effective pressure of the cycle. Take

v=14.
2 3
p
4
1
V
Solution
=W = 1615
V3 = 2V

Swept volume
— Vi-Va=(r—-1)V, =15V,

Y
2= 15
Consider the process 1 - 2

Vi)’ 1.4
P9 - pl — = 1x16"* = 48.5 bar
RN ¢

D2 = ps = 48.5 bar

~ TARE 9\ 14
no (@) - we(?)
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48.5 :
31_-4 = 2.64 bar (SII]CE,‘H: — Lﬁ)

Mean effective pressure, p,., is given by

_ 1| paVa —psVy  paVa — P1V1]
i V: Vi Vi
- B LS. (i - puit)  (-mi)
- WP\ y—1 ¥ -1
1 48.5 x 2 — 2.64 x 16
43‘51 ;i - lﬁ] =  6.94 bar fns

3.17 In an engine working on the Diesel cycle the ratios of the weights
of air and fuel supplied is 50 : 1. The temperature of air at the
beginning of the compression is 60 °C and the compression ratio
used is 14 : 1. What is the ideal efficiency of the engine. Calorific
value of fuel used is 42000 kJ/kg. Assume C, = 1.004 kJ/kg K and
Cy = 0.717 kJ /kg K for air.

Solution
2 3
P
4
|
V
1 rl—1
B = ==
r=b ~y(r. - 1)
Cp 1.004
== £ = —— = 14
7 s 0.717
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; I - T £
Cut-off ratio, r. = v\ - T
Consider the process 1 — 2
Ty vi\ (Y
r = ()
= 070 = 14% = 2874
Ts = 2874 x 333 = 957.04 K
Consider the process 2 — 3 |
Heat added/kg of air = Co(Tz-T3) = F/AxCV
o _ F/Axcvo 42000
R, G ~ 50 x 1.004
= 336.6
T3 = 1793.64K
13 1793.64
= — = = 1.874
" T 957.04 :
o= A 1 y 1.87414 — 1
@ = 1.4 x 1404 0.874
= 060 = 60% 4ne

3.18 In an ideal Diesel cycle, the pressure and temperature are 1.03 bar
and 27 °C respectively. The maximum pressure in the cycle is 47 bar
and the heat supplied during the cycle is 545 kJ/kg. Determine (i)
the compression ratio (ii) the temperature at the end of compression
(iii) the temperature at the end of constant pressure combustion and
(iv) the air-standard efficiency. Assume y= 1.4 and C), = 1.004 kJ /kg
K for air.

Solution

S
I
=
I
o
-]
X
1—I
-
o
.
~
B
[

R R
]
P T
&=
Sy
e
I
-1--?
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Heat supplied/kg
T3 - T

T3

NDiesel

I

I

Il

15.32 Ans

-1
2

15.32%4 = 2979

2979 x 300 =

620.7° C Sne

Cp(I3-T2) = 545

545
1.004

542.8 +893.7 =

893.7 Kk

= 5428
1436.5 K

1163.5° C fus

1 ry -1
b y(re - 1)

Vs T3 14365
Vo T, 893.7 —

‘. 1 L (L6111
1.4 x 15.3204 0.61

62.75% Sna

1

0.6275 =

3.19 A diesel engine operating on the air-standard Diesel cycle has six
cylinders of 100 mm bore and 120 mm stroke. The engine speed is
1800 rpm. At the beginning of compression the pressure and temper-
ature of air are 1.03 bar and 35 °C. If the clearance volume is 1/8th
of the stroke volume, calculate (i) the pressure and temperature at
the salient points of the cycle (ii) the compression ratio (iii) the ef-
ficiency of the cycle and (iv) the power output if the air is heated
to 1500 °C Assume C), and C;, of air to be 1.004 and 0.717 kJ/kg K

respectively.
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Consider the process 1 — 2,

p2
P

P2

2 3
4
1
V
V.
1+ = 148 = 9 ans
Ve
o= 9 = 2167
21.67 x 1.03 x 10° = 22.32 x 10° N/m°
22.32 bar aus

r0- = 9% = 2408

308 x 2.408 = 741.6 K = 468.6°C na

Consider the process 2 — 3,

P3 =

I3

pe = 22.32 x 10° N/m* = 22.32 bar

Ans
Ans

1773 K = 1500° C

Consider the process 3 — 4,

T3
Ty

—
pre—

Il

Te

~
I

r(r-1)

(T - - N

n - e o
L = wf. = 995

Te 2.391

www.EngineeringEBooksPdf.com
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13
T

Ty

P3
P4

Pa

NCycle

d4-1

NCycle

Work output

Power output

I

I

I

Il

Il

1.7

T 1773 :
= = 4= = 10429K

769.9° C o

r? = 3764" = 6.396

D3 2232 x10°

6.396 6.396

349 x 10° N/m*> = 3.49 bar Ao

Work output 1 — Heat rejected
Heat added Heat added

g4—-1

L 222

q2-3
Cy (T4 - Tl)

0.717 x (1042.9 — 308) = 526.9 kJ/kg
Cp (TE T TI)
1.004 x (1773 — 741.6)

1035.5 kJ /kg
526.9
- oes = 04912
49.12% s
g2-3 — g4-1
1035.5 — 526.9 = 508.6 kJ/kg

Work output x m,

nVi N
RI7 2

9
VitV = 2V,

8
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Vs = 6x —d? L = 6x—x10%x12
4 4
=  5654.8cc = 565x107° m’
Wi = 5.65 x 1073 x g =  6.36 x 107* m*
o 103 x 10° x 6.36 x 1072 x 30
® 7 287 x 308 x 2
= 0.111 kg/s
Power output = 5086 x0.111 = 56.45 kW fne

3.20 The mean effective pressure of an ideal Diesel cycle is & bar. If the
initial pressure is 1.03 bar and the compression ratio is 12, determine
the cut-off ratio and the air-standard efficiency. Assume ratio of
specific heats for air to be 1.4.

~ Solution
2 3
P

4
1

V

Work output = p, XV,
= Area 1234

Area under 2 - 3+ Area under 3 - 4 —

Area under 2 - 1

_ psVa—paVy  pVo—piV)
P2 (Vs — Vo) + =—— )
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S |8

P4

Area 1234

Pm X Vs

Area 1234

I

|

I

I

1;.21. = 1+§: - 1
11V, Vo = V.
Vi = 12V = 12V
reVa = 1V
o= 12 = 3242
32.42 x 1.03 x 10°
33.39 x 10° N/m®* = pj
(1)1-“ _ 1M 3242
7o rad i
ggig xritx10° = 1.03r}4 x 10°

33.39 (roVe = Vo) +

33.39 x r.V,. — 1.(]31'3‘4 x 12V,

Substituting and simplifying

Solving by iteration,

Te

7

I

0.4
: V. —1.03 x 12
33.39 x V. 3 x v;_xmﬁ
0.4
8 x 11V. x 10°
Pm X Vs
0.672r. — 0.178r}* = 1
2.38 Ans
. 1 ry —1
et Hre-1)

1 1 y 238141
1.4 x 1204 1.38
05166 = 54.66% 28
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various salient points of the cycle and the cycle efliciency. The pres-
sure and temperature of air at the commencement of compression
are 1 bar and 100 °C respectively. Assume C, = 1.004 kJ/kg K and
Cy = 0.717 kJ /kg K for air.

Solution
3 4
Pl 2
5
1
V
% — r—1 — 0
C, 1.004
T ¥ 5 ¥ g -

Consider the process 1 — 2

P2 _ v =10 =2512

m

pr =  2512x10° N/m?® = 25.12 bar 212
22 - D04 = 2512

T

T, = 2512 x 373 = 936.9 K = 663.9°C 21s

Consider the process 2 - 3 and 3 - 4

Ty _ pgT0
T - pe  25.12 2utBe
Ty =  2787x9369 = 2611.1K

2338° C Ans
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1680 — 674.98 Ans

n = o —~ 59.82% &

3.23 An oil engine works on the Dual cycle, the heat liberated at constant
pressure being twice that liberated at constant volume. The com-
pression ratio of the engine is 8 and the expansion ratio is 5.3. But
the compression and expansion processes follow the law pV1? = C,
The pressure and temperature at the beginning of compression are 1
bar and 27 °C respectively. Assuming C, = 1.004 kJ/kg K and C,, =
0.717 kJ /kg K for air, find the air-standard efficiency and the mean
effective pressure.

3 4
=1 2
3
1
V
Solution
Cy 1.004
Y = & T oo C M
V.
FZ - r—-1 = 7
Vs = TV
TE —d i —_— 5_3
Te
8
= — = 1.509
& 5.3
Mean effective pressure = Arﬂﬂ; il
Area 12345 =  Area under 3 — 4+

Area under 4 — 5 — Area under 2 -1
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Vi — psVa
- p3 (Vs — Vi) + PaV4 —PsVs
n—1
p2Va — ;Wi
n—1
V. = V3 = W
Vi = Vs = rV. = 8V
Vi = 1V = 1509V,
T3 _ (n-1) _ 0.3 __
T = r = 8 = 1.866
T, = 1866x300 = 559.82K
P2 _ g3 _— 1403
Mn
pp = 1493xp = 1493 x 10° N/m’

Heat released during constant pressure combustion

= 2 x Heat released during constant volume combustion
Cp(Ty — T3) = 20, (T3 — T3)
1.004 x (Ty — T3)

I

2 x 0.717 x (T3 — T3)

Ty — T3 - 1.428 x (T3 — T3)
Iy Va
= v = T = 1.509
Ty = 150973

15093 —T3 = 1.428 x (T3 — 559.82)

T3 = 86988 K
Ty = 131265K
P3 Ty 869.88
. = 1.554
P2 15 559.82
ps =  1.554 x 14.93 x 10°

23.20 x 10° N/m2 = Py



Area 12345

Ve

Area 12345

Therefore,

"

I

|

I

I

I
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r{n—1) 53%3 = 1.649
1312.65

Teag.  —  (96.03K

P = 532 = 8741
ps_ 232x10°
8.741 8.741

2.654 x 10° N/m?

23.2 x 1.509V, — 2.654 x 8V,
0.3 i

23.2 x (1.509V, — V,.) —

14.93 x V. — 1 x 8V,
0.3

x 10°

34.63 x V. x 10° N/m*

|
e
o
o
x
[—
S
Z,
e
=]
[

qs
mRTy 1 x 287 x 300
P N 1 x 105

0.861 m? /kg
34.63 x 10° x %1

34.63 x 10° x 0.561

3.727 x 10° J/kg =

133

372.7 kJ /kg



134 IC Engines

Note : Work done should be calculated only from the area ([ pdv)
for a polytropic process

s = qI3-T)+Cp(Ty—T3)
= 667.1 kJ/kg
372.7 1s
T 667.1 % e

COMPARISON OF CYCLES

3.24 A four-cylinder, four-stroke, spark-ignition engine has a displacement
volume of 300 cc per cylinder. The compression ratio of the engine is
10 and operates at a speed of 3000 rev/min. The engine is required
to develop an output of 40 kW at this speed. Calculate the cycle
efficiency, the necessary rate of heat addition, the mean effective
pressure and the maximum temperature of the cycle. Assume that
the engine operates on the Otto cycle and that the pressure and
temperature at the inlet conditions are 1 bar and 27 °C respectively.
If the above engine is a compression-ignition engine operating on the
Diesel cycle and receiving heat at the same rate, calculate efficiency,
the maximum temperature of the cycle, the cycle efliciency, the power
output and the mean effective pressure. Take C, = 0.717 kJ/kg K
and v = 1.4.

Solution

Consider the Otto cycle, Fig.3.9(a)

n = 1=

P = 0
o 0.602

=  60.2% Sa

Power output
Heat supplied

40 _
0602 66.5 kW

Il

I

Heat supplied

66.5 kJ /s 4ns
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3000
= = 25
Number of cycles/sec 5 % 60

Net work output per cycle from each cylinder

40
= e = 0.4 kJ
B E - 0.4 x 1000
Pm = 3T 300x 106
=  13.3 x 10° N/m? s
Vi ¥
T = Ti=
: ‘(Vz)
= 300x10° = T7536K
Heat supplied/cylinder/cycle (Q2-3)
66.5
= 0.665 kJ
Now,
Q2-3 = mC, (T3 —T13)
., Ry _ 287 x300
= o 1x10°
=  0.861 m®/kg
This initial volume of air in the cylinder is
o
W = Va4V = (ﬁi) LV
09v; = V.
v o= Yo o 0 10-°
L Y 0.9
= 333x107%m?
o Vi 333x 106
T 0.861

0.387 x 1073 kg

Il
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The temperature rise resulting from heat addition is

15 =15

Q-3
m C,
0.665
0.387 x 102 x 0.717
2396.6 K
Ty +2396.6 = 753.6+ 2396.6
3150.2 K = 2877° C 28

Now let us consider the Diesel cycle

T5 is the same as in the previous case, i.e.

15

753.6

Heat supplied per cycle per cylinder is also same, i.e.

Qa3
Qa3

Ty — 15

Cut-off ratio, r,

Air-standard efficiency

—.
——

www.En

0.665 kJ
m CP(TE’ —T15)

0665 1
0.387 x 102 ~ 1.004
1711.5 K
1711.5+753.6 = 2465.1 K
2192.1° C Ans
Vs _ Ty
V. T
2465.1
7536 ik
. [ ry -1 ]

r=L{y(re— 1)

3.2714 _ 1 ]

1
R
1004 [1.4 X (327 1)
1-0.398x 1.338 = 0.467

46.7% Ans
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Power output n X total rate of heat added

= 0.467 x66.5 = 31.1 kW
. 31.1
Power output /cylinder s % = 7.76 kW
Work done/cylinder/cycle
7.76
= 25 = 0.3104 kJ
W 0.3104 x 1000
P = V. T T300x 1076
=  10.35 x 10° N/m? g

As discussed in the text, this problem illustrates that for the same
compression ratio and heat input Otto cycle is more efficient.

The compression ratio of an engine is 10 and the temperature and
pressure at the start of compression is 37 °C and 1 bar. The com-
pression and expansion processes are both isentropic and the heat is
rejected at exhaust at constant volume. The amount of heat added
during the cycle is 2730 kJ/kg. Determine the mean effective pres-
sure and thermal efficiency of the cycle if (i) the maximum pressure
is limited to 70 bar and heat is added at both constant volume and
constant pressure and (ii) if all the heat is added at constant vol-
ume. In this case how much additional work per kg of charge would
be obtained if it were possible to expand isentropically the exhaust
gases to their original pressure of 1 bar. Assume that the charge has
the same physical properties as that of air.

Solution
Vi RT,
‘Ul —— — —_— —_—
m p1
B 287 x 310 3
= 1% 105 = 0.89 m”/kg
Consider the process 1-2
L _ (T 0.4
T = (VE) = 310x10

778.7T K
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"
P2 = Pl(—) = 25.12 bar

Consider the limited pressure cycle (123451)

= T2
P2
70
- 7187 - 2170K
% 25.12

Heat supplied at constant volume

0.717 x (2170 — 778.7)
997.56 kJ /kg

Il

Heat supplied at constant pressure

= 2730 —997.56 = 1732.44 kJ/kg
Now,
1732.4 = 1.004 x (T3 — 2170)
1732.4
Ty = 2170 + 1004 3895.5 K
v = E
_ 089 38955
- 10 2170

Il

0.16 m” /kg



Heat rejected

Work done

Pm
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UE

0.16 0.4
. —— = 1961 K
3895.5 x (0.89) 96
Cv (TE == Tl)
0.717 x (1961 —310) = 1184 kJ/kg

Heat supplied — Heat rejected

2730 — 1184

w 1546
— = e = 07
q 2730 05

57% e

w w
vy — Vg v1( _l)

1546 kJ /kg

1546 x 10?
0.89 x (1— £

19.32 x 10° N/m? = 19.32 bar 22

Consider the constant-volume cycle (123'4'1)

Ty
Ty

2730 kJ /kg
0.717 x (Ty — 778)
4586 K

(%)

25.12
4586 x e

Ve )"
(%)

1 0.4

147.9 bar

1852.7
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3.4 What is Carnot cycle and what is its importance? How is this
cycle reversible?

3.5 Draw the Carnot cycle on p-V and T-s diagrams. Derive an
expression for its efficiency. Comment on the significance of
this result as it related to source and sink temperature.

3.6 Define mean effective pressure and comment its application in
internal combustion engines.

3.7 Name the cycles which have the same efficiency of Carnot cycle.
Are these cycles reversible in the sense the Carnot cycle is?

3.8 Draw the Stirling cycle on p-V and T'-s diagrams and show how
the cycle is reversible?

3.9 Derive the expression for Stirling cycle efficiency and show that
the erpression is same as that of Carnot cycle.

3.10 If you include the efficiency of the heat exchanger show how
the expression is modified.

3.11 Draw the p-V and T-s diagram of Ericsson cycle and show how
it is made reversible.

3.12 Compare Carnot, Stirling and Ericsson cycles operating be-
tween the same source and sink temperatures and with equal
changes in specific volume.

3.13 Draw the Otto cycle on p-V and T'-s diagrams mark the various
Processes.

3.14 Derive an expression for the efficiency of Otto cycle and com-
ment on the effect of compression ratio on the efficiency with
respect of ratio of specific heats by means of a suitable graph.

3.15 Obtain an expression for mean effective pressure of an Otto
cycle.

3.16 What is the basic difference between an Otto cycle and Diesel
cycle? Derive the expression for the efficiency and mean effec-
tive pressure of the Diesel cycle.

3.17 Show that the efficiency of the Diesel cycle is lower than that
of Otto cycle for the same compression ratio. Comment why
the higher efficiency of the Otto cycle compared to Diesel cycle
for the same compression ratio is only of a academic interest
and not practical importance.
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3.18 Compare the Otto cycle for the same peak pressure and tem-
perature. [llustrate the cycles on p-V and T-s diagrams.

3.19 Draw the p-V and T-s diagrams of a Dual cycle. Why this

cycle 1s also called limited pressure or mized cycle?

3.20 Derive the expressions for the efficiency and mean effective
pressure of a Dual cycle.

3.21 Compare Otto, Diesel and Dual cycles for the

(i) same compression ratio and heat input
(it) same mazimum pressure and heat input
(iii) same maximum pressure and temperature

(iv) same maxrimum pressure and work output

3.22 Sketch the Lenoir cycle on p-V and T-s diagrams and obtain
an expression for its air-standard efficiency.

3.23 Compare the Otto cycle and Atkinson cycle. Derive the expres-
sion for the efficiency of Atkinson cycle.

3.24 Derive an expression for the air-standard efficiency of the Joule
cycle in terms of
(i) compression ratio

(ii) pressure ratio.
3.25 Where do the following cycles have applications

(i) Otto cycle

(it) Diesel cycle
(ii) Dual cycle
(iv) Stirling cycle

(v) Ericsson cycle
(vi) Atkinson cycle
(vii) Lenoir cycle
(viii) Joule cycle
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3.21

3.22

3.23

3.24

3.25

IC Engines

ideal thermal efficiency. Assume C, = 1.004 kJ/kg K and
C, = 0.717 kJ /kg K. Ans: 41.36%

The cycle of an internal combustion engine with isochoric
heat supply is performed with the compression ratio equal to
8. Find heat supplied to the cycle and the useful work, if
the removed heat is 500 kJ/kg and the working fluid is air.
Ans: (i) 1148.63 kJ /kg (ii) 648.63 kJ /kg

The initial parameters (at the beginning of compression) of
the cycle of an internal combustion engine with isobaric heat
supply are 0.1 MPa and 80 °C. The compression ratio is 16 and
the heat supplied is 850 kJ /kg. Calculate the parameters at the
characteristic points of the cycle and the thermal efficiency, if
the working fluid is air.

Ans: (i) po = 48.5 bar (i) p3 = 48.5 bar
(ili) pg = 2.26 bar (iv) 7T = 1070.1 K
(v) T3 =1916 K (vi) T;=T797.73 K

(vil) 7 = 62.5%

The pressure ratio A = 1.5 in the process of isochoric heat sup-
ply for the cycle of an internal combustion engine with a mixed
supply of heat = 1034 kJ/kg and the compression ratio = 13.
Find the thermal efficiency and temperature at the character-
istic points of the cycle if the initial parameters are 0.09 MPa
and 70 °C and the working substance is air.

Ans: (i) nw = 57.5% (iil) 75 = 9569 K
(iii) 73 =1435.5K (iv) Ty = 2122.86 K
(vi T5 =890 K

The parameters of the initial state of one kilogram of air in
the cycle of an internal combustion engine are 0.095 MPa
and 65 °C. The compression ratio is 11. Compare the
values of the thermal efficiency for isobaric and isochoric
heat supply in amounts of 800 kJ, assuming that £k = 1.4. -

Ans: m, = 55.7%, 1, = 61.7%

Find the thermal efliciency of the cyele of an internal combus-
tion engine with a mixed heat supply, if the minimum tem-
perature of the cycle is 8 °C and the maximum temperature
is 1700 K. The compression ratio is 15 and the pressure ratio
in the process of heat supply is 1.3. The working fluid is air.
Ans: mp = 65.25 %
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150 IC Engines

close to the actual conditions than those used in the air-standard
cycle analysis.

4.2 FUEL-AIR CYCLES AND THEIR SIGNIFICANCE

By air-standard cvcle analysis, it is understood how the efficiency
is improved by increasing the compression ratio. However, analysis
cannot bring out the effect of air-fuel ratio on the thermal efficiency
because the working medium was assumed to be air. In this chap-
ter, the presence of fuel in the cylinder is taken into account and
accordingly the working medium will be a mixture of fuel and air.
By fuel-air cycle analysis it will be possible to bring out the effect of
fuel-air ratio on thermal efficiency and also study how the peak pres-
sures and temperatures during the cycle vary with respect to fuel-air
ratio. In general, influence of many of the engine operating variables
on the pressures and temperatures within the engine cylinder may
be better understood by the examination of the fuel-air cycles. The
fuel-air cycle analysis takes into account the following :

(i) The actual composition of the cylinder gases : The cylinder
gases contains fuel, air, water vapour and residual gas. The
fuel-air ratio changes during the operation of the engine which
changes the relative amounts of CO,, water vapour, etc.

(ii) The variation in the specific heat with temperature : Specific
heats increase with temperature except for mono-atomic gases.
Therefore, the value of v also changes with temperature.

(iii) The effect of dissociation : The fuel and air do not completely
combine chemically at high temperatures (above 1600 K) and
this leads to the presence of CO, Ha, H and O3 at equilibrium
conditions.

(iv) The variation in the number of molecules : The number of
molecules present after combustion depend upon fuel-air ratio
and upon the pressure and temperature after the combustion.

Besides taking the above factors into consideration, the following
assumptions are commonly made :

(i) There is no chemical change in either fuel or air prior to com-
bustion.

(ii) Subsequent to combustion, the charge is always in chemical
equilibrium.
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154 IC Engines

the value of C,, because of variable specific heat, which reduces the
temperature as already explained.

The process, 2'—3' is heat addition with the variation in specific
heat. From 3', if expansion takes place at constant specific heats,
this would result in the process 3'—4" whereas actual expansion due
to variable specific heat will result in 3'—4’ and 4’ is higher than 4”.
The magnitude in the difference between 4’ and 4” is proportional to
the reduction in the value of ~.

Consider the process 3’4"

¥—1
Ty, = Tgr(;g) (4.7)
for the process 3’4’
- va\ K1
Ty = Tgr(a) (4.8)

Reduction in the value of & due to variable specific heat results
in increase of temperature from Ty~ to Ty.

4.5 DISSOCIATION

Dissociation process can be considered as the disintegration of com-
bustion products at high temperature. Dissociation can also be
looked as the reverse process to combustion. During dissociation
the heat is absorbed whereas during combustion the heat is liber-
ated. In IC engines, mainly dissociation of COz into CO arnd O
occurs, whereas there is a very little dissociation of HoO.

The dissociation of COg into CO and Os starts commencing
around 1000 °C and the reaction equation can be written as

COs = 2C0 + 09 + Heat

Similarly, the dissociation of H2O occurs at temperatures above 1300
°C and is written as

HoO += 2Hj + O3 + Heat

The presence of CO and )3 in the gases tends to prevent disso-
ciation of CQOs; this is noticeable in a rich fuel mixture, which, by
producing more CO, suppresses dissociation of CO2. On the other
hand, there is no dissociation in the burnt gases of a lean fuel-air
mixture. This is mainly due to the fact that the temperature pro-
duced is too low for this phenomenon to occur. Hence, the maximum
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158 IC Engines

(1) character of the cycle (due to assumptions)
(ii) equivalence ratio (actual F'/A + stoichiometric F'//A)
(iii) chemical composition of the fuel

Figure 4.5 shows variation of efficiency with mixture strength of
fuel-air cycle relative to that of air cycle showing the gain in efficiency
as the mixture becomes leaner. It is seen from Fig.4.5 that the ef-
ficiency ratio (fuel-air cycle efficiency/air-standard cycle efficiency)
increases as the mixture becomes leaner and leaner tending towards
the air-standard cycle efficiency. It is to be noted that this, trend
exists at all compression ratios.

1.0

S
o0

Efficiency ratio

ot
=

0.2 i j I | I | I
0 04 0.8 1.2 1.6

Equivalence ratio, ¢

Fig. 4.5 Effect of Relative Fuel-Air ratio on Efficiency Ratio

At very low fuel-air ratio the mixture would tend to behave like
a perfect gas with constant specific heat. Cycles with lean to very
lean mixtures tend towards air-standard cycles. In such cycles the
pressure and temperature rises. Some of the chemical reactions in-
volved tend to be more complete as the pressure increases. These
considerations apply to constant-volume as well as constant-pressure
cycles.

The simple air-standard cycle analysis cannot predict the varia-
tion of thermal efficiency with mixture strength since air is assumed
to be the working medium. However, fuel-air cvcle analysis sug-
gests that the thermal efficiency will deteriorate as the mixture sup-
plied to an engine is enriched. This is explained by the increasing
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Fig. 4.9 Variation of Efficiency with Mixture Strength for a Constant

Volume Fuel-Air Cycle

Thermal efficiency

Fig. 4.10 Effect of Mixture Strength on Thermal Efficiency
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Fig. 4.11 Effect of Fuel-Air Ratio on Power
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Exercise

4.1

4.2

4.3

4.4

4.5

4.6

Find the percentage change in the efficiency of an Otto cy-
cle having a compression ratio of 10, if C, decreases by 2%.
Ans: 1.22%

Find the percentage increase in the efficiency of a Diesel cycle
having a compression ratio of 16 and cut-off ratio is 10% of the
swept volume, if C, decreases by 2%. Take C, = 0.717 and
~ = 1.4. Ans: 1.23%

The air-fuel ratio of a Diesel engine is 31:1. If the compression
ratio is 15:1 and the temperature at the end of compression is
1000 K, find at what percentage of stroke is the combustion
complete if the combustion begins at T'DC' and continuous at
constant pressure. Calorific value of the fuel is 40000 kJ/kg.
Assume the variable specific heat, C, = a + bT', where a = |
and b= 0.28 x 1074 Ans: 15.68%

An engine working on the Otto cycle, uses hexane (CgHyy4) as
fuel. The engine works on chemically correct air-fuel ratio and
the compression ratio is 8. Pressure and temperature at the
beginning of compression are 1 bar and 77 “C respectively. If
the calorific value of the fuel is 43000 kJ/kg and C, = 0.717
kJ/kg K, find the maximum temperature and pressure of the
cycle. Assume the compression follows the law pV!3 = c.

Ans: (i) 4343.6 K (ii) 99.28 bar

Find the percentage change in efhciency of a dual cycle having

compression ratio = 16 and cut-off ratio of 10% of swept volume
and if (', increases by 2%. Given % = 1.87; Ans: 0.68%

It is estimated that for air operating in a given engine the -~
decreases by 2% from its original value of 1.4. Find the change
in efficiency. The pressure at the end of compression is 18 bar.

Ans: 4.5%
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Fuels 201

formula. For example, isomerization is used for the conversion
of n-butane into iso-butane for alkylation. Conversion of n-

pentane and n-hexane into isoparaffins to improve knock rating
of highly volatile gasoline is another example.

(vi) Cyclization joins together the ends of a straight chain molecule
to form a ring compound of the naphthene family.

(vii) Aromatization is similar to cyclization, the exception being
that the product is an aromatic compound.

(viil) Reformation is a type of cracking process which is used to con-
vert the low antiknock quality stocks into gasolines of higher
octane rating (see section 6.6). It does not increase the total
gasoline volume.

(ix) Blending is a process of obtaining a product of desired quality
by mixing certain products in some suitable proportion.

6.5 IMPORTANT QUALITIES OF ENGINE FUELS

Fuels used in IC engines should possess certain basic qualities which
are important for the smooth running of the engines. In this sec-
tion, the important qualities of fuels for both SI and CI engines are

reviewed.

6.5.1 Sl Engine Fuels

Gasoline which is mostly used in the present day SI engines is usually
a blend of several low boiling paraffins, naphthenes and aromatics in
varying proportions. Some of the important qualities of gasoline are
discussed below.

(i) Volatility : Volatility is one of the main characteristic proper-
ties of gasoline which determines its suitability for use in an SI
engine. Since gasoline is a mixture of different hydrocarbons,
volatility depends on the fractional composition of the fuel.
The usual practice of measuring the fuel volatility is the distil-
lation of the fuel in a special device at atmospheric pressure and
in the presence of its own vapour. The fraction that boils off at
a dehinite temperature is measured. The characteristic points
are the temperatures at which 10, 40, 50 and 90% of the vol-
ume evaporates as well as the temperature at which boiling of
the fuel terminates. Figure 6.2 shows the fractional distillation
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206 IC Engines

6.6.1 Rating of S| Engine Fuels

Resistance to knocking is an extremely important characteristic of
fuel for spark-ignition engines. These fuels differ widely in their
ability to resist knock depending on their chemical composition. A
satisfactory rating method for comparing the antiknock qualities of
the various fuels has been established. In addition to the chemical
characteristics of hydrocarbons in the fuel, other operating param-
eters such as fuel-air ratio, ignition timing, dilution, engine speed,
shape of the combustion chamber, ambient conditions, compression
ratio etc. affect the tendency to knock in the engine cylinder. There-
fore, in order to determine the knock resistance characteristic of the
fuel, the engine and its operating variables must be fixed at standard
values.

According to a standard practice, the antiknock value of an SI
engine fuel is determined by comparing its antiknock property with
a mixture of two reference fuels, iso-octane (CgH1s) and normal hep-
tane (C7H;5). Iso-octane chemically being a very good antiknock
fuel, is arbitrarily assigned a rating of 100 octane number. Normal
beptane (C7Hjg), on the other hand, has very poor antiknock qual-
ities and is given a rating of 0 octane number. The Octane number
fuel is defined as the percentage, by volume, of iso-octane in a mix-
ture of iso-octane and normal heptane, which exactly matches the
knocking intensity of the fuel in a standard engine under a set of
standard operating conditions.

The addition of certain compounds (e.g. tetraethyl lead) to iso-
octane produces fuels of greater antiknock quality (above 100 octane
number). The antiknock effectiveness of tetraethyl lead, for the same
quantity of lead added, decreases as the total content of lead in the
fuel increases. Furthermore, each octane number at the higher range
of the octane scale will produce greater antiknock effect compared
to the same unit at the lower end of the scale. For instance, octane
number increase from 92 to 93 produce greater antiknock effect than
a similar increase from 32 to 33 octane number. Because of this
non-linear variation, a new scale was derived which expresses the
approximate relative engine performance and the units of this scale
are known as the Performance Numbers, PN. Octane numbers, ON
above 100 can be computed by

28.28A

ON(> 100) = 100 +
( ) 1.0 4+ 0.736A + v/1.0 + 0.736 A — 0.035216 A2

where A is TEL in ml/gal of fuel,
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210 IC Engines

which control the larger oil fields. As of now many alternate fuels
have been used in limited quantities in automobiles. Quite often,
fleet vehicles have been used for testing (e.g., taxies, delivery vans,
utility company trucks). This allows for comparison with similar
gasoline-fuelled vehicles, and simplifies fuelling of these vehicles.

The engines used for alternate fuels are modified engines which
were originally designed for gasoline fuelling. They are, therefore,
not the optimum design for the other fuels. Only when extensive re-
search and development is done over a period of years will maximum
performance and efficiency be realized from these engines. However,
the research and development is difficult to justify until the fuels are
accepted as viable for large numbers of engines.

Some diesel engines have started appearing on the market which
use dual fuel. They use methanol or natural gas and a small amount
of diesel fuel that is injected at the proper time to ignite both fuels.
Most alternate fuels are very costly at present. This is often because
of the quantity used. Many of these fuels will cost much less if
the amount of their usage gets to the same order of magnitude as
gasoline. The cost of manufacturing, distribution, and marketing all
would be less.

Another problem with alternate fuels is the lack of distribution
points (service stations) where the fuel is available to the public.
The public will be reluctant to purchase an automobile unless there
is a large-scale network of service stations available where fuel for
that automobile can be purchased. On the other hand, it is difficult
to justify building a network of these service stations until there are
enough automobiles to make them profitable. Some cities are starting
to make available a few distribution points for some of these fuels,
like propane, natural gas, LPG and methanol. The transfer from
one major fuel type to another will be a slow, costly, and sometimes
painful process. In the following section we will discuss the various
alternate fuels.

7.2 POSSIBLE ALTERNATIVES

Fuels are classified into three forms, viz. solid, liquid and gaseous.
Present day automobiles are using mainly liquid fuels of petroleum
origin. However, some use gaseous fuels like CNG and LPG. It is
interesting to note that during early days even solid fuels like coal,
sharry and charcoal have been tried. In the following sections we will
discuss in detail the various alternate fuels for IC engines. Table 7.1
gives the properties of various fuels.

www.EngineeringEBooksPdf.com



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,
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7.7 GASEOUS FUELS

Gaseous fuels are best suited for IC engines since physical delay is
almost nil. However, as fuel displaces equal amount of air the engines
may have poor volumetric efficiency. There are quite few gaseous
fuels that can be used as alternate fuels. We will discuss them in
details in the following sections.

7.7.1 Hydrogen

A number of automobile manufacturers have built with prototype or
modified engines which operate on hydrogen fuel. The advantages of
hvdrogen as an 1C engine fuel include:

e Low emissions. Essentially no CO or HC in the exhaust as
there is no carbon in the fuel. Most exhaust would be H20O
and Ng.

e Fuel availability. There are a number of different ways of mak-
ing hydrogen, including electrolysis of water.

e Fuel leakage to environment is not a pollutant.

e High energy content per volume when stored as a liquid. This
would give a large vehicle range for a given fuel tank capacity,
but see the following.

The disadvantages of using hydrogen as a fuel include:

e Requirement of heavy, bulky fuel storage both in vehicle and
at the service station. Hydrogen can be stored either as a cryo-
genic liquid or as a compressed gas. If stored as a liquid, it
would have to be kept under pressure at a very low tempera-
ture. This would require a thermally super-insulated fuel tank.
Storing in a gas phase would require a high pressure vessel with
limited capacity.

» Diﬁicult to refuel.

e Poor engine volumetric efficiency. Any time a gaseous fuel is
used in an engine, the fuel will displace some of the inlet air
and poorer volumetric efficiency will result.

e Fuel cost would be high at present-day technology and avail-
ability.
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236 IC Engines

Since modern engines are of high speed tvpe, the time available
for mixture formation is very limited. For example, an engine run-
ning at 3000 rpm has only about 10 milliseconds (ms) for mixture
induction during intake stroke. When the speed becomes 6000 rpm
the time available is only 5 ms. Therefore, in order to have high
quality carburetion (that is mixture with high vapour content) the
velocity of the air stream at the point where the fuel is injected has
to be increased. This is achieved by introducing a venturi section in
the path of the air. The fuel is discharged from the main metering
jet at the minimum cross section of the venturi (called throat).

Other factors which ensure high quality carburetion within a
short period are the presence of highly volatile hydrocarbons in the
fuel. Therefore, suitable evaporation characteristics of the fuel, indi-
cated by its distillation curve, are necessary for efficient carburetion
especially at high engine speeds.

The temperature and pressure of surrounding air has a large in-
fluence on efficient carburetion. Higher atmospheric air temperature
increases the vaporization of fuel (percentage of fuel vapour increases
with increase in mixture temperature) and produces a more homo-
geneous mixture. An increase in atmospheric temperature, however,
lcads to a decrease in power output of the engine when the air-fuel
ratio is constant due to reduced mass flow into the cylinder or, in
other words, reduced volumetric efficiency.

The design of the carburetor, the intake system and the com-
bustion chamber have considerable influence on uniform distribution
of mixture to the various cylinders of the engine. Proper design of
carburetor elements alone ensures the supply of desired composition
of the mixture under different operating conditions of the engine.

8.4 AIR-FUEL MIXTURES

An engine is generally operated at different loads and speeds. For
this, proper air-fuel mixture should be supplied to the engine cylin-
der. Fuel and air are mixed to form three different types of mixtures.

(i) chemically correct mixture
(ii) rich mixture and

(iii) lean mixture

Chemically correct or stoichiometric mixture is one in which there
is just enough air for complete combustion of the fuel. For example,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



246 IC Engines

less or more. As the throttle opening is varied, the air flow varies
and creates a certain pressure differential between the float chamber
and the venturi throat. The same pressure differential regulates the
flow of fuel through the nozzle. Therefore, the velocity of flow of air
and fuel vary in a similar manner. At the same time, the density
of air decreases as the pressure at the venturi throat decreases with
increasing air flow whereas that of the fuel remains unchanged. This
results in a simple carburetor producing a progressively rich mixture
with increasing throttle opening. The mathematical analysis of the
performance of a simple carburetor is given in the next section.

8.9 CALCULATION OF THE AIR-FUEL RATIO

A simple carburetor with the tip of the fuel nozzle h metres above the
fuel level in the float chamber is shown in Fig.8.7. It may be noted
that the density of air is not the same at the inlet to the carburetor
(section A-A, point 1) and the venturi throat (section B-B, point 2).
The calculation of exact air mass flow involves taking this change in
density or compressibility of air into account.

Applying the steady flow energy equation to sections A-A and
B-B and assuming unit mass flow of air, we have,

1
a—w = (ha—h)+5(C3-C}) (8.1)

Here g, w are the heat and work transfers from entrance to throat
and h and C stand for enthalpy and velocity respectively.

Assuming an adiabatic flow, we get ¢ = 0, w = 0 and ' = 0,

Co = /2(h1 — ho) (8.2)

Assuming air to behave like ideal gas, we get h = C,,T". Hence, Eq.8.2
can be written as,

C: = /2C,(Th - T») (8.3)

As the flow process from inlet to the venturi throat can be considered
to be isentropic, we have

Ts B (pg)(li_l) (8.4)
T \m |
! N (=)
T ~Th = N 1—(1}—2) (8.5)
1
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250 IC Engines

The calibrated jets have a stamped number which gives the flow in
ml/min under a head of 500 mm of pure benzol.

For a venturi of 30 to 35 mm size (having a jet size which is one
sixteenth of venturi size) the pressure difference (p;y — p2) is about
50 mm of Hg. The velocity at throat is about 90 - 100 m/s and the
coefficient of discharge for venturi C'y, is usually 0.85.

8.10 ESSENTIAL PARTS OF A CARBURETOR

A carburetor consists essentially of the following parts, viz.

(1) fuel strainer
(ii) float chamber
(iii) main fuel metering and idling nozzles

(iv) choke and throttle

The various parts mentioned above are discussed briefly in the fol-
lowing section.

8.10.1 The Fuel Strainer

As the gasoline has to pass through a narrow nozzle exit there is
every possibility that the nozzle may get clogged during prolonged
operation of the engine. To prevent possible blockage of the nozzle
by dust particles, the gasoline is filtered by installing a fuel strainer
at the inlet to the float chamber (Fig.8.8). The strainer consists of
a fine wire mesh or other type of filtering device, cone shaped or
cylindrical shaped. The strainer is usually removable so that it can
be taken out and cleaned thoroughly. It is retained in its seat by a
strainer plug or a compression spring.

8.10.2 The Float Chamber

The function of a float chamber in a carburetor is to supply the fuel
to the nozzle at a constant pressure head. This is possible by main-
taining a constant level of the fuel in the float bowl. The float in a
carburetor is designed to control the level of fuel in the float cham-
ber. This fuel level must be maintained slightly below the discharge
nozzle outlet holes in order to provide the correct amount of fuel flow
and to prevent leakage of fuel from the nozzle when the engine is not
operating. The arrangement of a float mechanism in relation to the
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254 IC Engines

increases and the cruising range of operation is established. The
desired fuel-air ratio for idling can be regulated by idling adjustment
shown in Fig.8.10.

Hot Idling Compensator- Some modern automobiles have this
system in the carburetor unit. Under certain extremely hot operat-
ing conditions (with increased engine room temperature and also a
high carburetor body temperature) there is a tendency for the idling
mixture to become too rich. This causes idling instability. The
hot idling compensator system (HIC) incorporates bi-metallic valve
which admits air directly into the manifold in correct quantity when
needed. Thus the mixture richness is adjusted and stable idling is
ensured.

8.10.4 The Choke and the Throttle

When the vehicle is kept stationary for a long period during cool
winter seasons, may be overnight, starting becomes more difficult. As
already explained, at low cranking speeds and intake temperatures
a very rich mixture is required to initiate combustion. Some times
air-fuel ratio as rich as 9:1 is required. The main reason is that very
I: rge fraction of the fuel may remain as liquid suspended in air even
in the cylinder. For initiating combustion, fuel-vapour and air in the
form of mixture at a ratio that can sustain combustion is required.
It may be noted that at very low temperature vapour fraction of the
fuel is also very small and this forms combustible mixture to initiate
combustion. Hence, a very rick mixture must be supplied. The most
popular method of providing such mixture is by the use of choke
valve. This is simple butterfly valve located between the entrance to
the carburetor and the venturi throat as shown in Fig.8.11. When
the choke is partly closed, large pressure drop occurs at the venturi
throat that would normally result from the quantity of air passing
through the venturi throat. The very large depression at the throat
inducts large amount of fuel from the main nozzle and provides a
very rich mixture so that the ratio of the evaporated fuel to air in
the cylinder is within the combustible limits. Sometimes, the choke
valves are spring loaded to ensure that large carburetor depression
and excessive choking does not persist after the engine has started,
and reached a desired speed. This choke can be made to operate
automatically by means of a thermostat so that the choke is closed
when engine is cold and goes out of operation when engine warms up
after starting. The speed and the output of an engine is controlled
by the use of the throttle valve, which is located on the downstream
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264 IC Engines

the throttle valve. The plunger moves into the cylinder and forces
an additional jet of fuel at the venturi throat. When the throttle is
partly open, the spring sets the plunger back. There is also an ar-
rangement which ensures that fuel in the pump cylinder is not forced
through the jet when valve is slowly opened or leaks past the plunger
or some holes into the floai chamber.

Alr
#l""
Separate \
accelerating jet S )

j § ‘

Nt A
Venturi % bnll | Ezzzz-z-z=:
N - b

Throttle ——r/
b

Fuel-air mixture

Fig. 8.19 Acceleration Pump System

Mechanical linkage system, in some carburetor, is substituted by
an arrangement where by the pump plunger is held up by manifold
vacuum. When this vacuum is decreased by rapid opening of the
throttle, a spring forces the plunger down pumping the fuel through
the jet.

8.12.4 Economizer or Power Enrichment System

At the maximum power range of operation from 80% to 100% load,
richer air-fuel ratio of about 12 to 14 is required and at the maximum
power, an air-fuel ratio of approximately 12 ie expected. An econo-
mizer is a valve which remains closed at normal criise operation and
gets opened to supply rich mixture at full throttle operation. It reg-
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Mechanical Injection Systems 301

Table 9.1 Comparison of Various Fuel-Injection Systems

Air Solid injection system
Job injection Individual | Common | Distributor
system pump rail

Metering Pump Pump Injection | Pump
valve

Timing Fuel cam Pump cam | Fuel cam | Fuel cam

Injection Spray valve | Pump cam | Spray Fuel cam

rate valve

Atomization | Spray valve | Spray tip | Spray tip | Spray tip

Distribution | Spray valve | Spray tip | Spray tip | Spray tip

9.4 FUEL FEED PUMP

A schematic sketch of fuel feed pump is shown in Fig.9.4. It is of
spring loaded plunger type. The plunger is actuated through a push
rod from the cam shaft.

N
i:1;

| 7 E=

E ;m:tiﬂn i \
/ N

& N

Fig. 9.4 Schematic Diagram of Fuel Feed Pump

At the minimum lift position of the cam the spring force on the
plunger creates a suction which causes fuel flow from the main tank
into the pump. When the cam is turned to its maximum lift posi-
tion, the plunger is lifted upwards. At the same time the inlet valve
is closed and the fuel is forced through the outlet valve. When the
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11

IGNITION

11.1 INTRODUCTION

In spark-ignition engines, as compression ratio is lower, and the self-
ignition temperature of gasoline is higher, for igniting the mixture
for the initiation of combustion an ignition system is a must.

The electrical discharge produced between the two electrodes of
a spark plug by the ignition system starts the combustion process in
a spark-ignition engine. This takes place close to the end of the com-
pression stroke. The high temperature plasma kernel created by the
spark, develops into a self sustaining and propagating flame front. In
this thin reaction sheet certain exothermic chemical reactions occur.
The function of the ignition system is to initiate this flame propaga-
tion process. It must be noted that the spark is to be produced in
a repeatable manner viz., cycle-by-cycle, over the full range of load
and speed of the engine at the appropriate moment in the engine
cycle.

By implication, ignition is merely a prerequisite for combustion.
Therefore, the study of ignition is a must to understand the phe-
nomenon of combustion so that a criterion may be established to
decide whether ignition has occurred. Although the ignition process
is intimately connected with the initiation of combustion, it is not
associated with the gross behaviour of combustion. Instead, it is a
local small-scale phenomenon that takes place within a small zone in
the combustion chamber.

In terms of its simplest definition, ignition has no degree, in-
tensively or extensively. Either the combustion of the medium is
initiated or it is not. Therefore, it is reasonable to consider ignition
from the standpoint of the beginning of the combustion process that
1t 1nitiates.
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390 IC Engines

is caused by heat transfer and diffusion of burning fuel molecules
from the combustion zone to the adjacent layers of unburnt mixture.
The flame front is a narrow zone separating the fresh mixture from
the combustion products. The velocity with which the flame front
moves, with respect to the unburned mixture in a direction normal
to its surface is called the normal flame velocity.

In a homogeneous mixture with an equivalence ratio, ¢, (the ratio
of the actual fuel-air ratio to the stoichiometric fuel-air ratio) close to
1.0, the flame speed is normally of the order of 40 cm/s. However, in
a spark-ignition engine the maximum flame speed is obtained when
¢ is between 1.1 and 1.2, i.e., when the mixture is slightly richer than
stoichiometric.

If the equivalence ratio is outside this range the flame speed drops
rapidly to a low value. When the flame speed drops to a very low
value, the heat loss from the combustion zone becomes equal to the
amount of heat-release due to combustion and the flame gets extin-
guished. Therefore, it is quite preferable to operate the engine within
an equivalence ratio of 1.1 to 1.2 for proper combustion. However, by
introducing turbulence and incorporating proper air movement, the
flame speed can be increased in mixtures outside the above range.

12.3 HETEROGENEOUS MIXTURE

In a heterogeneous gas mixture, the rate of combustion is determined
by the velocity of mutual diffusion of fuel vapours and air and the
rate of chemical reaction is of minor importance. Self-ignition or
spontaneous ignition of fuel-air mixture, at the high temperature
developed due to higher compression ratios, is of primary importance
in determining the combustion characteristics.

When the mixture is heterogeneous the combustion can take place
in an overall lean mixture since, there are always local zones where ¢
varies between 1.0 and 1.2 corresponding to maximum rate of chemi-
cal reaction. Ignition starts in this zone and the flame produced helps
to burn the fuel in the adjoining zones where the mixture is leaner.
Similarly, in the zones where the mixture is rich the combustion oc-
curs because of the high temperature produced due to combustion
initiated in the zones where ¢ is 1.0 to 1.2.

A comprehensive study of combustion in both spark-ignition and
compression-ignition engines is given in the following sections.
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402 IC Engines

knock. These are the temperature, pressure, density of the unburned
charge and the time factors. Since, the effect of temperature, pressure
and density are closely interrelated, these three are consolidated into
one group and the time factors into another group.

12.11.1 Density Factors

Any factor in the design or operation of an engine which tends to re-
duce the temperature of the unburned charge should reduce the pos-
sibility of knocking by reducing the temperature of the end charge for
autoignition. Similarly, any factor which reduces the density of the
charge tends to reduce knocking by providing lower energy release.
Further, the effect of the following parameters which are directly or
indirectly connected with temperature, pressure and density factors
on the possibility of knocking is discussed below.

Compression Ratio: Compression ratio of an engine is an impor-
tant factor which determines both the pressure and temperature at
the beginning of the combustion process. Increase in compression
ratio increases the pressure and temperature of the gases at the end
of the compression stroke. This decreases the ignition lag of the end
gas and thereby increasing the tendency for knocking. The overall
increase in the density of the charge due to higher compression ratio
increases the preflame reactions in the end charge thereby increasing
the knocking tendency of the engine. The increase in the knocking
tendency of the engine with increasing compression ratio is the main
reason for limiting the compression ratio to a lower value.

Mass of Inducted Charge: A reduction in the mass of the in-
ducted charge into the cylinder of an engine by throttling or by re-
ducing the amount of supercharging reduces both temperature and
density of the charge at the time of ignition. This decreases the
tendency of knocking.

Inlet Temperature of the Mixture: Increase in the inlet tem-
perature of the mixture makes the compression temperature higher
thereby, increasing the tendency of knocking. Further, volumetric
efficiency will be lowered. Hence, a lower inlet temperature is always
preferable to reduce knocking. It is important that the temperature
should not be so low as to cause starting and vaporization problems
in the engine.

Temperature of the Combustion Chamber Walls: Temper-
ature of the combustion chamber walls play a predominant role in

knocking. In order to prevent knocking the hot spots in the combus-
tion chamber should be avoided. Since, the spark plug and exhaust
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Measurements and Testing 567

16.6.1 Air Box Method

The orifice method can be used if pressure pulsations could be damped
out by some means. The usual method of damping out pulsations is
to fit an air box of suitable volume (500 to 600 times the swept vol-
ume in single cylinder engines and less in the case of multi-cylinder
engines) to the engine with an orifice placed in the side of the box
remote from the engine (Fig.16.19).

Thermometer
Orifice plate Alr tank
l 'l_‘ 1L
AH Intake
%’5’ | ][
Manometer
Engine

Fig. 16.19 Measurement of Air by Air Box Method

16.6.2 Viscous-Flow Air Meter

The use (Fig.16.20) of viscous flow airmeter gives accurate reading for
pulsating flows. This meter uses an element where viscous resistance
is the principal source of pressure loss and kinetic effects are small.
This gives a linear relationship between pressure difference and flow
instead of a square-law. From this it follows that a true mean-flow
indication is obtained under pulsating flow conditions.

- The viscous element is in the form of a honeycomb passage (a very
large number of passages, Reynolds number being less than 200). The
passages are triangular of the size approximately 0.5 x 0.5 x 75 mm.
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592 IC Engines

displacement volume, Vj, gives the same indicated net work as is
actuallv produced with the varying pressures.

pim X (V1 — V3) = Net work of cycle (17.3)
Net work of cycle

: = 17.4

Pim Vi =V, (17.4)

_ Area of the indicator diagram (17.5)

Length of the indicator diagram

On an actual engine, the p-V diagram (called the indicator diagram)
is obtained by a mechanical or electrical instrument attached to the
cylinder. The area enclosed by the actual cycle on the indicator card
may be measured by a planimeter. The value of the area measured,
when divided by the piston displacement, results in the mean ordi-
nate, or indicated mean effective pressure, p;,,.

17.2.2 Indicated Power (ip)

Power is defined as the rate of doing work. In the analysis of cycles
the net work is expressed in kJ/kg of air. This may be converted
to power by multiplying by the mass flow rate of air through the
engine in kg per unit time. Since, the net work obtained from the
p-V diagram is the net work produced in the cylinder as measured by
an indicator diagram, the power based there on is termed indicated
power, ip.

ip = 1, X net work (17.6)

where 1, is in kg/s, network is in kJ/kg of air and ip is in kW.

In working with actual engines, it is often desirable to compute
ip from a given p;, and given engine operating conditions. The
necessary formula may be developed from the equation of net work
based on the mean effective pressure and piston displacement. From

Eq.17.3,

Pim l'{s (177)

Indicated net work/cycle

By definition,

Indicated net work x cycles/s

pimvsﬂK
1000 x 60

Pim LAHK
60000

www.EngineeringEBooksPdf.com

Indicated power

ip

kW (17.8)
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Performance Parameters and Characteristics 599

17.3.7 Charge Efficiency

The charge efficiency shows how well the piston displacement of a
four-stroke engine is utilized. Various factors affecting charge efhi-
clency are:

(i) the compression ratio.

(i1) the amount of heat picked up during passage of the charge
through intake manifold.

(iii) the valve timing of the engine.

(iv) the resistance offered to air-fuel charge during its passage
through induction manifold.

17.3.8 Combustion Efficiency

Combustion efficiency is the ratio of heat liberated to the theoreti-
cal heat in the fuel. The amount of heat liberated is less than the
theoretical value because of incomplete combustion either due to dis-
sociation or due to lack of available oxygen. Combustion efficiency
in a well adjusted engine varies from 92% to 97%.

17.4 ENGINE PERFORMANCE CHARACTERISTICS

Engine performance characteristics are a convenient graphical pre-
sentation of an engine performance. They are constructed from the
data obtained during actual test runs of the engine and are particu-
larly useful in comparing the performance of one engine with that of
another. In this section some of the important performance charac-
teristics of the SI engines are discussed.

It is to be noted that there is a certain speed, within the speed
range of a particular engine, at which the charge inducted per cylin-
der per cycle will be the maximum. At this point, the maximum force
can therefore be exerted on the piston. For all practical purposes,
the torque, or engine capacity to do work, will also be maximum
at this point. Thus, there is a particular engine speed at which the
charge per cylinder per cycle is a maximum, and at approximately
this same speed, the torque of the engine will be a maximum.

As the speed of the engine is increased above this speed the quan-
tity of the indicated charge will decrease. However, the power output
of the engine increases with speed due to more number of cycles are
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18

ENGINE ELECTRONICS

18.1 INTRODUCTION

Engine development has become a challenge mainly because the user
expects improved performance levels with reduced fuel consumption.
Further, environmental considerations necessitate to adopt the use
of methods which lower emissions. Achieving the twin goal of low
emissions with good performance and drivability is a difficult task.
It is in this context that electronic engine management has gained
importance. The principal aims of an engine developer is to achieve:

(i) High reliability and durability with lowest possible initial cost
(ii) High power output and torque
(iii) Low levels of gaseous and particulate emissions

)

(iv) Low fuel consumption

(v) Low noise levels and vibrations

Over the years lot of developments in electrunics have taken place.
Therefore, in gasoline engines control of the following parameters is
easily monitored by using sensors and actuators linked to a electronic
control module. The important parameters that can be controlled
are:

(i) Air-fuel ratio
(ii) Mixture distribution between cylinders

(iii) Ignition timing
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Supercharging 731

J

A
-"-l-._____‘-h‘
sl

based on intake manifold pressure and temperature. The other
details about the engine are: bp is 50 kW, speed is 3000 rpm

| m T 300k

and mechanical efficiency n,, is 85%.

Determine

(i) imep of the engine

(ii) air consumption rate of the engine

(iii) the air handling capacity of the compressor in kg/min.

Take isentropic efficiency the compressor to be 85%.

Solution
ip
ip per cylinder

tmep

Swépt volume

I

LAn

14.7 x 60000
0.1 x § x 0.12 x

s
so00 < 10
5

7.49 bar

EDEL _ g x 0.12 x 0.1

7.85 x 1074 m3

Ans

1.
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