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volumetric efficiency

crank angle [Chp.12]
specific absorbance per particle [Chp.16]

wave length [Chp.16]
excess air factor [Chp. 20]’
kinematic viscosity of gases
dynamic viscosity

density

density of fuel

equivalence ratio

magnetic field strength
angular velocity
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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 another
form. However, while transforming energy from one form to another, the
efficiency of conversion plays an important role. Normally, 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)

1.1.3 Classification and Some Basic Details of Heat Engines

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

(i) Rotary engines
(ii) Reciprocating eng!ines'

A detailed classification of heat engines is given in Fig.1.1. Of the vari-

“ous types of heat engines, the most widely used ones are the reciprocating

internal combustion engine, the gas turbine and the steam turbine. The
steam engine is rarely used nowadays. The reciprocating internal com-
bustion 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 Reciprocating Rotary
Open Wankel GEa;l;ll:;e Dieael Steam  Stirling  Steam Closed
Cycle Engine & Engine Engine Engine Turbine  Cycle
Gas {zas
Turbine Turbine

Fig. 1.1 Classification of Heat Engines

Another advantage of the reciprocating internal combustion engine over
the other two types is that all its components work at an average temper-
atire which is much below the maximum temperature of the working fluid
in the cycle. This is because the high temperature of the working fluid in
the cycle persists only for a very small fraction of the cycle time. Theretore,
very 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 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. Ounly liquid or gaseous fuels of given spec-
ification can be efficiently used. These fuels are relatively more expensive.

Considering all the above factors the reciprocating internal combustion
engines have been found suitable for use in automobiles, motor-cycles and
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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 combustion takes
place within the engine. For example, in a steam engine or a steam turbine,
the heat generated due to the combustion of fuel is employed to generate
high pressure steam which is used as the working fluid in a reciprocating
engine or a fturbine.

In case of gasoline or diesel engines, the products of combustion gener-
ated by the combustion of fuel and air within the cylinder form the working
Auid.

1.2 BASIC ENGINE COMPONENTS AND NOMENCLATURE

Even though reciprocating internal combustion engines look quite sim-
ple, they are highly complex machines. There are hundreds of compo-
nents which have to perform their functions satisfactorily to produce out-
put power. There are two types of engines, viz., spark-ignition {(5I) and
compression-ignition (CI) engine . Let us now go through the important
engine components and the nomenclature associated with an engine.

1.2.1 Engine Components

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

Cylinder Block : The cylinder block is the main supporting structure
for the various components. The cylinder of a multicylinder engine are cast
as a single unit, called cylinder block. The cylinder head is mounted on
the cylinder block. The cylinder head and cylinder block are provided with
water jackets in the case of water cooling or with cooling fins in the case
of air cooling. Cylinder head gasket is incorporated between the eylinder
block and cylinder head. The cylinder head is held tight to the ¢ylinder
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
cylindrical 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 forming
the moving boundary of the combustion system. It fits perfectly (snugly)
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6 IC Engines
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Fig. 1.3 Top and Bottom Dead Centres

They are: -

(i) Top Dead Centre (ii) Bottom Dead Centre

(i) Top Dead Centre (T DC) : 1t 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 BD( for vertical
engines and Outer Dead Centre (ODC) for horizontal engines.

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
‘ T
If; =AXxX L = Ed L (11)

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 = V, x K

Clearance Volume {V) : The nominal volume of the combustion cham-
ber 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, Vr, to the clearance volume, Vg.
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It is designated by the letter r.
Ve +V, . Vs

Vr
= V_c: = 7 1+ V_G ‘ (1.2)

- T

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. Ewven though both engines have much in cominon 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-ignition Engine

In a four-stroke engine, the cycle of operations is completed in four strokes
of the piston or two revolutions of the crankshaft. During the four strokes,
there are five events to be completed, viz., suction, compression, combus-
tion, expansion and exhaust. Each stroke consists of 180° of crankshaft
rotation and hence a four-stroke cycle is completed through 720° of crank
rotation. The cycle of operation for an ideal four-stroke SI engine consists
of the following four strokes : (i) suction or intake stroke; (ii) compression
stroke; (iii) expansion or power stroke and (iv) exhaust stroke.

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.
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(a) Intake (b) Compression {c) Expansion (d) Exhaust

Fig. 1.4 Working Principle of a Four-Stroke $1 Engine

]
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8 IC Engines

(i)

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 exhaust 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 mix-
ture 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 cylinder during the
suction stroke is compressed by the return stroke of the piston 1—2,
(Fig.1.5). During this stroke both inlet and exhaust valves are in
closed position, Fig.1.4(b). The mixture which fills the entire cylin-
der 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 pres-
sure at the end of the combustion process is considerably increased
due to the heat release from the fuel.

Expansion or Power Stroke : The high pressure of the burnt gases
forces the piston towards the BDC, {stroke 3—4) Fig.1.5. Both the
valves are in closed position, Fig.1.4(c}). Of the four-strokes only
during this stroke power is produced. Both pressure and temperature
decrease during expansion.
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Fig. 1.5 Ideal p-V Diagram of a Four-Stroke SI Engine

(iv) Exhaust Stroke: At the end of the expansion stroke the exhaust 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

wWRbredyetigieehg.net

reaches TDC. at the end of the exhaust stroke and some residual
gases trapped in the clearance volume remain in the cylinder.

These residual gases mix with the fresh charge coming in during the
following cycle, forming its wc;rkn}g fluid. Each cylinder of a four-
stroke engine completes the above four operations 1n two engine rev-
clutions, one revolution of the crankshaft occcurs during the suction
and compression strokes and the second revolution during the power
and exhaust strokes. Thus for one complete cycle there is only one
power stroke while the crankshaft turns by two revolutions. For get-
ting higher output from the engine the heat release (process 2—3)
should be as high a5 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-ignition 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 as shown
in Fig.1.6 is as follows:

w J:'BJ;EV IVJ_‘!'_LEV IVJ_‘S_LEV IVJ—LH- J-—EV
) T

NEsn il ]

(a) Suction (b) Compression  (c} Expansion (d) Exhaust

Fig. 1.6 Cycle of Operation of a CI Engine
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10 IC Engines

(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).

(ii) C‘umpressjoﬂ Stroke : Air inducted during the suction stroke 1s com-
pressed into the clearance volume. Both valves remain closed during

this stroke, Fig.1.6(b).

(iii) Expansion Stroke : Fuel injection starts nearly at the end of t:he |
compression stroke., The rate of injection is such that CDIﬂbl.lStl'f]ﬂ
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
(Le. after cut-off) the products of combustion expand. Both the

valves remain closed during the expansion stroke, Fig.1.6(c).

(iv) Exhaust Stroke : The piston travelling from BDC to T DC pushes
out the products of combustion. The exhaust valve is open and the
intake valve is closed during this stroke, Fig.1.6(d). The ideal p-V

diagram is shown in Fig.1.7.

w3
I |
™
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Y

Fig. 1.7 Ideal p-V Diagram for a Four-Stroke CI Engine

. 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 therlma,l
efficiency on account of the high compression ratio (of about 18 as agalnst

about 8 in SI engines) used.

1.3.3 Comparison of S! and Cl Engines

In four-stroke engines, there is one power stroke for every two revolutions
of the crankshaft. There are two non-productive strokes of exhaust and
suction which are necessary for flushing the products of combustion from
the ¢ylinder and filling it with the fresh charge. If this purpose could be
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served by an alternative arrangement, without the movement of the piston,
it 1s 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 crankshaft.

Since both SI and CI engines have much in common, it is worthwhile to
compare them based on important parameters like basic cycle 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 suction and
exhaust could be served by an alternative arrangement, especlally without
the movement of the piston then there will be a power stroke for each
revolution of the crankshaft. In such an arrangement, theoretically the
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 en-
gines is in the method of filling the fresh charge and removing the burnt
gases from the cylinder. In the four-stroke engine these operations are
performed by the engine piston during the suction and exhaust strokes re-
spectively. In a two-stroke engine, the filling process is accomplished by
the charge compressed in crankcase or by a blower. The induction of the
compressed charge moves out the product of combustion through exhaust
ports. Therefore, no piston strokes are required for these two operations.
Two strokes are sufficient to complete the cycle, one for compressing the
fresh charge and the other for expansion or power stroke.

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 {5 inducted into the crankcase through
the spring loaded inlet valve when the pressure in the crankecase is reduced
due to upward motion of the piston during compression stroke. After the
compression and ignition, expansion takes place in the usual way.

During the expansion stroke the charge in the crankcase is compressed.
Near the end of the expansion stroke, the piston uncovers the exhaust ports
and the cylinder pressure drops to atmospheric pressure as the combustion
products leave the cylinder. Further movement of the piston uncovers the
transfer ports, permitting the slightly compressed charge in the crankcase
to enter the engine cylinder. The top of the piston has usually a projection
to deflect the fresh charge towards the top of the cylinder before Aowing 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 piston from
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Fig. 1.9 Ideal Indicator Diagram of a Two-Stroke SI Engine

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 1s 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 cil 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 temperature. 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 constraints

in their operation. The indicator diagram also differs considerably 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 ther-
modynamic cycle of operation, type of fuel used, method of charging the

|

T
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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 moment
is not so uniform and hence a heavier
flywheel is needed.

Apain, because of one power stroke for
two revolutions, power produced 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 lubrica-
tion requirements. Lower rate of wear
and tear.

Four-stroke engines have valves and
valve actuating mechanisms for open-
ing and closing of the intake and ex-
haust valves.

Because of comparatively higher
weight and complicated valve mecha-
nism, 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, tractors,

industrial engines, aeroplanes, power
generation etc.

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

Because of the above, turning moment
is more uniform and hence a lighter
flywheel can be used.

Because of one power stroke for every
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 lubr-
cation requirements. Higher rate of
wear and tear.

Two-stroke engines have no valves but
only ports (some two-stroke engines

are fitted with conventional exhaust
valve or reed valve).

Because of light weight and simplicity
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, motorcycles, hand
sprayers etc.
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16 IC Engines

0-1 Suction and scavenging 0-1 Suction

3 1-2 Compression 1-2 Compression
2-3 Heat addition 2-3 Heat addition
3-4 Expansion 3-4 Expansion
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(2) (b)

Fig. 1.10 Actual Indicator Diagrams of a Two-Stroke and Four-Stroke SI
Engine

cylinder, type of ignition, type of cooling and the cylinder arrangement etc.
Details are given in Fig.1.11.

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 engine. It
is also called a Spark-Ignition engine, SI engine or Gasoline engine .

(ii) Constant-pressure heat addition cycle engine or Diesel cycle engine.
Tt 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 classifted 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 inte the cylinder 1n 1ts
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.

www.EasyEngineering.net
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IC Engines |
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Fig. 1.11 Classification of Internal Combustion Engines
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18 IC Engines

The gas is mixed with air and the mixture is infroduced into the.
cylinder during the suction process. Working of this type of engine 1s
similar fo 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 en-
gine in a separate gas producer and the engine works as a gas engine.

(iv) Engines using viscous (low volatility at normal atmospheric temper-
atures) 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 compressed 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 combustion space near the end of the

compression stroke {dual-fuel engines).

1.5.3 Method of Charging

According to the method of charging, the engines are classified as

(i) Naturally aspirated engines : Admission of air or fuel-air mixture 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 voltage 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
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.

(ii) magneto ignition system.

e S p—— i ——— — = -r
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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 (i) water-cooled engine

1.5.6 Cylinder Arrangements

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

(i) Cylinder How : 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 ot various cylinder arrangements are shown in Fig.1.12.

In-line Engine : The in-line engine is an engine with one cylinder bank,
Le. all cylinders are arranged linearly, and transmit power to a single
crankshaft. This type is quite common with automobile engines. 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.

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 crankshalft, 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 arrange-
ment, 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.

Radial Engine : Radial engine is one where more than two cylinders in
each row are equally spaced around the crankshaft. The radial arrangement
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T
F N
( L}-' ()
In-line U-cylinder V-type
X-type Radial H-type
N
= (AR
— |
Opposed cylinder Opposed piston
-
Delta type

Fig. 1.12 Engine Classification by Cylinder Arrangements

of cylinders is most commonly used n conventional air-cooled aircraft en-
gines where 3, 5, 7 or 9 cylinders may be used in one ba.rflk a.ndltwn to four
banks of cylinders may be used. The odd number of C}"lllIldEI'E 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 .Df V'’ type. It has four
banks of cylinders attached to a single crankshaft. |
‘H’ Type Engine : The ‘B’ type is essentially two ‘Opposed cylinder
type utilizing two separate but interconnected crankshafts. |

‘U’ Type Engine : The ‘U’ type 15 a variation of opposed piston ar-

" rangement.

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 utillize the
4n-line’ and ‘V’ type configuration or arrangement. The ‘radial’ engine was

*
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Table 1.3 Application of Engines

IC Engine . EC Engine
Type Application Type Application
\
GGasoline engines  Automotive, Ma- Steam Engines Locomotives,
rine, Aircraft Marine
Gas engines Industrial power  Stirling Engines Experimental
Space Vehicles
Diesel engines Automotive, Steam Turbines Power, Large
Railways, Marine
Power Marine
(Gas turbines Power, Aircraft, Close Cycle Gas Power, Marine
Industrial, Turbine
Marine

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 applica-
tions 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 applications
a little higher fuel consumption is acceptable. The smallest engines are
used in mopeds {50 cc engine} and lawn mowers. Scooters and motor cy-
cles, the commonly used two wheeler transport, have generally 100-150 cc,
two-stroke gasoline engines developing a maximum brake power of about
o kW at 5500 rpm. High powered motor cyeles 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 specific 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. '
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22 IC Engines

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_. Nurdbe.rg,
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-siroke gasoline enginesl 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 ha.ve_ 6 or _8
cylinder engines with a power output upto 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 prac-
tically replaced by diesel engines. The four-stroke gasoline engine:s hs:we
also been used in big motor cycles with side cars. Another apphcatm.n
of four-stroke gasoline engi'ne is in small pumping sets and mobile electric
generating sets.

Small aircraft generally use radial four-stroke gasn]jne engines. Engines
having maximum power output from 400 kW to 4000 kW have been used
in aircraft. An example is the Bristol Contours 57, 13 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 machinery, air
compressors, drilling rigs and many miscellaneous applications. iI‘ractnrs for
agricultural application use about 30 kW diesel engines whereas jeeps, bl:lses
and trucks use 40 to 100 kW diesel engines. Gererally, 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. I"vi&-
rine applications, from fishing vessels to ocean going ships use diesel engines
from 100 to 35000 kW. Diesel engines are used both for mobile and station-
ary electric generating plants of varying capacities. Cnmpared to gasoline
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engines, diesel engines are more efficient and therefore manufacturers have
come out with diesel engines in personal transportation. However, the vi-

brations 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 performance

parameters. Figure 1.13 shows the energy flow through the reciprocating
engine and Fig.1.14 shows its block diagram as an open system.

l— (1) Energy in fuel

(2) Energy losses -~ Indicated energy or
(exhaust, coolant, l network, ip [(1)-(2)]
radiation) M= — — =
; \
| \
|' \
| \
(3) Energy losses | 1_
(friction, pumping, | C |
unaccounted) | { Useful | bp
| T L | cneigy, bp ] o “
| | [()-@-030¢
e I

rankshaft I
L

/ |
!i'
/:/ : 7 Work out

Engine
M N _ (Y Exhaus
| L | I
\x _l_ _______ \ !
0, 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.
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i: . f 15 nn’h =

| Therefore, there must be an energy balance of input and nut;tut to o system. g E
In the reciprocating internal cnmbusltiun. engine tl_m fuel is fed into thi E E n bp

: | combustion chamber where it burns in air converting chemical energy o ~ £ .2 bn =

| the fuel into heat. The liberated heat energy cannot be: totally utilized for < 8 S _

- driving the piston as there are losses through the engine exhaust, to the E QB n, =P
coolant and due to radiation. The heat energy which s f:umr?ted to power 5 E E m =
at this stage is called the indicated power, 1p and it is utﬂlz'ed to drive - e l
the piston. The energy represented by the gas fﬂICES_Dﬂ the P_I_St'?ﬂ PHESES -l y H oo
through the connecting rod t'n the. cr'anksha.ft. '111 this tra.nsm;sslg:&ldjct_ere EB Energy losses in friction,
are Energy losses due 1o bEEl-l'lﬂ.g ﬁ']ﬂ.t]:ﬂn: Pumplng losses Et'c'. _]1 i %\Dﬂ, E pumpmg, etc.
a part of the energy available Is utilized in driving the auxiliary devices 5 T

like feed pump, valve mechanisms, ignition systems etc. The sum of all
these losses, expressed in units of power 1s termed as frictional power, fp
. The remaining energy is the useful mechanical energy and is term_ed as
the brake power, bp . In energy balance, generally, frictional power 1s not
shown separately because ultimately this energy is accounted in exhaust,

cooling water, radiation, etc.

ip [kW]
bp [kW]

Fig. 1.15 Energy Distribution

=l TR N YT

MANCE PARAMETERS |
1.8 ENGINE PERFOR 1.6.2 Brake Thermal Efficiency (75 )

The engine. performance is indicated by the tEJl:m efficiency, . Five impor- | Brake thermal of
tant engine efficiencies and other related engine performance parameters

are given below:

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

a2 et

(i) Indicated thermal efficiency (Tith ) F{ Noth = op (1.5)

f_ | (it) Brake thermal efficiency E‘-’?bﬂ;) Mass of fuel/s x calorific value of fuel '
g (iii) Mechanical efficiency Tim

': (iv) Volumetric efficiency | | () - 1.8.3 Mechanical Efficiency (7,,)

; (v) Relative efficiency or Efficiency ratio  {(7re) :

| (vi) Mean effective pressure (Prm) Mechalsuce!.l efficiency is defined as the ratio of brake power (delivered power)

(vii) Mean piston speed (3p) | to the indicated power {power provided to the piston).

| (viii) Specific power output (Ps)

4 (ix) Specific fuel consumption (sfc) N = _@. — bp , (1.6)

(x) Inlet-valve Mach Index (Z) T

| (x) Fuel-air or air-fuel ratio (/A or A/F) fp = ip—»bp 1.7

| - (xi) Calorific value of the fuel (CV) - P / (1.7)

| Figure 1.15 shows the diagrammatic representation of energy distribu- '

It can also be defined as the ratio of the brake thermal efficiency to the
tion in an IC engine. - indicated thermal efficiency.

1.8.1 Indicated Thermal Efficiency (Ditn ) 1.8.4 Volumetric Efficiency (n,)

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

] I i This is one of the very important parameters which decides the performance
ip, to the input fuel energy in appropriate units.

of four-stroke engines. Four-stroke engines have distinct suction stroke and

a | " ip [kJ /s] (13) therefore the volumetric efficiency indicates the breathing ability of the
[ht]nin = encrgy in fuel per second [kJ/s] ! | engine. It is to be noted that the util_izatinn of the air 15 what going to
.determine the power output of the engine. Hence, an engine must be able

ip (1.4) " to take in as much air as possible. |

mass of fuel/s x calorific value of fuel
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26 IC Engines

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.

m
- s (1.8)
7 pﬂvdispN/2

where p, is the inlet density

An alternative equivalent definition for volumetric efficiency is
Mg

paVa

T = (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 wnto account and not

the mixture fJow.

If p, is taken as the atmospheric air density, then 7, represents the
pumping performance of the entire inlet system. If 1t 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 S1 engines
i< hetween 80 to 85% where as for CI engines it is between 85 to 90%. Gas
engines have much lower volumetric efliciency 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 efliciency ratio is a very useful
criterion which indicates the degree of development of the engine.

Actual thermal efhiciency
Air-standard efliciency

(1.10)

MNrel —

1.8.6 Maean 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 out-
put. It increases as manifold pressure increases. For any particular engine,
operating at a given speed and power output, there will be a specific in-
dicated mean effective pressure, imep, and a corresponding 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
_ 1.11
P 60 x 1000 (1-11)

then, the indicated mean effective pressure can be written as
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60000 x ip
17T — ]. 12
P LAnK (1.12)

*Similarly, the brake mean effective pressure is given by

60000 x bp
LAnK

Pbm {1.13)

where ip 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

= number of cylinders

Another way of specifying the indicated mean eflective pressure pim, is
from the knowledge of engine indicator diagram {p-V diagram). In this
case, Dim, Mmay be defined as

2
3
|

|

3 2 et
|

N

_ 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 (35;)

An important parameter in engine applications is the mean piston speed,
8p. It is defined as

" 3, =2LN

where L is the stroke and N is the rotational speed of the crankshaft in rpm.
It may be noted that 5, 1s often a more appropriate parameter than crank
rotational speed for correlating engine behaviour as a function of speed.

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. Au-
tomobile 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 Output (F,)

Specific power output of an engine is defined as the power cutput 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 Pem X Sp (1.15)
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28 IC Engines _ - o _
valve timing and fixed compression ratio, but varying inlet valve diameter

and lift. The results aré quite revealing as regards the relationship of volu-
metric eficiency 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.

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 working. Thus, for the
| same piston displacement and bmep, an engine running at a higher speed
1 will give a higher specific output. It is clear that the output of an engine
can be increased by increasing either the speed or the bmep. Increasing
the speed involves increase in the mechanical stresses of various engine

0.9

components. For increasing the bmep better heat release from the fuel is Z vs Ty for
: . T - Yinder. | vol
| required and this will involve more thermal load on engine cylinder : () varying valve diameter
0.8 b (ii) varying valve lift
: 1.3.9 SpECiﬁC FUEI Cﬂnsumptiﬂn (SfC) . : (l'ﬂ) varymg valve design
|
The fuel consumption characteristics of an engine are generally expressed E |
in terms of specific fuel consumption in kilograms of fuel per kilowatt-hour. E 0.7 :
It is an important parameter that reflects how good the engine performance’ B :
is. It is inversely proportional to the thermal efficiency of the engine. E g
L I
i it ti B |
o — Fuel consumption per unit fime (1.16) 3 6 :
Power S |
p |
Brake specific fuel consumption and indicated specific fuel consumption, i
abbreviated as bs fc and is fe, are the specific fuel consumptions on the basis :
of bp and 2p respectively. 0.5 |
1 ' I
: ‘ i |
% 1.8.10 Inlet-Valvé-Mach Index (Z) |
I
] i : ! . ' ] 1 1 ) ] ] | | |
! In a reciprocating engine the flow of intake charge takes place through the
y *[ intake valve opening which is varying during the induction operation. Also, 04 05 06 07 08 09 10 1.1 12 1.3
l the maximum gas velocity through this area is limited by the local sonic Inlet valve Mach index (2)
velocity. Thus gas velocity is finally chosen by the following equation,
.-5 A A ' Fi
i u = i v, (1.17) f Fig. 1.16 Inlet-Valve Mach Index
where u« = gas velocity through the inlet valve |
at smallest flow area i 1.8.11 Fuel-Air (F/A) or Air-Fuel Ratio (A4/F)
; A = piston area - -
Af — porminal intake valve opening area _ The relative proportions of the fuel and air in the engine are very important
i C; = inlet valve flow co-efficient _ from the standpoint of combustion and the efficiency of the engine. This is
and expressed either as a ratio of the mass of the fuel to that of the air or vice
. 2 2 '
s o ersa.
v AV, _ (bW, (1.18) - . I | an . R
o A, Cio D.] Cia , 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
where b = :r:y]mder dl:_'%].l:ﬂtf‘_:tEI' -vary with load; it is the fuel flow that varies directly with load. Therefore,
D; inlet va._lv: dmmeizlar the term fuel-air ratio is generally used instead of air-fuel ratio.
e i.
5 Y Ef:'tnsz;i;ﬂ;g; N : A mixture that contains just enough air for complete combustion of all
! “ L Y : ' the fuel in the mixture is called a chemically correct or stoichiometric fuel-
| C. = inlet valve average flow co-efhcient
| Z" _  inlet valve Mach index air ratio. A mixture having more fuel than that in a chemically correct

Large number of experiments have been conducted on CFR single cylin- mixture is termed as rich mixture and a mixture that contains less fuel (or

der engine with gaseous mixtures and short induction pipe lengths, at fixed !
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30 IC Engines

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 ¢.

are  cooled !
combustible mixture. Other terms used for the calorific value are heat-

ing value and heat of combustion.

Actual fuel-air ratio
¢ = — (1.19)
Qtoichiometric fuel-air ratio :

Accordingly, ¢ = 1 means stoichiometric (chemically correct) mixture,

¢ < 1 means lean mixture and ¢ > 1 means rich mixture.

1.8.12 Calorific Value (CV)

Calorific value of a fuel is the thermal energy released per unit qua.ntity_ of
the fuel when the fuel is burned completely and the products of combustion

back to the initial  temperature of  the

When the products of combustion are cooled to 25 °C-practically all

the water vapour resulting from the combustion process is condensed. T_he
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 combustion 15 not condensed and remains

in the vapour form.

1.9 DESIGN AND PERFORMANCE DATA

te the highest power at which manufacturers

expect their products to give satisfactory economy, reliability, and dur_a.bi}—
ity under service conditions. Maximum torque, and the speed at which it

is achieved, is also usually given. Since both of these quantities depend on
nalysis between engines of different dis-

ry normalized performance parameters

Engine ratings usually indica

displaced volume, for comparative a
placeménta in a given engine catego
are more useful.

Typical design and performance

different applications are summarized 1 Tableil.él. :
dominates except in the smallest and largest engines. The larger engines are

turbocharged or supercharged, The maximum rated engin}e speed decr'eases
as.engine size increases, maintaining the maximum mean piston lspeed in the
range of about 8 to 15 m/s. The maximum brake mean effective pressure
for turbocharged and supercharged engines is higher .th:a.n for ua.t:;uralll}r
aspirated engines. Because the maximum fu_el-a.ir ratio for SI engines 1s
higher than for CI engines, their naturally aspirated maximum bmep levals

As the engine size increases, brake specific fuel consumption
reduced heat

data for SI and CI engines used 1n
The four-stroke cycle

are higher. _
decreases and fuel conversion efficiency increases due to the

losses and friction.

in modern engines.

For the large CI engines, brake thermal efﬁciencie_s of
ahout 40% and indicated thermal efficiencies of about 50% can be Dbtamed_ |

Approx.
best
bsfe

(ke/kW) (g/IcW b)

Weight /
Power
ratio

bmep
(atm)

Rated Maximuin

Speed
(rev/min)

Stroke/
bore
ratio

Bore
(m)

Compression
ratio

Operating
cycle
(Stroke)

Spark-ignition engines

350

5.5—-2.5

4500-7500 4-—10

6—10 0.05—0.085 1.2--0.9

2/4

Small (e.g. motorcycles)

4-2 270

710

4500—6500

1.1-0.9

8—10

Passenger cars

0.07—0.1
0.09—0.13

Trucks

300

6.5—-2.5

3600—5000 6.5—7

1.2-0.7

7—9.

6.8-12 23-35 200

300—900

8—12 0.22-0.45 1.1-1.4

2/4

L_a,rge gas engines

300

A2 9.

Wankel engines

BUGU—SD_OD 9.5-10.5 1.6-0.9

0.57 dm* per chamber

Compression-ignition engines

Passenger cars

5—2.5 250

0.075-0.1 1.2-0.9  4000-5000 5-7.5

16—20

4
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6—9 7—4 210

16—20 h0.1—0.15 1.3-0.8  2100-—4000

4

Trucks

190
180

7-23 6—18
-17  12-50

425—1800
110—400

0.15-04  1.1-1.3
0.4—1 1.2-3.0

16—18
10-12

4/2
2

Locomotive
Large engines
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32 IC Engines

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
T T d3
Cubic capacity, V, = —d?L = = == = 245
4 4 1.1
&2 = 343
An
Bore,d = 7 cm pi=i
7 Ans
Stroke, L = 71 = 6.36 cm —
. Vit+ Ve
Compression ratio, 7 = 7
C
_ 245 + 27.2 — 10 Ans
27.2

1.2 The mechanical efficiency of a single-cylinder four-stroke engine is
80%. The frictional power is estimated to be 25 kW. Calculate the

indicated power (ip}-and brake power (bp) developed by the engine.

Sﬂlﬁﬁﬂﬂ
b _ s
ip
wp—bp = 25
ip — 0.8 x ip = 29
ip = 2 125 kW Ans
0.2 |
bp =  ip— fp=125-25=100 kW Ans

1.3 A 42.5 kW engine has a mechanical efficiency of 85%. Find the indi-
cated power and frictional power. If the frictional power 18 assumed
to be constant with load, what will be the mechanical efficiency at

60% of the load?

|
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Solution
. \ _ bp . 42.5 _ Angs
Indicated power, ip — 085 50 kW o=
Frictional power, fp = ip — bp =50 —42.5
= T75kW ans
Brake power at 60% load = 42.5 x 0.6 = 25.50 kW
. L B bp . 235
Mechanical efficiency ., = o+ fp  BBEETE
=  0.773=77.3% ==

1.4 Find out the speed at which a four-cylinder engine using natural gas

can develop a brake power of 50 kW working under following con-
ditions. Air-gas ratio 9:1, calorific value of the fuel = 34 MJ/m?,
Compression ratio 10:1, volumetric efhiciency = 70%, indicated ther-
mal efficiency = 35% and the mechanical efficiency = 80% and the

total volume of the engine is 2 litres.

Solution
. Total vulumé/ cylinder, Vi, = 2[11ﬂ = 500 cc
Swept volume/cylinder,V, = i% x 500 = 450 cc
Volume of air taken in/cycle = n, X Vy

0.7 x 450 = 315 cc

15
3? = 35 cc

Volume of gas taken in/cycle

Energy supplied/cylinder, E 35 x 107° x 34 x 103

119 kJ (1)

bp/m

. Hi - i —
Indicated thermal efficiency, 1;:n Energy supplied/cylinder /s

. : 50/0.8
Energy supplied/cylinder /s, & = 035w d 44.64 kJ
Npw, energy supplied per cylinder in kJ = F%lﬁ
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34 IC Engines

Equating (1) and (2) N

53566.8

N

4464 x 120 5356.8

— ——————

N N

1.19

= 4500 rpm

(2)

Ans
—

1.5 A four-stroke, four-cylinder diesel engine running at 2000 rpm de-
velops 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 e

iciency; (iv) volumetric ef

mean effective pressure and (vi) mean piston speed

Solution

Fuel consumption, m

Atr consuitption

Air flow rate/cylinder

Indicated power

Thith

Volumetric efficiency =

I

I

I

bp 60
neen X CV 0.3 x 42000

Aciency; (v) brake

'
2
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bp
LAnK -

60
U.lx%xﬂ.mﬂx%x-&i

Pbm —

x 10°

=  7.96 x 10° N/m® = 7.96 bar 4ns
Mean piston speed = 2 X Ulﬁ; 2000 = 6.67 m/s ans

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
ts 8:1. If volumetric efficiency is 70%, indicated thermal efficiency is

33% and the mechanical efficiency is 90%, calculate the cubic capacity
of the engine.

Solution

bp/tm 20
Tith 0.8 x0.33

Energy input —

= 75.76 kJ /s
Number of power strokes/s = > fﬁ 5= % = 50
Energy input/power stroke = 755% =102 kJ
Actual volume of Hy x CV = 1.52
Actual volume of hydrogen taken in = 1'5121;0;05 = 138.18 cc

A
5 X 138.18 = 8 x 138.18

1105.44 cc

Actual volume of air take in =

I

Actual volume of air taken in
T

Swept volume, V,

|

Actual volume flow rate of air

Volume fow rate of air corresponding to displacement volume

Ty

4.76 x 1072 kg/s =
: ~3
m£=4.76xlﬂ « 15
D F 1.15
62.09 x 10~2 m?/ s 2ns
' -3
62'09: = = 15.52 x 1073 m”/s
bp 60
5 kW
Nm 0.8 "
75
4.76 x 10—3 x 42000
0.37515 = 37.51% ans
x 100
—3
15.52 x 10 X 100
% x 0.122 x 0.10 x o0
82.3% ans

s

Cubic capacity of the engine

1105.44
0.7

Ve x K =1579.2 x 1

— 1579.2 ¢c

1579.2 cc ans
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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 II: Two-stroke, two-cylinder, SI engine, indicated power is 10
kW.

Assume that mean effective pressure of both the engine to be SaIme.
Ratio of bore of the engine LIl = 2:1. Show that the mean piston

apeed of engine I1 is same as that of engine I.

Solution

) Pnh,LAnK
P 60000

n= —l;i for four-stroke engine and n = N for two-stroke engine.

Sp = 2LN
_ Py x Afr x E;-'i x 4
For engine I: 40 = 60000
PmnxAuxfﬂzﬂx2
For engine 1I: 10 = 60000
0 A 10
10 - Arr Spir
2
AI 10 dl
i A " 4 (dz) "
2\ 2
= (i) x 2.5 =10 m/s
- Ana
Sp1 = Spr=10m/s

stroke, calculate the clearance volume.

Solution

- Let the brake power at full load be bp and the &ictiﬂnal power be fp.

ic capacity, four-stroke, four-cylinder SI engine has a
brake thermal efficiency of 30% and indicated power is 40 kW at full
load. At half load, it has a mechanical efficiency of 65%. Assuming
constant mechanical losses, calculate: (i) brake power (ii) frictional .
power (iii) mechanical efficiency at full load (iv) i:lldica,ted thermal .e_f—
ficiency. If the volume decreases by eight-fold during the compression

e m—— —— -—ur—r-—'—rmw"
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bp+ fp = 40 kW (1)
At half load, bp = 0.5 x bp at full load
! _
0.5 bp
M = (.60 = 05 bo+ Fo
0.5 bp = 0.65 x (0.5 x bp + fp)
—  0.325 x bp + 0.65 x fp
’ 0.175
— = (). 2
_ fp oae Xp=021p (2
- . 40 Ans
Using (2)in (1) &p = s T 31.5 kW =
fp = 315x0.27=85kW ans
31.5 Ny
m at fullload = —==0.788= 78.8% Ans
Tibth 30 Ans
Thith T 7% & x 100 %
1
Swept volurne/cylinder = if-g = 200 cc
Ve + Ve Vs
— = 142 = 8
7 7
v, = *%70 — 35.71 cc &ns

1.9 A four-stroke petrol engine at full load delivers 50 kW. It requires 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 consumeéed 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 efliciency.

Solution

Mechanical efficiency at full load = Wﬂ{"ﬁ’—ﬁ

50 Ans
50 + 8.5 °
Mechanical efficiency at half load -
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20 _ 07462 = 74.62% fns
25 + 8.5

I

Mechanical efficiency at quarter load

_ 1259 _ 55952 = 58.52% Ans

1254+ 2.5

Mass flow rate of fuel iy = — :ECV

50 _3
— = 4.76 x 107° kg/s
0.25 x 42000 &/
Volume flow rate of fuel
_3 L
_ AT X107 634107 m®/s &ns
750

Indicated thermal efficiency at full load

nan = R 0-25_ _ 4.9995 = 20.25% ans
’ Nm  0.8547

1.10 The indicated thermal efficiency of four-stroke engine is 327% and its
mechanical efficiency is 78%. The fuel consumption rate is 20 kg/h
running at a fixed speed. The brake mean pressure developed 15 6
bar and the mean piston speed is 12 m/s. Assuming 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, futh = Nith X Mm = 0.32 X 0.78

0.2496 = 24.96%

Rate of energy input from fuel 2

. x 42000 = 233.33 kW

Tpen X 233.33

Brake power bp
0.2496 x 233.33 = 58.24 kW

|

Since it is a square engine, d = L.
bp x 60000
Pom = LAnK

58.24 x 60000
%La xnx 1

=6 x 10°

i

R - ———— = —
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L'n = 7415 (1)

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

_ 2LN
= L=
IN = 360 (2)
Dividing (1) by (2), gives,
22 = 0.0206
N
For a four-stroke engine n/N = 7.
L = +/0.0206x2=0.203m
= 203 mm
203
Crank radius = > = 101.5 mm
360 360
Speed, V= T T g2
Ans
= 1773.4 rpm =—

Review Questions

1.1 Define the following : (1) engine and (ii) heat engine.
1.2 How are heat engines classified?

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

1.5 Compare EC and I( engines.

1.6 What are the wmportant basic components of an IC engine? FEzplain
them briefly.

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

1.8 Define the following :

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

Mention the units in which they are normally measured.

—— ——
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40 IC Engines

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

(i) cylinder arrangements (v) type of fuels used
(ii) method of charging the cylinder (vi) type of cooling

1.13 In what respects four-stroke cycle CI engine differ from that of an SI
engine?

1.1{ What is the main reason for the development of two-stroke engines
and what are the two main types of two-stroke engines?

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

1.16 me.the ideal and actual indicator dicgrams of a two-stroke SI en-
gine. 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 Tatio .
(1)  fuel used (vi)  speed

(i4i) introduction of fuel (vii)  efficiency

(u)  ignition (viii) weight

1.19 Discuss in detail the application of various types of internal combus-
tion engines.

1.20 Give an account of the first law analysis of an internal combustion
engine.

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

1.22 What is meant by mean piston speed? Explain ils tmporiance.

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

1.24 Define the follounng efficiencies .
(i)  indicated thermal efficiency (iv) relative efficiency
(1)  brake thermal efficiency (v) volumetric efficiency
(1ii) mechanical efficiency |

Y [ T VT - W
'

1.1

1.2

1.3

1.4

1.5

1.6

1.7
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1.25 Ezplain briefly

(1)  mean effective pressure
(i)  specific outpul

(#ii)  specific fuel consumption
(iv) fuel-atr ratio

(v}  heating value of the fuel

Exercise

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. Calculate 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 cer-
tain speed. It requires 7.36 kW to overcome the friction and to rotate
the engine without load at the same speed. Calculate its mechani-
cal efficiency. Assuming 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) 55.56%

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 consumption of the engine in (a) kg/h (b)
litres/h (ii) indicated specific fuel consumption and (iii} brake specific -
fuel consumption. 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 (I 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 efficiency.
Ans: (i) 441.6 kW (ii) 83.3%
(iti) 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

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

stroke engine, 100 mm bore 125 mm stroke, when 1t develops a torque
of 490 Nm. - Ans: 7.84 bar
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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%

i

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 ]:.mur to
produce an indicated power of 1 kW. The air-fuel ratio is 13:1.
Indicated thermal efficiency is 38% and mechanical efficiency is

80%. Calculate (i) brake power and (i) heating value of the fuel.
Ans: (i) 73.7 kW (ii) 41992.89 kJ/kg

111 A four-cylinder, four-stroke, spark-ignition engine has a ‘bDI'E
of 80 mm and stroke of 80 mm. The compression ratio 1s

8. - Calculate the cubic capacity of the engine and the clear-
ance volume of each cylinder.- What type of engine 1s this?
Ans: (i) 1608.4 cc (ii) 57.4 cc (iii) Square engine

1.12 A four-stroke, compression-ignition engine with four cylinders devel-
Dpsian indicated power of 125 kW and delivers a brake power of 100

kKW. 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 kXW. Find its indicated power and frictional power. ;f
frictional power is assumed to be constant, what will be the mechani-
cal 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
therma! efficiency of 30% uses high speed diesel oil having a
calorific value of 42000 kJ/kg. If its mechanical efficiency is 30
per cent, calculate (i) bsfc in kg/kW h (i) isfc in kg/kW h

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

1.15 A petrol engine uses a fuel of calorific value of 42000 IEJ (kg a,n.d
has a specific gravity of 0.75. The brake thermal efhiciency 1s

24 per cent and mechanical eficiency is 80 per cent. If the en-

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

of the fuel consumed per second (ii) indicated thermal efliciency
Ans: (i) 2.92x 1073 kg/s (ii) 30%

1.16 A single-cylinder, four-stroke diesel engine having a displacement VD}-
me of 790 cc is tested at 300 rpm. When a braking torque of 49 Nm 1s
applied, analysis of the indicator diagram gives a mean effective pres-
sure of 980 kPa. Calculate the brake power and mechanical efficiency
of the engine. Ans: (i) 1.54 kW (i) 79.4%

1.17 A four-stroke SI engine delivers a brake power of 441.6 kW with a
mechanical efficiency of 85 per cent. The measured fuel consump-
tion 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.

Ang: (1) 519.5 kW (ii) 77.9 kW (iii) 15.5
(iv) 28.1% (v) 23.9%

1.18 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) indicated 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%

1.19 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 value of
the fuel is 42000 kJ/kg. Calculate (i) indicated power (ii) fric-
tional power(iii) brake thermal efficiency (iv) indicated thermal ef-
ficiency (v) total fuel comsumption (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.

1.20 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 output of 73.6 kW at
an overall brake thermal efficiency of 20%? How many m? of air is
required per hour if the density of air 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 required? 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

1.21 A four-stroke CI engine having a cylinder diameter of 39 em 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 9y, is 40%, calculate
the calorific value of the fuel used (iii) pim (iv) g /hour (v) 3.

Ans: (i) 400 kW (ii) 41860 kJ (iii} 12.13 bar
(iv) 1548 kg/h (v) 18.7 m/s

1.22 A four-stroke LPG engine having a cylinder 250 mm diameter 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 mixture per working stroke per m? of the total
cylinder volume? Ans: (i) 128.8 kJ (ii) 7.8 MJ
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1.23 A four-cylinder spark-ignition engine has the following dimen-
sions: bore = 680 mm and a crank radius = 375 mm. I
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 (i) 1.088 m® (iii) 0.272 m? (iv) 0.039 m®
(v) 0.0311 m3 (vi) 0.2176 m°

1.24 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 CV of the fuel = 42 MJ/kg.
Ans: (i) 68.2 mm (ii) 3300 rpm

1.95 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% (i) 74.9%

1.26 A certain engine with a bore of 250 mm has an indicated thermal efh-
ciency of 30%. The bsfc and specific power output are 0.35 kg /kW h
and 90 kW/m?. Find the mechanical efficiency and brake thermal ef-
ficiency of the engine. Take the calorific value of the fuel as 42 MJ Jkg.

Ans: (i) 81.7% (ii) 24.5%

| 1.2_7 A single-cylinder, four-stroke engine having a cubic capacity of 0.7

litre was tested at 200 rpm. From the indicator diagram the mean

effective pressure was found to be 10° N/m? and the mechanical effi-

ciency is 75%. Find the frictional power of the engine if the engme 1s

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 mm (iii) 89.34 mm
(iv) 111.68 mm

1.28 In a performance test on a four-stroke engine, the indicator 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 1 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

s fcof the engine if the fuel injected per cycle is 0.5 cc with the specific
gravity of 0.8. Ans: (i) 5 bar (i) 70.68 kW (iii) 203 g/kW h

1.29 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 3, = 12
m/s. Ans: (i) 47.124 kW {ii) 5.1 x107* m?

(ii1) 120 mm (iv) 233 mm
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1.30 A single-cylinder, four-stroke, engine has a bsfe 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
Multiple Choice Questions (choose the most appropriate answer)

1. Advantage of reciprocating IC engines over steam turbine is

(a) mechanical simplicity
(

b) improved plant efficiency

(c) lower average temperature

(d) all of the above

2. The intake charge in a diesel engine consists of

a) air alone

3. Engines of different cylinder dimensions, power and speed can be
compared on the basis of
(a) maximum pressure
(b) fuel consumption
(c) mean effective pressure

(d) unit power

4, Disadvantages of reciprocating IC engine are
(a) vibration
(b) use of fossil fuels

(¢) balancing problems
(d) all of the above

5. Gudgeon pin forms the link between

(a) piston and big end of connecting rod
(b} piston and small end of connecting rod
(c) connecting rod and crank

(d) big end and small end
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6. An IC engﬁle gives an output of 3 kW when the input is 10,000 J /s.
The thermal efficiency of the engine is

7. In a fuu:-strnlke IC engine cam shaft rotates at

(a) same speed as crankshaft

) twice the speed of crankshaft
) half the speed of crankshaft
)

(d) none of the above

8. Thermal efficiency of CI engine is higher than that of SI engine due
to ' . _ , -

(a) fuel used
(b) higher compression ratio
(c) constant pressure heat addition

(d) none of the above
. 9. ST engines are of

(a) light weight
(b). high speed

~ (¢) homogeneous change of fuel and oil
(d) all of the above

10. Compression ratio in diesel engines is of the order of
(a) 5-7
(b} 7-10
(c) 10-12
(d) 14-20

11. In a reciprocating engine with a cylinder diameter of D and stroke of
L, the cylinder volume 13

T D2 x clearance volume

@) _
(b) ZD?L— clearance volume
(c) ZD?*L+ clearance volume
(d) ZD?L- clearance volume

. [T IR,
LT e gl Lol iy Gl LTk Ca B
AT R R, o L i e A

Y
L
h'l- .

' '.'-. '{'\-I: I.I:'ul i
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12. Main advantage of a two-stroke engine over four-stroke engine is

a}) more uniform torque on the crankshaft

(a)

(b) more power output for the cylinder of same dimensions *
)
)

(c) absence of valves
(d) all of the above

13. Engines used for ships are normally

(a} four-stroke SI engines of very high power
(b) two-stroke CI eﬁgiﬂes of very high pﬂﬁ.rer
(c) four-stroke CI engines of high speed
(d) two-stroke SI engines of high power

14. If L is the stroke and NN is the rpm, mean pist-::m épeed of two-stroke
engine is ' | .

(a) LN

(b) &5
(c) 2LN

(d) none of the above

15. Equivalence ratio is

(a) actual fuel — air ratio
stoichtometric fuel — air ratio

(b) stoichiometric fuel — air ratio.
| actual fuel — air ratio

(c) stoichiometric fuel — air ratio |
‘ actual air — fuel ratio

16. The volumetric efliciency of the SI engine is comparatively

{(a) lower than CI engine.
(b) higher than CI engine
(c) will be same as CI engine

(d) none of the above

17. The range of volumetric efficiency of a

(a) 65 - 75%
(b) 75 - 85%
(c) 85 - 90%
(d) 90 - 95%
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18. Relative efficiency is the ratio of

actual thermal efficiency
! (3) “nechancial eficiency

b actual thermal e iciency
(b) S —standard efficiency

(c) air — standard efficiency

actual thermal efficiency 2

0 Rl ey i  REVIEW OF BASIC
19. Brake specific fuel consumption 1s .deﬁned as . P RIN CIP LE S

(a) fuel consumption per hour

| 5 (b) fuel consumption per km :
(c) fuel consumption per bp

(d) fl.lE]. Cﬂﬂﬂumptiﬂn per brake pOweEr hour 2 1 INTRODUCTION

20. Engine can be fired with The main objectives in studying the theory of IC engines can be summarized

{(a) solid fuel | | as

(b) liquid fuel (i) To have a better understanding of the various processes taking place
'i (c) raseous fuel and the conditions prevailing in the engine cylinder.
(d) any of the above fuels (ii) To predict the changes in power, fuel consumption and reliability
i | resulting from the changes in the operating conditions or changes in
y Ans: 1.—-(d) 2.-{a) 3.-() 4 -(d) 35 -(b) 4 the design features of a given engine.
. ~ - = - 10. - (d 4 . . . B
6. - (b) 127 } ((:3 13 - EE; 1?1 | ((3 15, — Eb% (iii) To predict the operating characteristics of a new design from test
ié - Ecg 1 7' (c) 18. (b) 19' (d) 20' (d) I results on a similar engine of a different size. '
.—(a . = .- .- s

Basic knowledge and the familiarity of the principles of thermodynam-
ics, physics and chemistry is a must for achieving the above objectives.
However, mere familiarity alone will not serve the purpose. The familiarity
must be supplemented by the ability to apply these principles correctly.
"This requires an understanding of fundamentals used to derive the impor-
tant formulae. The main aim of this chapter is to place before the reader
the basic principles of thermodynamics; physics, chemistry and other rele-

- vant information for the understanding of the various details discussed in
the subsequent chapters. Although a fairly exact treatment has been at-
tempted, the reader is advised to go through other relevant textbooks to
get more detailed account of the various basic principles.

2.2 BASIC AND DERIVED QUANTITIES

Jera R, . v - TR

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 guantities.

.
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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 emit-
ted by the gas krypton under special experimental conditions is used to
define length. One metre is defined to be 1,650,763.73 wavelengths of the
orange light Krypton-86. However, 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 stan-

dards. The time standard is based on the duration of the periods of the
radiation of the atom cesium-133. |

1 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 o= mg (2.1)

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 considera-
tion 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 sup-
port 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/ 52
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
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due to gravity. In the four methods of systems of units so far evolved two
use the former and two later.

FPS. : 1pound
C.G.S. : 1dyne 1 gm x 1 m/s”
M.K.S. : 1kgf 1 kg x 9.81 m/s”
Sl . 1 Newton = 1kgx1m/s

In using M.K.S. system care should be taken to differentiate between 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.

1 slug x 32 ft/s*

|

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 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?

2 |

2.2.7 Temperature

‘The unit of temperature is Kelvin. The Kelvin is 1/273.16 of the thermo-
dynamic 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 tempera-
tures exist in the engine cylinder and all gases encountered in engine op-
eration are assumed to obey at all these pressures and temperatures the
simple gas law,

-—

pV = NRT : (2.2)
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where p = Pressure of the gas (N/m?)
Vv = 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 engineer-
ing purposes. This law 15 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 émy gas is a Qua.ntity of the gas whose weight-is equal to the
molecular weight in kg. Thus

m
— 2.3)
N i (
where m = Mass of gas (kg)
M = Molecular weight of the gas, (g/mol)
Combining Eqs.2.2 and 2.3, the gas law may be written as
V-‘EﬁT=mET=mRT (2.4)
YT M M

The quantity /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 & substance is known as its specific
volume (m®/kg) and is denoted by v. The inverse of the specific vc:lume' is
the density (kg/m?) and is denoted by ». The specific volume and density
of the gas depend upon the pressure and temperature.

2.3.3 Simpiification 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 Eqgs.2.2 and 2.4,

pvi _ PRV _ 0 - Prn _ (gpstant (2.5)
T Ty In

This simple relation is always true when applied to a constant nmpber 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.
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2.3.4 Mixture of Gases

During expansion and exhaust strokes (also during suction and compres-
sinng the cylinder is occupied by two or more gases. Each of these gases
diffuses and hlls 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 ex-
-ample, 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 7', then the pressure exerted on the walls of the cylinder by
gas 1 1s, by the gas law,

_ NRT
P = v,
and the pressure exerted by gas 2 is
_ N,ET
2= Ty

The total pressure within the container is

_ (M + N+ N3y+..)RT _ N,RT

pt=p1+pz+ps+... > 7 (2.6)
From the above expression for p; and ps |, it is seen that
pno_ M
P2 Ny
and from Eq.2.6
N

pro_ M (2.7)
Dt N;

The pressures p, , p 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 mixture 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

www.EasyEngineering.net

g

1



http://easyengineering.net
http://easyengineering.net

www.EasyEngineering.nejgr . -

www.EasyEngineering.net

S P E LT

3t 1 T

b4 IC Engines

Work and energy are expressed in the same units, viz.; Nm or J oule.

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 anhd heat are related by the mechanical equivalent of heat J. The

relation 1s -
W = JH (2.8)

where W is the work, H is the heat and J = 427 kgf m/kecal. 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 both energy in transit. When two bodies at different
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 emergy and the system upon which the work
is 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 fowing
and work is no longer being done. The additional energy which is now
stored in the second body may be called stored energy, F, 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 refer-
ence 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 ' metres per second
will do %mC‘z Joules of work before coming to rest. In this state of motion,
the body is said to have kinetic energy equal to %—mCZ Joules.

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, £, 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 -
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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 particular permanent gas, the
amount of sensible internal energy present is fixed by the temperature of
the gas alone. The sensible internal energy is denoted by U,.The gas under
consideration may also contain chemical energy which is usually denoted
by /..

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 + U, (29)

H 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 THERMOLCYNAMICS

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 algebraic

difference between the heat supply, @, and the work done, W, during any
change in the state. Mathematically,

al = 60 —-8§W (2.10)
The_energy E may include many types of energies like kinetic energy, po-
tential energy, electrical energy, surface tension etc., but from the thermo-

dynamic point of view these energies are ignored and the energy due to rise

In temperature alone is considered. It is deroted by U and the first law is
written as:

g/ = 4Q — W (2.11)
or during a process 1-2, dU can be denoted as

Uy — U

| 6a-sw) 2.12)

2.6 PROCESS

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

If there is no flow of material into or out of a system during a process, it 1s
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 Thermodynamics
to process in which a non-flow system changes from one state to the other
and also to develop some useful relations.

/ | %

Fig. 2.2 Constant Pressure Process
2.7.1 Constant Volume or Isochoric Process

This process is usually encountered in the analysis of air-standard Otto,

Diesel and Dual cycles. Figure 2.1 shows the constant volume process on a 2.7.2 Constant Pressure or Isobaric Process

p-V diagram.
Figure 2.2 shows a system that changes from state 1 to state 2 at constant
pressure. Application of first law yields,
2
0 = dU+pdV = dlU+pV) = dH (2.15)
1 where H is known as the enthalpy. Thus, during constant pressure process,
p - heat transfer is equal to change in enthalpy or
1 d = 0Q = mCpdT (2.16)
For unit mass,
v oq = dh = CudT (2.17)
ah
Fig. 2.1 Constant Volume Process Cp = (ﬁ) (2.18)
P

i.e., specific heat at constant pressure is the rate of change of specific en-

As there is no change in volume, the work [(pdV) is zero. Hence, thalpy with respect to absclute temperature. -

according to the first law for the constant volume process the change in

* internal energy is equal to the heat transfer, i.e., 2.7.3 Constant Temperature or lsothermal Process

3 —~ mC,dl = C(Ty — T 913 The isothermal process on a p-V diagram is illustrated in Fig.2.3. As there
g o« @ mCuT: 2 (2.13) -is no temperature change during this process, there will not be any change
For unit mass in internal energy i.e., dU = 0, then according to the first law
I ?
du = d6qg = (CudTl
0Q = W 2.1
c, = (& (2.14) l @ . (2.19)
dl’ /

£ or 5

5 i.e., specific heat at constant volume is the rate of change of internal energy * Qs = [ pdV = pV;log, (K) (2.20)
: with respect to absolute temperature.. - - 1 i
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Using pV = RT for unit mass flow, we have,
1 |
” Wiy = R(T, - T3)
L Isothermal process - y—1
=C
E Py = G -T2) = —(ug—u)
| P
F i pW
z. Tl Tg
‘ 2 therefore,
| 2 _ pVa i Va
1 282 Va 1%
| g v (y—1)
L - (?) (2.24)
| Fig. 2.3 Constant Temperature Process A
2-2 - @'
9 74 Reversible Adiabatic or isentropic Process |
- (1~3) (354)
If a process occurs in such a way that there 1s no heat transfer betweerll tl;he _ ( P2 ) y ( pa ) > 225
surroundings and the system, but the boundary of the system moves g1ving ™ o _

displacement work, the process is said to be adiabatic. Such a process 1s
possible if the system 1s thermally insulated from the surroundings. Hence,

| 5Q = 0, therefore,
CSW = —8U = —mCydT (2.21)

- - s -

F- @@ ew

Reversible adiabatic process is also known as isentropic process. Let pV?Y =

275 R i ;
' be the law of the isentropic process. For unit mass flow, eversible Polytropic Process

T . 22 4
s = 0 = wi_2+uz—u (2.22) In polytropic process, both heat and work transfers take place. It is denoted
by the general equation pV”™ = (', where n is the polytropic index. The
or following equations can be written by analogy to the equations for the
wl—ﬂ = -—('U,g — ul}

reversible adiabatic process which is only a special case of polytropic process

In other words, work is done at the expense of internal energy with n = . Hence, for a polytropic process

2 2 o .
E’ Wiz = | pdV. = ; ekl (223) V" = pVp (2.27)
i v 1 | T] PFE n—1
i B [CVI T]Vl _ CV;‘ K —CVll J T = (V)
= T T 1
T, - (=)
when C = p V| = PEL?: ?‘1‘ = (El*) (2:28)
. W pa Vo Vzl_ — 1 ¥ Vzl - : P2/ |
1 1-2 = 1 —~ and
:. _ Vi —pW,
= S (2.29)
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2.7.6 Heat Transfer During Polytropic Process -_: 3 the total energy left in the equal mass of fluid crossing bﬁundary 9.9 and
| ;3 leaving the machine. Expressed in the mathematical form,
Heat transfer per unit mass, :
% C2
: 2 Q—Wi = mphe + - + 92 | h1+?+931
or = s [ o S
or oO-w -
- R(T;-T | —Z= = Alh+ = +gz .
In the above equation, m denotes mass. It is known as the general energy
. (C'u 4 H ) (T, — T1) equation and is the one which illustrates the first law of thermedynamics.
1—n , ‘ Here, W; is the external work and given by
4 (cv + C; — C“) (Ty — Ty) 1 W = W,-mpVi+mpaV (2.34)

where W 1s the net work and V stands for volume.

- n) (7 —_ n) (T; — 1) 4 Steady flow —

|

|
R T R
-
&2
&
N’
N
$$3
!
=
N’
=
I
=3
o
g
S
~3

Y — ﬂ-) Cu(T2 . Tl) (.2.31)

I
I
_ pCUV 3 i
| 8 W
qi-2 = Cu(T2—T) z | A
| |
where, | i _l Y
“Y — T? _._ o e e e ey ey S w A . T T T - -
c, - (1 - n) c, [CO T
Table 2.1 gives the formulae for various process relations for easy reference. _ | Datum
U — Internalenergy H — Enthalpy 2z — Datum height
2.8 ANALYSIS OF FLOW PROCESS _; p — Pressure V — Volume C = Velocity
: | a U — Internalenergy H — Enthalpy 2z — Datum height
s Consider a device shown in the Fig.2.4 through which a fluid flows at uni- _ _ |
form rate and which absorbs heat and does work, also at a umniform rate. Fig. 2.4 Illustration of Steady Flow Process
In engines, the gas flow, heat low 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. | | 2.8.1 Flow Work
Applying the principle of conservation of energy to such a system during _ o _
the chosen time interval, the total energy in the mass of fluid which enters : 'I_'hE term pV in the above equation is called flow work and must be con-
the machine across boundary 1-1 plus the heat added to the fluid through sidered whenever How takes place. It is the work necessary either to push
the walls of the machine, minus the work done by the machine, must equal certain quantity of mass into or out of the system.

www.EasyEngineering.net

www.EasyEngineering.net


http://easyengineering.net
http://easyengineering.net

www.EasyEngineering.n

www.EasyEngineering.net

! Ll —

62

Table 2.1 Suminary of Process Relations for a Perfect Gas

IC Engines
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2.9 WORK, POWER AND EFFICIENCY

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

2.0.1 Work

- Work might be defined as the energy expended when motion takes plaée 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 t{ime. 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 express:d
in kW =1kN m/s.

2.9.3 Effictency

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 perfor-
mance 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 ef-
ficiency 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

Thermal efficiency = nen = Chemical energy in the fuel

Work cutput
IFuel energy input

Obviously, the output and input may be measured over any convenient
interval such as one cycle or one minute. The cutput and input energies

must be expressed in same kind of units, since ;) is a number without
units.

Let W be the work delivered by the engine (Nm) and m; be the mass

of fuel (kg) required and C'V be the calorific value of the fuel (kJ/kg), then
the efficiency ;4 is given by

W
(LY CV

If W is the indicated work then s 15 called the indicated thermal efficiency,
mith, and if W is the work delivered at the output shaft then it is called
the brake thermal efficiency, 7ms.,. The ratio of the brake thermal efficiency

to the indicated thermal efficiency is called thé mechanical efficiency, 7.
These efficiencies have already been defined-in Chapter 1.

Tth = (2.35)
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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
4-1 0 —2100

Show that the above data is in accordance with the first law of tqhe-rmn—
dynamics and determine : (i) Net rate of work output (ii) Efficiency
of the cycle {iii) Change in infernal energy in each process

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

pro =
gow

As §8Q = § 0W, the above cycle satisfies the first law of thermodynamics

7000 — 3500 + 17500 + 0

21000 J/s

|

5300 + 9100 + 8700 — 2100

= 21000 Nm/s = 21000 J/s

" Power = Net rate of work = 21000 J/s
— 21 N/m kW o3
- _ B Net work _ 21000 < 100
Thermal efficiency i Heat input 7000 + 17500
An
=  85.71% =

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

- 0¢) SW | du=94Q — W
Process J/s ' | Nm/s /s
1-2 7000 2300 1700
2-3 —3500 | 9100 —12600
3-4 17500 [ 8700 8800
4-1 0 —2100 2100

p Ll A

i e e e € ki R W

- hkl'ill"‘

e T LRSI
N . -
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2.2 Air at the rate of 10 kg/min flows steadily through an air compressor

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 1lbar 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

Counsider 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? C?2
Ur+piVi+ - +q = U2+pm+f+w
therefore,

W= (UI_U2)+(PIH—PEI@)+C%;C§+‘i’

= —250x 10° + (1 x 10° x 0.5 — 8 x 10° x 0.2)
+52 _2102 — 140 x 10°

=  —500037.5 J/kg =~ —500 kJ/kg

W = mw = 10 x(=500)
=  -5000 kJ/min = -83.33 kJ/s

Power input = 83.33 N/msz ans

From continuity equation, A1C1p1 = AaChps. Since, the specific volume,
v = i—. We have,
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AC AC _ (4x296.8+1.5 x 259.83 +0.75 x 188.92)
o, = ~ | 44+ 1.540.75
A wuC _ 05x10 , — 27498 N/m’J/kg K =
Az 'UE.C]L 02 X 5
D1 Ana
D2 = V5 = 2236 - : 2.4 Determine the work done by the air which enters an evacuated bottle

from the atmosphere when the cock is opened. The atmospheric pres-
sure is 1.013 x 10° N/m? and 0.3 m? of air (measured at atmospheric

9.3 A tank of volume 0.1 m3 contains 4 kg nitrogen, 1.5 kg oxygen and conditions) enter.

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

SB,  SB, Valve SB,

Solution

Ny, :m; =400kg ¢, =1=20°C; V4=V =01m’
Oy :mo = 150ke; ia2=1t=20°C; Vo=V =0.1m3
CO,:ms =075 kg, t3=1t=20°C; V3=V =01m’

No work is done by the part of the boundary in contact with the bot-

5 N/m2. Determine the work done by the system compris- .
Reo. T 0.75 x 188.9 x (273 +20 1.01 x 10 ¥y y mp
P3 = =3 {;GE =) 0.1 ( ) = 4.15 x 10°-N/m’ . ing the air initially in the bottle, given that the balloon is light and

' | requires no stretching. |

.i ASSUMPHIONS : tle. Only the moving external part need to be considered. Over this part
l (i) the component gases and the mixture behave like an ideal gas pressure is uniform at 1.013 x 10° N/ m?, therefore,
| i mixt beys the Gibbs-Dalton law
B (ii) the ure obeys the Gi W, _ pdV + f pdV
7 Jreeair Bottle
1 For N2 : boundary o
- . i mliﬂzT il 4 x 29685:{273—"‘ 20) . 3478 Y 105 N/mz B Patm/dvﬂ_ 0 e 1.013 x 105(___03)
: For O, : =  —30390 N/m’Nm y 2ns
D2 — maFo, I = 1.5 X 259'8?}}1{ (273 -+ 20) = 11.42 x 10° N/m?* The work is negative as the boundary Is contracting.
14 :
2.5 A balloon of flexible material is to be filled with air from a storage
For CQO»- : bottle until it has a volume of 1 m3. The atmospheric pressure is
]
]

Then, total pressure, P

p = p14+p2+ps = (34784 11.42+44.15) X 10° Do Solution
| Initially the system boundary coincides with the inner surface of the storage

E _ 50.3'5 % 10° N /fnz ans bottle. At the end of the process the boundary also encloses the 1 m®
| content of the balloon. .
. The displacement work which is the only work in this process, is obtained by
] | . : E - ,

. I R = (mn; Bny +mo, Roy+meo, Heo,)  taking the summation of the values of | pdV for each part of the boundary.

T
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5B, SB, Valve

Final volume (1 m>)

e W—
L
.~

o

/

Balloon
initially flat

As there is no change in the volume of the bottle, dV is zero for the part
of the boundary which is in contact with the bottle surface. Hence the
pre.?f'glure inside the cylinder is not necessary in the calculation. Therefore,

Wdi&p!ﬂ.ccment = / Pdv + f pdtf
Batloon Bottle
= pﬂf_m/aﬁf’—kﬂ = 1.01 x10°x 1.0
= 1.01 x 10° N/m*Nm 2ns

Review Questions

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

2.2 What are the important fundamental quantities used in the applicition
and analysis of 1.C. engines? Ezplain them briefly. :

2.3 What is meant by mole?

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

2.5 What are the various forms of energy'ﬂﬂmully used in engine appli-
cations. Briefly explain them.

2.6 What are isochoric and isobaric processes? Fxplain them.

2.7 For an iseﬁtmpic process, show that (1) To/Th = (W4 [Va)" and (i)
Ty /Ty = (p1/p2) /" |

2.8 Derwve an expression for h,_éﬂrt transfer durming e polytropic process.

2.9 Explain 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 (ui) efficiency

2.1

2.2

2.3

2.4

2.9

- WWWY. EasyEngmesrmg net
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Exercise

The piston of an oil engine, of area 50 cm?, moves downwards 10 cm
a.:nd draws in 300 cc of fresh air from the atmosphere. The pressure

in the cylinder is uniform during the process at 0.8 bar, while the
a.tmnaphenc pressure is 1.013 bar. The difference in the pressure
is accounted for by flow resistance in the induction pipe and inlet
valve. Determine the displacement work done by the air finally in the

cylinder. Ans: —-9.61J

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 emergy of the air.
Ans: (i) 9.285 kJ (i) —9.285 kJ

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 surface. Gas from a storage vessel
is used to inflate the balloon thereby causing the tank to overfiow.
The atmospheric pressure is 10> N/m?. Evaluate the work done by
the gas in the balloon on the storage vessel as the balloon diameter
increases to 1 m. Assume ¢ = 9.81 m/s%. Ans: 58.2 x10° Nm

A gas fiows 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' 105 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 assuming
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

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

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

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

(if) Show that for any process executed by unit mass of oxygen,
Au = C,At and Ah = C,At

Ans: (i) 0.658 kJ/kg K (ii) 0.918 kJ/kg K
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2.7

2.8

2.9

IC Engines

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 temperature 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

Show thaﬁ for a Vander Waals gas which has the equation of state

= = RT
(p+ - )

The work done at constant temperature per unit mass of gas is

Vo —b 1 1)
RTIng;— —a (“ 7).

where V7 and V5 denote the initial and final specific volumes respec-
tively.

In an air-standard cycle, heat is supplied at constant volume resulting
in an increase in temperature of air from T; to T3. The air is then
expanded isentropically till its temperature falls to T;. 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 Th
= 1- ln ==
1 Ynom T

A volume of 5 m3 of air at a pressure of 1 bar and 27 °C is com-

-pressed 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 compression
to the end of expansion

(iii} 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 specific heats 1.3.

One kg of the gas at 1 bar and 27 °C is compressed adiabatically inside
a cylinder to 7 times its initial pressure. Heat is now extracted from
the system at constant pressure until 1t 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 cooling 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 (iii) —42.2 kJ/kg

T R
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2.11 A perfect gas flows steadily through a horizontal cooler. The mass

2.12

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=160J/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, -Ei 1s 15. In one case 1t
15 compressed isotherinally and in the other case 1t 1s compressed
polytropically with polytropic index, n = 1.3. Calculate the ratios of
work done and heat transfer in two cases. What will be the ratic of
final pressure in the two cases. Ans: (i) 0.649 (ii) 2.59 (i) 0.444

Multiple Choice Questions (choose the most appropriate answer)

1.

2.

The unit of force in SI units is

(a) kgt
(b) dyne
(c) Newton

(d) none of the above

If R is the universal gas constant and M is the molecular weight of a
gas, its characteristic gas constant is equal to

(a) Rx M
()

(¢} Rx VM
(d) VR x M

{

3. First law of thermodynamics defines a property called

(a) entropy
(b) pressure

(c) energy
(d) volume

4. Specific value of any property is its value

(a) per unit mass
(b) for a mass of m kg
(c) for 10 kg

(d) none of the above
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5 Second law of thermodynamics defines the property called ~ 11. In a reversible adiabatic process
(a) energy (a) volume = constant
(b) entropy i (b) pressure = constant ’
(c) pressure (c) temperature = constant
{(d) entropy = constant

(d) temperature

6. Unit of universal gas constant is 12. At critical point the latent heat of vaporization is

(a) keal/K - f_i (a) zero
b) minimum
() KJ/kmol K () maximum
(d} none of the above

(d) W/K

7. A constant volume process 13. The internal energy of an ideal gas is

(a) heat supplied = work done ' | 1 -' a) a function of its pressure alone

(
(b) work done = change in internal energy (
(¢} heat supplied = change in internal energy (c} a function of its volume alone

b) a function of its temperature alone

(d) 1o heat is supplied (d) a function of its pressure and volume

8. In a constant pressure process % 14. Which one of the following is no a property of the system

(a) no heat is supplied a) pressure

(
| | : 1 b) temperature
(b) no work is done | 3 (b) temperatur

(c) heat transfer = change in internal energy

(d) heat transfer = change in enthalpy

(¢} work transfer
(d) entropy
15. When the changes in potential energy and the kinetic energy are

- negligible and the heat transfer is nil, the work transfer in a flow
process is

9. In an isothermal process

(a) no work 1s done

(b) no heat transfer takes place . (a) k1 — ho

)
(¢) heat transfer = work done (b) ha — Ry
(d) beat transfer = change in enthalpy (c) zero
10. When compressing unit mass of air from p1, 71 to pe work input 1s (d) none of the above
minimum when the compression 1S 16. An isochoric process is a
: i
] (a) isothermal ' (a) constant pressure process
: | : 1.2 _ -
i (b) polytropic pV ™= = ¢ b (b) constant volume process
-' : 1.3 _
' (c) polytropic p¥V ™~ = ¢ ' (c) constant temperature process
(d) adiabatic | (d) constant entropy process
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17. An isobaric process 1s a

(a

)
(b) constant volume process
constant temperature process

) constant entropy process | 3

(d

18. An isothermal process is a A_IR_ ST ANDARD .
i — ! CYCLES AND THEIR

(¢) constant temperature process

{(d) constant entropy process A N A. LY S I S

19. An isentropic process 1s a

constant pressure process

5 Iﬂ--.'pr-'l‘.,;'.{"

(a) constant pressure process

(b) constant volume process ' 3.1 INTRODUCTION
(c) comstant temperature process The operating cycle of an internal combustion engine can be broken down
(d) constant entropy process - into a sequence of separate processes viz., intake, compression, combustion,
; expansion and exhaust. The internal combustion engine does not operate on
a thermodynamic cycle as it involves an open system i.e., the working fluid
enters the systern 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.

' 90. The statement that the entropy of a pure substance in complete ther-
modynamic equilibrium becomes zero at the absolute zero of temper-

ature 1s known as

(a) zeroth law of thermodynamics

(b) first law of thermodynamics The accurate analysis of internal combustion engine processes is very

(c) second law of thermodynamics . complicated. In order to understand them it i1s advantageous to analyze
: - 3 the performance of an idealized closed cycle that closely approximates the
hermodymnarmics |
(d) third law of thermodyn real cycle. One such approach is the air-standard cycle, which is based on
Ans: L-(0) 2-(®) 3.-() 4-(@) 5 -() §  thefctomns sSREReS '
6. —(c) T7.-(c) B8 - @ 9 -(c) 10.-(a) 3 (i) The working medium is assumed to be a perfect gas and follows the
11. - (d) 12. —(a) 13. - (b} 14.- () 15.-(a) S | relation pV = mRT or p = pRT.
16. - (b) 17. -{a) 18.-(c) 19.-(d) 20.-(d) i -
g (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 temperature
source and not from chemical reactions during the cycle.
| (v) Some heat is assumed to be rejected to a constant low temperature

sink during the cycle.

(vi) It is assumed that there are no heat losses from the system io the
 surroundings. |
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(vii) The working medium has constant specific heats throughout the cycle. | 3 4
(viii) The physical constants viz., Cp, Cp, v and M of wiurkmg I,=T |--
medium are.the same as those of air at standard atmnspherui con-
ditions. For example in 51 units, , . | !
C, = 1.005k]J/kgK M = 29 kg/kmol ~, |
c, = 0717Tkl/kgK v = 14 ___ =T - 1
Due to these assumptions, the analysis becomes over-simplified and the :
results do not agree with those of the actual engine. Work 01.1.1:put, peak .:‘;' V s
pressure, peak temperature and thermal efficiency ba?sed_ on a1r-s_1:a.11da.rd | |
cycles will be the maximum that can be attained and will differ considerably 1 Fig. 3.1 Carnot Engine
from those of the actual engine. It is often used, mainly because of t-]::lE
simplicity in getting approximate answers to the complicated processes 1n
internal combustion engaes. 9 High temperature Perfectly insulated walls
In this chaptei:, we will review the various cycles a.nd also derive the * source
equations for work output, mean effective pressure, efficiency etc. Al_scr, 3 XX
comparison will be made between Otto, Dual and -DIESEI c}rcles to see which E | T, K dogede g 2
cycle is more efficient under a set of given operating conditions. :‘:0:.:
P’Q‘"‘ O 4
' | XK,
3.2 THE CARNOT CYCLE QR
- 4@ I K '3’3"3*1
Sadi Carnot, a French engineer, proposed a reversible cycle in 182#, in A ———————7—
which the working medium receives heat at a higher temperature and rejects - ) |
2y heat at a lower temperature. The cycle will consist of two isothermal an_d Low temperature Perfect insulator cum
- two reversible adiabatic processes as shown in Fig.3.1. Carnot cycle is 3 sink perfect conductor
represented as a standard of perfection and engines can be compared with :

www.EasyEngineering.net
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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 explajn_.ed
referring to Fig.3.2 which shows a cylinder and piston arrangeme:llt working
without friction. The walls of cylinder are assumed to be perfect insulators.
The cylinder head is so arranged that it can be a perfect heat conductor as
well as a perfect heat insulator.

First the heat is transferred from a high temperature source, (Tg)', to
the working medium in the cylinder and as a result the w!::rkilng medium
expands. This is represented by the 1sothermal process 3—4inFig.3.1. N'nw
the cylinder head is sealed and 1t acts as a perfect insulator. The working
medium in the cylinder is now allowed to expand further fmm_ 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 sink, (T1), as the cylinder head is now ma}de to
act as a perfect heat conductor. Some heat is rejected to thle sink Wllthﬂl?t
altering the temperature of sink and as a result thel working mjedmm i
compressed from state 1 to 2 which 1s represented by ISDthEII?‘lB.l line 1—2.
Finally the cylinder head is made again to act as a perfect insulator and

Fig. 3.2 Working Principle of a Carnot Engine

the working medium is compressed adiabatically from state 2 to 3 which is
represented by process 2—J. 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 {Qg)

According to the first law of thermodynamics,

NCarnot

Work done = Heat supplied — Heat rejected

W = Qs-Qx (3.1)

Considering the isothermal processes 1—2 and 3—4, we get

V
Qr = mRT;llugEFl. (3.2)
. ¥R

g
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Va (3.3) : . the performance of an internal combustion engine. If the work output is the
Qs = mhRilzlog, Vs ’ indicated output then it is called indicated mean effective pressure, pim, and -
_ 4 if the work output is the brake output then it is called brake mean effective
Considering adiabatic processes 2—3 and 4—1 E | ' ._ PIESSULe, Porm.
T ( ¥-L ) -
%Ei = (%) o | (3.4) F 3.3 THE STIRLING CYCLE
2 3 | e 8
The Carnot cycle has a low mean effective pressure because of its very low
ipd | 7\ (71) : 2  work output. Hence, one of the modified forms of the cycle to produce
Yo _ (—1) (3.5) higher mean effective pressure whilst theoretically achieving full Carnot
V1 T4 cycle efficiency is the Stirling cycle. It consists of two isothermal and two
. h | - 'y constant volume processes. The heat rejection and addition take place at
Since Ty = Ty and Ty =13 we have, - - constant temperature. The p-V and T-s diagrams for the Stirling cycle are
Vs _ ¥ shown in Figs.3.3(a) and 3.3(b) respectively. It is clear from Fig.3.3(b) that
1 %1 Va : 3 B \
| | T Heat addition
or ' 7
Vi Va .
o -:f:.. . p \%’““\34
= mRT3log,r — mRT log, T (3.7)
NCarnot — mRTslog, r 2\
. Otk
o 3 1
T3 T3 3:;: . . E—
_ The lower temperature i.e., sink temperature, 71, is normally the at- E::: Eﬁﬂ iﬁtﬁi reqetcrator Ee;:er:ﬁhﬂn
- 7 mospheric temperature or the cooling water temperature a.nd heuce. fixed. | ,{ () b)
Qo the increase in thermal efficiency can be achieved only by increasing the |
source temperature. In other words, the upper temperature 1s requu'.ed to Fig. 3.3 Stirling Cyds
be maintained as high as possible, to achieve maximum therma! efficiency. . :
Between two fixed temperatures Carnot cycle (and other reversible cycles)
: i ' d to other air-standard cycles. .
11135 tlflf mﬁﬁsu?diistfglg Egi ;;iiiyc;zipda;ees ﬂ?]t provide a suitable basis § the amount of heat addition and rejection during constant volume processes
0 , | , . . o
ftljlr Eﬁieeuperafihﬂ of an engine using a gASEOUS working fiuid because the is same. Hence, the efficiency of the cycle is given as
work output from this cycle will be quite low. | | RTylog, (-E—:) — RT log, (%)
Mean effective pressure, pm, is defined as that hypothetical cr_:unﬁtant NStirling = P (3.11)
pressure acting on the piston during its expansion stroke producing the RTslog, (I_;:)
same work output as that from the actual cycle. Mathematically,
But Va =Vo and V3 =V}
_ Work Output (3.9) & Ty T 3.12)
Prm Swept Volume | flstirting = T4 :
It can be shown as : same as Carnot efficiency
o _ g - The Stirling cycle was used earlier for hot air engines and became obso-
D _ Area of 1nd1ca,tt‘j1r diagram x constant (3.10) lete as Otto and Diesel cycles came into use. The design of Stirling engine
" Length of diagram N involves a major difficulty in the design and construction of heat exchanger
The constant depends on the mechanism used to get the indicator diagram to operate continuously at very higjll temperatur.es. I'.IDWEVEL with 'thﬂ de-
" and has the units, bar/m. These formulae are quite often used to calculate 5 velopment in metallurgy and intensive research in this type of engine, the
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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 7'-s diagrams in Fig.3.5(a)
and 3.5(b) respectively.

Stirling engine has staged a come back in practical appearance. In prac-
tice, the heat exchanger efficiency cannot be 100%. Hence the Stirling cycle
efficiency will be less than Carnot efficiency and can be written as

n. _ - R(Tg — Tl) log, r (3-13)

RTslog, T+ (1 — e)Cy(T3 — T1)

where ¢ is the heat exchanger effectiveness.

3.4 THE ERICSSON CYCLE

The Ericsson cycle consists of two isothermal and two constant pressure
processes. The heat addition and rejection take place at constant pressure
( as well as isothermal processes. Since the process 2—3 and 3—4 are parallel .
to each other on the T-s diagram, the net effect is that the heat need be
added only at constant temperature T3 = T and rejected at the constant 74 <
temperature 11 = T5. _ (a) (b)

The cycle is shown on p-V and T-s diagrams in Fig.3.4(a) and 3.4(b) o | |
respectively. The advantage of the Ericsson cycle over the Carnot and Fig. 3.5 Otto Cycle
Stirling cycles is its smaller pressure ratio for a given ratio of maximum to '- |
minimum specific volume with higher mean effective pressure. |

When the engine is werking on full throttle, the processes 0—1 and

T Heat addition g 1—0 on the p-V diagram represents suction and exhaust processes and
from the source _7 their effect is nullified. The process 1 -2 represents isentropic compression
I =T 3 / 4 of the air when the piston moves from bottom dead centre to top dead
L N _ centre. During the process 2—3 heat 15 supplied reversibly at constant
i _: volume. This process corresponds to spark-ignition and combustion in the
2 P % actual engine. The processes 3—4 and 4—1 represent isentropic expansion
£ B and constant volume heat rejection respectively.
=% - 1
5 3.5.1 Thermal Efficiency
] B The thermal efficiency of Otto cycle can be written as
V Heat adilied from / Heat rejection Qs — Or
heat I'E_}Ected to to the sink f= : NOtta = QS | ( 3.14)
(a) the regenerator (b) . _.
_" Comnsidering constant volume processes 2—3 and 4—1, the heat supplied
Fig. 3.4 Ericsson Cycle - and rejected of air can be written as
Qs = mC,(Th — 1) (3.15)
-. The Ericsson cycle does not find practical application mn piStDH'Eﬂgil_IES Qr = mCy(Tyu—-T) (3 16)
1 ' but is approached by a gas turbine employing a large number of stages with l
heat exchangers, insulators and reheaters. - B m(T3 — T3) — m{Ty — T1)
i Notto =
E : | - 1 , | m(T3 — Tg}
! 3.5 THE OTTO CYCLE | - _ ,_Tu-T 3.17)
| L - . : T BT |
The main drawback of the Carnot cycle is its impracticability due to high - 3— 42
pressure and high volume ratios employed with comparatively low mean :
k]
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Considering isentropic processes 1—2 and 3—4, we have

(v—1)
Lo (E) (3.18)
I 9
and - _
' (v-1) -
13 _ (E) (3.19)
Ty V3

But the volume ratios V3 /Vo and V;/V3 are equal to the compression ra-
tio, 7. Therefore, '

f

1% V4
— = = = T 3.20)
v, T T (
therefore,
5ils /B3 (3.21)
T3 Ty
From Eq.3.21, it can be easily shown that
L _h _ Lo (3.22)
I3 1o T3 — 13
T
NOtto — 1—-1,'% (3.23)
1
= 1-—; (3.24)
XL
(%)
1 .
= 1= (3.25)

Note that the thermal efficiency of Otto cycle is a function of compression
ratio r and the ratio of specific heats, . Asy is assumed to be a constant for
any working fluid, the efficiency is increased by increasing the compression
ratio. Further, the efficiency is independent 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 Qutput

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

Woo— paVa—paVa _ p2Vz —piVi (3.26)
~+—1 v —1
Also ;o Ps_
P1 Pa K

Fig

therefore,

~ Efficiency, 1 (%0)
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0 a"-ﬂmic B>

WS

Y=1.67

| §
Y=1.40
Y=1.30

. 3.6 Effect of r and -y on Ef]

P3
P2

I

{

H

Compression ratio, r

3.5.3 Mean Effgctive Pressure

The mean effective pressure of the cycle is given by

Swept volume

Tciency for Otto Cycle

(v —1){r—1)

;‘_: = r, (say) - (3.27)
TVQ and V4 = '.-"I/g
piVi (PaVs _pa pVa 1) (3.28)
y—-1\mVi mVi pih
Wi (rpr? 7
"f—l(p'.i" -‘Tp—?-Fl)
ffﬁl (rpr"™ ' —rp — 17"+ 1)
V T
PR
. _ Work output (3.30)
Pm = Swept volume '
= -V = Wir-1)
B LmVi(rp — 1) (071 = 1)
Pm = = Volr — 1)
— 1Y — 1
_ mrlp 2 U ) (3.31)
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Thus, it can be seen that the work cutput is directly proportional to
pressure ratio, 7p. The mean effective pressure which is an indication of
the internal work output increases with a pressure ratio at a fixed 7;3.1115 of
compression ratio and ratio of specific heats. For an Otto cycle,la.n increase
in the compression ratio leads to an increase the mean effective pressure
as well as the thermal efficiency.

36 THE DIESEL CYCLE

In actual spark-ignition engines, the upper limit of EDIﬂpI‘BS_Ei{L:rIl r_a,tin 15
limited by tbe self-ignition temperature of the fuel. This limitation on
the compression ratio can be circumvented if air and fuel are compressed
separately and brought together at the time of combustion. _In such an ar-
rangement fuel can be injected into the cylinder which contains cumpresaedx
air at a higher temperature than the self-ignition temperaturle of ttlua fu.el.
Hence the fuel ignites on its own accord and requires no special device like
an ignition system in a spark-ignition engine. Such elxligines wi:::urk 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 cycles is in the process of heat addition. In Otto cycle the hea_.t
addition takes place at constant volume whereas in the Diesel cycle 1t 15
at constant pressure. For this reason, the Diesel cycle is often referred to
as the constant-pressure cycle. It is better to avold this term as it creates
confusion with Joules cycle. The Diesel cycle is shown on p-V and T-s
diagrams in Fig.3.7(a) and 3.7(b) respectively.

P;I; i
p T
1 | IC':}I!fa‘-"ﬂ"'l"'1'.J
V 5
(2) (b)

Fig. 3.7 Diesel Cycle

To analyze the diesel cycle the suction and exhaust strokes, represented
by 0—1 and 1—0, are neglected as in the case of the Otto cyclei{ Here, the
volume ratio % is the compression ratio, r. The volume ratio ¢ 18 called
the cut-off ratio, 7. -

-"‘
vi
o
.
I
al ]
i
]
=
8
i
.
=

3.6.1 Thermal Efficieﬁcy

www.EasyEngineering.net
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The thermal efficiency of the Diesel cycle is given by

T Diesel

Considering the process 1—2

173

—
——

— TETE

From Eqs.3.34 and 3.35, we have

I3

Considering process 3—4, we have

Iy

I

From Eqs.3.36 and 3.37, we have

Ty

N Diesel

—

Qs — Ur '
Qs
mCP (Tg — Tg) — mCﬂ (T4 — T]_) (332)
, _ Golly - Th)
CP(T3 T T?-)
1 /Ty — Tl)
1 —— 3.33)
¥ (Ta — Ty (
(+—1)
Tl (E) — TIT(‘T_-I} (334)
vy
€]
13
% = T (EE-}")
(3.35)
Torr—Lp, (3.36)
(v—1)
|2
— 3.37
I3 (ﬂ) (3.37)
(v—1)
Vo Vo
TS (E X E)
r.\ (7—1)
T3 (?) (3.38)
_ .71}
T]_T'(T ljrc(?) — Tl‘;r"g
1 - Ti(r] —1) -

T (Tj{"f‘l}rc _ T(T“lj)
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|

1_1[. (r7 —1) }

y -r{"f_l]'rc —_ T(‘T—lj

{1 [ re 1 ] (3.39)

- T('T"IJ

It may be noted that the efficiency of the Diesel cycle is diﬁerﬁent from
that of the Otto cycle only in the bracketed factor. This factor 1s alwa.}-rs
greater than unity. Hence for a given compression ratio, the Otto cycle 1s
more efficient. In diesel engines the fuel cut-off ratio, 7., depends on output,
being maximum for maximum output. Therefore, unlike the Otto cyclfa the
air-standard efficiency of the Diesel cycle depends on output. Theé higher
efficiency of the Otto cycle as compared to the Diesel C}:’CIE for the same
compression ratio is of no practical importance. In practice the operating
compression ratios of diesel engines are much higher compared to spa'rk-
ignition engines working on Otto cycle. The normal range Df_EDE?.Lp]’.‘EE-:‘?JID-Il
ratio for diesel engine is 16 to 20 whereas for spark-ignition engines 1t 18
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 Output

The net work output for a Diesel cycle is given by

Va—paVy  p2Vo—piVi
W o= p(Va-Ve) + T~ S o (340)

palre = 1)y ~ 1) + p(re — Br) = pa(1 - Br)
= V5 o
(re ~ D{y—1) + (re — r2r(=M) — (1= r(=7))
= p2Vo p—
_ ]
- — (=Y —
_ p1 Vir=V [y(re — 1)1 r(1=7(r7 - 1)] - (3.41)
J}I’ _—
3.6.3 Mean Effective Pressure
The expression for mean effective pressure can be shown to be
—1] _ _
p Vi [r7 Vy(re — 1) = (rZ — 1] (3.42)

Pm = (v — DV (E=2)
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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 chemical reactions during
combustion process, the combustion cannot take place at constant volume.
Similarly, due to rapid uncontrolled combustion in diesel engines, combus-
tion does not occur at constant pressure. The Dual cycle, also called a
mixed cycle or limited pressure 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 respectively. '

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.

Constant volume
Constant pressure
3 4
T .
3
: <
! Cunﬁlﬂﬂtq@ﬁﬁ
V 5
(2) (b)
Fig. 3.8 Dual Cycle
3.7.1 Thermal Efficiency
The efficiency of the cycle may be written as
NDual = QS _ QH | | (344)
s

mC, (Ta — Tz) + me(T4 — Tg) — md{, (Tﬁ — Tl)
m{, (T:_:; — Tg) ~+ T‘."'!.Cp (T.;; — Tg)

Ts — T
(T3 — T3) + (T4 — Ts)

1 —

(3.45)

L 1||I1'-,-El-- o U
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(v—1)
4 - The net work output of the cycle is given by
- Pay _ (r-1) 3.47) :
; T = Ty (_) = 1irpr ( PaVa—psVs  pVo — ;Wi
W = Vi — V- —
2 p3( 4 3) + — P—

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

mV [(’r— 1)(1?41/1 B ;031”%,) Ve sV e

v—1 nVi W nvi ;Wi W

Cut-off ratio r. is given by (%) mw

[(fy — 1)(?:;:?';.?"7*1 — rpr""_l) 3- rc*rpr"'_l

V. v —1
Ty = ’.:P.n.'};i‘_?‘;I= = 1yr.
| ? ¢ —r,r? — ¥l 4 1]
Substituting for T3 from kq.3.47 . .
. : , _ plﬂ [ T'T'T'T_l'— TT‘T—I _I_TTFT—I_TTT_TT—-I_I_]-]
Ty, = Tirer,r™™ ) (3.48) S TTeTp Mo T pTc
and | : % T o p 1 I’rl | y—1 ~
| v, (y—1) NY v, (y—1) 349 = -3 [qrpr (re = 1)+ 77" (rp = 1) — (rpr) — 1)] (3.54)
— J— — L — . _ :
TE e T4 (-%) T]-TFTGT (V-E) k7
3.7.3 Mean Effective Pressure
Now - _ .
Vo = Vo _ Ei_ % Vs (3.50) 0 The mean effective pressure is given by
Ve i ValV | E |
Vs ' ’ l _ Work output = W
) — E X E (sinceVa = V3) :_:::_i-' Pm = Swept volume ~ V,
- L IR 2% - O | L v
F ; o — i T 1p Tl _ 1) — T
- Therefore. A T [yrpr e . 1)+ 77" (rp — 1) — (rprd — 1)
- Vi e (3.51) 1 P
i v . : E: = ot e — D+, — 1
where % is the expansion ratio. Now, / )
' o (TP Tl:'. ]')]
T ¥—1 i
E — ¥—1 (__E) e 3
Ts = hLimprer” (7 4 _ brrerTlre = ) 4+ r7(rp = 1) — r(rye? ~ 1) 555
- T I 1)
_: Substituting for T3, T3, Ty and T5 into Eq.3.45 and simplifying 3.8 COMPARISON OF THE OTTO, DIESEL AND DUAL
2L ; CYCLES
# n = 1-— 1 [ Tple = } (3.53) ) |
rO=1) | (rp = 1) +rpy(re — 1) The important variable factors which are used as the basis for comparison of
b _ - the cycles are compression ratio, peak pressure, heat addition, heat rejection
y ation that a value of r, > 1 results in y P , Peak p ; : ]
i ' Sniirz;zze;lfﬁf;?ic;hfen?I;U;ii;?ialue of r. and . Thus pth e efficiency of | and the net work. Iln order to compare the performance of the Otto, Diesel
Dual cycle lies between that of the Otto cycle and the Diesel cycle having 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
COIMpression _I‘;B.Eiﬂ, same heat addition, constant maximum pressure and
temperature; same heat rejection and net work output. This analysis will
show which cycle is more eflicient for a given set of operating conditions.

same compression ratio.
With r. = 1, it becomes an Otto cycle, and with rp = 1, it becomes a
Diesel cycle.
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3.8.1 Same Compression Ratio and Heat Addition

the Diesel cycle is given by

The Ofto CYG].E ],_—1-‘2——:-3——}4——‘#1, the Diesel E}'E].E 1——?2—?’3#—*4"'—’1 and t}flE -,3 | - NDiesel — 1 — QF
Dual eycle 1-2-2"—3" —4” 1 are shown in p-V and T-s diagrams m F i Q'
= . ' tio and heat : - : :
Fig-3.9(a) and 3.9(b) respectively for the same compression ratio and A - 5 “where Q05 is heat supplied in the Diesel cycle and is equal to the area under
input. | the curve 2—3' on the T-s diagram [Fig.3.10(b)].
From the T-s diagram, it can be seen that Area 5236 = Area 523'6" = | )
Area 5223"6" as this area represents the heat input which is the same for S
all cycles. 3
- ] . _____.,.-""‘-“
Consiant pressure 3 y) T
' 3“ p
| 2 A
2 N bt 4
p d Lo 4
4 4" 2 Isentropic process ]
1 .
. Constant volume = | 1§ p
Isentropic process = .
3 . . = G - (b
5 6 6"6 gl
V § Fig. 3.10 Same Compression Ratio and Heat Rejection
(a) ()
Fig. 3.9 Same Compression Ratio and Heat Addition | | From the T-s diagram in Fig.3.10 it is clear that Qs > Qf i.e., heat
| - 4 supplied in the Otto cycle is more than that of the Diesel cycle. Hence, it
- 3 is evident that, the efficiency of the Otto cycle is greater than the efficiency
All the cycles start from the same initial state point 1 and the air is I_} - of the Diesel cycle for a given compression ratio and heat rejection. Also,
compressed from state 1 to 2 as the compression ratio is same. 1t is seen -_ for the same compression ratio and heat rejection, 7otio > NDual > NMDiesel-
from the T-s diagram for the same heat input, the heat rejection in Qttrﬂ '
cycle (ares, 5146) is minimum and heat rejection in Diesel cycle (514'6") 1 3.8.3 Same Peak Pressure, Peak Temperature and Heat
is maximum. Consequently Otto cycle has the highest work output and 3 Rejection

. 35 ing the

.ncov. Diesel cvcle has the least efficiency and Dual cycle having . .

Eﬁﬂ{ency b ;ZS . n fhe two. For same compression ratio and heat addition, | Figures 3.11(a) and 3.11(b) show the Otto cycle 1+2—3—4 and Diesel

eliciency be ;En ' : | - | - cycle 1-+2'—3—4 on p-V and T-s coordinates, where the peak pressure
> MDual Diesel : . ] | ' :

nmtane Tiﬂn:e nbser:;tiﬂn can be made i.e., Otto cycle allows the working and temperaﬁ.ture AL ag ot g1 preg re_]ecte:d a*-re ki

medium to e:-:paﬁd more whereas Diesel cycle is least in this respect. The The ethiciency of the Otto cycle 1-2—3—4 is given by

enson s heat is added before expansion in the case of former (Otto cycle)

aud L g el L

and the last portion of heat supplied to the fiuid has a relatively short | Nowe = 1— Oc
on | e of the latter (Diesel cycle). it | |
exXpansion 1n €as ( | . where @5 in the area under the curve 2—3 in Fig.3.11(b).
; 3 8.2 Same Compression Ratio and Heat Rejection | The efficiency of the Diesel cycle, 1 +2—3'—3—4 is
The p-V and T-s diagrams are shown 1n Figs.3.10(a) and 3.10(b). Now, ﬂbigsez _ %
E _ 4, _%r | -_ s
% Notto QS

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

here is the heat supplied in the Otto cycle and 1s equal to the area It is evident from Fig.3.11 that Qs > Q s . Therefore, the Diesel cycle
3113: thi curve 2-93 on the T-s diagram [Fig.3.10{b)]. The efficiency of '} efficiency is greater than the Otto cycle efficiency when both eng,ine's.. are
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55"55 >
T\ 7o
Coos®®
4
- 5 s 6
() (b)

Fig. 3.11 Same Peak Pressure and Temperature

built to withstand the same thermal and mechanical stresses. Also, for the
same peak pressure, peak temperature and heat rejection, 2ot > MDual ~

MDiesel -

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 7-s diagrams mn
Figs.3.12(a) and 3.12(b} respectively.

Fig. 3.12 Same Maximum Pressure and Heat Input

It is evident from the fgure 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

R ) = i 3T
'H#' [ ol 5 W
i UL L 5

i

N
s
R
T
L
T
Kl
v
21
-
A
i
M
A
s
=i
o
1.
.
'
3
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conditions the Diesel cycle has higher compression ratio %’;1;- 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. Hence, for the same maximum pressure and heat input,

TIOtto > NMDual » NDiesel-

3.8.5 Same Maximum Pressure and Work Qutput

The efficiency, 1, can be written as

Work done
Work done + Heat rejected

Work done

" T  THeat supplied -

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. Tt 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. Hence, for the same maximum pressure and work output, oo >

NDual -~ MDiesel-

39 THE LENOIR CYCLE

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

P
V 5
(a) (b)
Fig. 3.13 Lenoir Cycle
L s —=QF
NLenoir QS
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Qg = mC,(Ty —T11) (3.56)
Qr = mCy(T; ~T) CEU
mi(jﬂ (T'Z — Tl) - mCP (T3 - Tl) 1 5R 1, T
MLenpoir — ( - )
e mCy(Ty — T1) - "
Y Tl) -
Taking ps/p1 = Ty, we have Ty = Tirp and 4 ’ | g
Ty _ (1'31)( ) (3.59) X .,
Ty P2 - - Fig. 3.14 Atkinson Cycle
221 (332)
Y 1 .
T3 — Tﬂ (i) — Tlrp (—) = T_LT}JIK‘T)
Tp Tp - ]
> - | ~ I3 P3 p3 P4f) |
1/ | (17 _ s _ P _ (_ 2 |
n = 1-—7% U Ml ) RS | -2 ; (3.60) T3 P2 " 2/
T]-TF' — Tl TP -1
effici j ds the pressure ratio as = okl (3.66)
Thus the efficiency of the Lenoir cycle depends upon the p Dar 9
well as the ratio of specific heats, viz., 7.
3 — (E) ! — e’ (3 67)
3.10 THE ATKINSON CYCLE Py 3
~ - oy ¥ , i--
e Atkinson cycle is an ideal cycle for Otto engine exhausting to a gas turbmt'a. { oo (E) _ 1 (3.68)
In this cycle the isentropic expansion (3—4) of an Otto EYE!E (1234) is P2 W 7
further allowed to proceed to the lowest cycle pressure so as to mcrease the / /£ _
work output. With this modification the cycle is known as Atkinson cycle. F §;tl’bstltut1ng Eqgs.3.67 and 3.68 in Eq.3.66,
The cycle is shown on p-V and T'-s diagrams in Figs.3.14(a) and 3.14(b) 3 T, 7 |
respectively. a4 T . (3.69)
£ g e¥ e e ~.
g E- T — S —/ JI” (r—1)=_ - Ty 3
MAtkinson — QSQ QR (361) 3 ET'T 17 Y 1 . (5 70)
5 = .-
| H Ty Vs (v—1) 1
_ MGl T) —mGIy =T 56y L, - (v_) =
- mCy{T3 — 13) 3 " e
i 3 1
_ o1 " (i;y _;:1) (363) Tqr — TSE(T_” (371) f
3— 43
— T E'T ]‘
the compression ratio, r = % and the expansion ratio e = %— Now, A S 1)
. (v—1) - . | .
Tz _ (gl-) = -1 (3.64) Ty = Tl; (3.72)
T]_ 2 . .
| . o (r=1) | (3.65) Substituting the values of 7o, T3, Ty in the Eq.3.63,
2 = 1 . :
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_ 1 [ Tlt?/ r— 1] -
Matkinson = L =7 | @ 27 _Tor(v-1) 13
17 /r —Th 94 | Ty = 5 (3.77)
- ’T[ ] (8.73) & D '
evT —r7 . _. T = D) . (3.78)
3.11 THE BRAYTON CYCLE = mBraeon = 1 (/D) = (Ty/rY)
Brayton cycle is a theoretical cycle for gas turbines. This cycle consists of i
two reversib‘IE adiabatic or isentropic processes and two constant pr.essure ~=,- — 11— 1 (3.79)
prncesSes. Figure 3.15 shows the Brayton cycle on p-V and 1-s coordinates. ! R rly—1) T
-“The cycle is similar to the Diesel cycle in compression and heat addition. . :_ 1
The isentropic expansion of the Diesel cycle is further extended followed by " S i _ (E ) T , j (3.80)
constant pressure heat rejection. a V2 !
L 1 1
a4 T N =) (3.81)
e S (Tig ) "p
. T 5 From kq.3.81, 1t is seen that the efficiency of the Brayton cycle depends
‘ only on the pressure ratio and the ratio of specific heat, ~.
Network output = Expansion work — Cmﬁpresaiﬂn work
= Gz —Ty) - Cp(Ty — Ty)
y $ Ty Ty T
® ®) T(7 -+
Fig. 3.15 Brayton Cycle w _ I I3 12 +1
GL T BT T - 38

It can be easily seen from the Eq.3.82 -(wmrk output) thaf; the work

(s — QR N
NBrayton = op n::nutp_ut of the cycle depends on initial temperature, 11, the ratio of the
e maximum to minimum temperature, ;1—4';1, pressure ratlo, r, and -y which are
 mCy(T3 —Ty) —mCyp (Th —Th) (3.74) o lls_ed in the calculation of % Therefore, for the same pressure ratio and
= mCy (T3 — Ts) initial conditions work output depends on the maximum temperature of
the cycle.
| Ty —Th =
- Tg — Tg § ‘
3 | Worked out Examples
If r is compression ratio i.e., (V1/V2) and 7 is the pressure ratio1.€., (p2/p1)
~ then,
(2=2) (%) | OTTO CYCLE
Ty _ (E) - (?E) (3.75) -
Ty P4 P1 g

3.1 An engine working on Otto cycle has the following conditions : Pres-
sure 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.

Th_l} (376)

[
N
|5
M
5y
.
[
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Solution

Air-standard ef

1
W (E%)(T) _
' B Vo ™M
= 5.4
1
Heiency = 1',,.,7*1
;N\ 04
= 1] - — = (.496
5.bd

|

T
o
o
=

1173

1

g

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 |

Notto

|
SIS

I
AN
SIE
e
y

|
P
3|2
G | O
S
+

= 5.66
T
P G R
Y=l To
646

13

3.3 In an Otto cycle air at 17 °C and 1 bar 1s compressed adiaba.tica.ll?r
until the pressure is 15 bar. Heat 1s added at constant mlume_ until
the pressure rises to 40 bar. Calculate the air-standard efficiency,
the compression ratio and the mean effective pressure for the cycle.

Assume ., = 0.717 kJ/kg K and R = 8.314 kJ/kmol K.

Solution

C'onsider the process 1 ~ 2

mVy = P2V,

=
|
3 i
|
N
= |9
e
od =

T3

Heat supplied

! 1
.._'_ .
.-I

Rl -
LN
o
T

1 .
'\-_l'
:.!-5 .
e B
- N
ES !
e N
: :
T,
"L_
okl
e =
e
e
e N
=1

i

-_J by

__'I.

i

= 1
=
]

-
1

& v,

Work done

- A

. -
_I-I A SN o o=

AN
o

Pm

Alr-otanadard Lycles and LA ANww EasyEngineering.net

H

i

Consider the process 2 — 3

——
—

p3la 40

Pa 15
C‘H (T3 _' T?)

— % 0629.0 =

13

1678.7

0.717 x (1678.7 — 629.5)

752.3 kJ /kg

nXgs
0.539 x 752.3 =

Work done
Swept volume

o o_ gL
m | Dy
8314 x 290

20 x 1 x 109

JES—

405.5 kJ /kg

0.8314 m?/kg
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100 IC Engines :
5.91 -
vtz = T X 0.8314 = 0.711 m°/kg
= = B/.70x10" N/m
Pm o1 < L0 /
— 570 bar s

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 compression stroke
are 1.3 bar and 2.6 bar respectively. Assuming that the compression
follows the law pV!3 = constant. Find the compression ratio. If
the relative efficiency of the engine compared with the air-standard

 efficiency is 50%. Calculate the fuel consumption in kg/kW h.

P
Pz'.
2.6 .
|
! |
1.3 shniaieir it et
p]" : : i
oy
D 4 M
: | 1 i
L L
- 70%  30% V
Solution
Va - 1
V]_f = 1+ U.T(T — 1) — 0.7r 4+ 0.3
Vo = 1+03(r—1) = 03r+0.7
ErHIGE
Vor D1
/9.6 T3
— — = 17
(13)
0.7r + 0.3 _ | 7
0.3r+0.7
T = 4.68 7

N . ]
% . "'_.u P
e g .-

o PR

- o1 1

| 11

oy TR Ll e

:.'@ﬁ"
o
- 47
- 'l_-F
Eour B
=%
L
by

LY

i Ik lbt
H g il S
-.|I'a|5’-'";|i:-.'.|*“-'.;1"'
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I
| —
|

Air-standard efficiency -

|
 —

|

|
=
=
<

46%

Indicated thermal efficiency
Air-standard efficiency

Relative efficiency

Thth =+ = | 0.ox046 = 0.23

_ ip

T OV xm

where 1 is in kg/s

mo 1

ip 42000 x 0.23
= 1.035 x 107% kg/kW s
= 1.085 x 1074 x 3600 kg/kW h

isfe =  0.373 kg/kW h Ans

3.5 A gas engine working on the Otto cycle has a cylinder of diameter
200 mm and stroke 250 mm. The clearance volume 1s 1570 cc. Find
the air-standard efficiency. Assume C, = 1.004 kJ/kg K and C, =
0.717 kJ/kg K for air.

Solution

Stroke volume, V, = %dzL = % x 20% x 25

= 7853.98 cc

| | v, 7853.98

Compression ratio, v = 1+ V. 1+ 1570
- 6.00 )

C, 1.004
Y= e T oo -
Air-standard effici = 1-—y = 1
r-stanaard efliclency = T A - g0.)
= 0512 ‘= 51.2% &
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102 IC Engines

3.6 In a S.I. engine working on the ideal Otto cycle, the compression ratio
is 5.5. The pressure and temperature at the beginning of compres-
sion 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
3
Pl o2
4
1
14
Since Vo, = Va = V¥
Vi = r¥o = rV,
Consider the process 1 — 2,
L — o= 55 = _ 10.88
4|
| "An
p, = 10.88x 1 x 10° =10.88 x 10° N/m" &=
22 = Y1 =55%% = 1978
I
T, = 1978x300 = 5934K=3204°C &=

Consider the process 2 — 3:

30 x 10° N/m”

D3 =
L < X o
Th Do 10.88
T, = 2757x5934 = 1636K
—  1363° C ans

Consider the process 3 — 4,

i ; ] 2t 3 |'|' n
'.' A T L R L
A s p Ll e

[ H ' .
B b i

';I. 1{ _-.-:' .

L

5

cen W e R
T T SNSRI Pl Lt 1)
B T L R D e e

P3
P4

TIOtto

Pm

Area 1234

D

[

|

|

]

|

E ' ina. '
Air-Standard Cycles and Their Analysis 1030 o m9"et

@) - @)

7 = 55 = 1088
P = 276 x 10° I"%T/n:m2 Ans
10.88
p7~1 = 5504 = 1978
s 1636 o0
1.978 1.978
554.1° C 4ns .
1 1
= 1 S 0.4943
49.43% Ans

Indicated work/cycle
Vs

Area of p-V diagram 1234
Vs

Area under 3-4 — Area under 2-1

paVs —paVa  p2Vo —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

2B6x10°%x V. = pmxV

23.6 x 10° x V.
Vs

23.6 x 10° x V,
4.5 X V,

5.24 bar

= 5.24 x 10° N/m?

3.7 A gas engine operating on the ideal Otto cycle has a compression ratio
of 6:1. The pressure and temperature at the commencement of com-
pression are 1 bar and 27 °C. Heat added during the constant volume

www.EasyEngineering.net

. A
. =
T,


http://easyengineering.net
http://easyengineering.net

www.EasyEngineering.ret

www.EasyEngineering.net

104 IC Engines

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

4
1
V
Consider the process 1-2
P2 _
D1 |
= 6 = 1228
py = 1228 % 10° N/m”’
—1
N E (F—l)T =771 =6"* =205
1y Va
1o — 205x300 = 615K =
Consider the process 2-3
For unit mass flow
s = q@-3 = GC(I3-Ta)
— 1170 kJ/kg
1170
— — ~— = 163138
Ts-1h 0.717
T, = 1631.8+615 = 22468K
= 1973.8° C
ps Ty 22468 _ ..
s T 615

342° C

Peak pressure,pa

Work output

Iy

Work output/kg

NOtto

{

Air-Standard Cycles and Their AnalysfS/vwil_v(EasyEngineering;nef 3

3.65 x 12.28 x 10°

44.82 x 10° N/m* = 44.82 bar

Area of p-V diagram

g

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

p3Va—paVy  mVo —piWa

v—1 v—1
m K |
] (T3 — Ty} — (T2 — T1)]

C,—C, = 1.004—0.717

0.287 kJ/kg K

Ans

=1
¥ _ -1
Vy
T 2246.8
= =1097.1 K
s 2ag = 10971
0.287
- > [(2246.8 — 1097.1) — (615 — 300)]
598.9 kJ
1 1
1 —_ T{T—IJ i ]_ — W e 0.5‘116
51.16%

.
0

3.8 A spark-ignition engine working on ideal Otto cycle has the compres-
sion 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,

77 -

Wi

mo 1
M .29
nftl; 1 x 8314 x 310 3
= = {J.889
”M 20 x%_1(° i

An
—

()]

www.EasyEngineering.net
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.- ; _ 2.44x10° N/u = 2.44 bar o
Vi = Vi = 0889m? ans
] . 2 i = 1 = 0.889m =
r p . ol 2.44 x 10°
i 2 2 T — T Ps 310 x
| 4 E 2 ! 'y L x 108
i o Ans
: 1 =  756.4 K =4834° C =
5} . B R B 8.314
; |4 v My—-1)  29x04
= 0.717kJ/kg K
| Consider point 2, For unit mass,
7 - Y = 10° x 6 , |
: P2 T Heat supplied = Co(T3 — T5)
12.3 x 10° N/m® = 12.3 bar gns B
3 = o S == - = 0.717x {1548 — 635.5) = 654.3kJ
- X :j.*._ |
Vs — _Igl — g@ — 0.148 m°® &= Heat rejected = Co(Ty —T1)
o2 Vo | = 0.717 x (756.4 — 310) = 320.1 kJ
T = T
? 285 Heat supplied _ 65643 9 04 Ans
5 | | Heat rejected B 320.1 '
_ 12.3 x 10° x 0.148 x 310 _ g8 K
_ 1 x 10°% x 0.889
- _ 361.8° C ans 3.9 In an Otto engine, pressure and temperature at the beginning of com-

pression are 1 bar and 37 °C respectively. Calculate the theoretical

. S i q " thermal efficiency of this cycle if the pressure at the end of the adi-
LonSisr et o abatic compression 15 15 bar. Peak temperature during the cycle is

A
Vs — Vo, = 0148 m®> == 2000 K. Calculate (i} the heat supplied per kg of air (ii) the work done
i, g 8 ~per kg of air and (iii) the pressure at the end of adiabatic expansion.
ps =  30x10° N/m" = 30 bar Take C, = 0.717 kJ/kg K and v = 1.4.
ps _ P2
ﬁ - T, :' Solution
T 30 x 10° « 6348 — _15 18 K ) Consider the process 1-2
12.3 x 10 =
n n = T (@) = 310 x (15) 0414~ g72K
- = 1275° C A P
| 1) 310
' n = 1—-= = 1—--— = 0539 = 53.9%
Consider point 4, | T, 672
Y — | ) -
P3Vs - P4V Consider the process 2 — 3
1.4
Va\"? - . For unit mass flow
_ r3 — 10°( = _
P4 = Pa(V4) 30 x 10 (6)

Heat supplied, g,

|

Coy(13 — T3)

www.EasyEngineering.net www.EasyEngineering.net
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Air-Standard Cycles and Their Anafysviwvwl.ihByEngineerinq;.het |
o

Solution
3 1 N 1 — 49.43%
TiOtto = 1-— Y1 = 1-— 5 50.4 _— 9.43%
(Refer Fig.3.14)
ol 2 | N Gl
4 TNlAtkinaon - oY — 7
1 T = 0.0
v, T 25\ 17
e = — = (p—E) - (—) — 9.966
4 Vs 4 1 .
e? = 9966'* = 25
= (0.717 x (2000 — 672) Y — 554 = 10.88
Ans 1.4 x (9.966 — 5.5)
— — 5 = 1— = 55.72
a 952.2 k']ng NAtkinaon 25 — 10 88 %
; _ Work dﬂﬂ-E per kg qf 2 w 7.1 - 55.72 ) o
Heat supplied per kg of air qs 0e) = 1943 -+
w = ngs = 0.539 x 952.2
Ans
= 5132 kl/kg ¥  DIESEL CYCLE
T3 — 15« 2000 S 3.11 A Diesel engine has a compression ratio of 20 and cut-off takes place at 5% i
ps .=  PA\Tq ) 7 672 W of the stroke. Find the air-standard efficiency. Assume y = 1.4.
o Whaus :_' L_ Solution
£
Consider the process 3 — 4 o
d (E) '8
P4 Va £ 3
Vl ) 7 E;,: x P
P P1 o 4
p\  4464x1
Ans | | | 4
= 2.98 bar —=
_ _ i OV
3.10 Compare the efficiencies of ideal Atkinson cycle and Otto cych_a for - r = v =
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. Vi — 20Vs

The peak pressure is 25 bar for both cycles. Assume v = 1.4 for air.
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110 IC Engines

Vs —_ 20V2 -— Vg — 19Vg
Va —  005V.+Ve = 005x19Va+Ve = 1.95V5
r - B 1952 _ 195
¢ Vo Vo
1 1 rl—1
I R
1.4 -
= 1 - L X e ! } = (.649
2094 ~ 114 x (1.95 — 1)
—  649%

3.12 Determine the ideal ef

iciency of the diese

| engine having a cylinder with

bore 250 mm, stroke 375 mm and a clearance volume of 1500 cc, with fuel

cut-off occurring at 5%

Solution

Te

Cut-off volume

|

I

1

|

|

)

of the stroke. Assume v = 1.4 for air.

T 2L = = x252x375
4 4
18407.8 cc
V. ~ 18407.8
_g = 13.27
Ly L+ 500 |
1 rT—1
1 — .
rY=1 y{re - 1)
V4
Vo
Vg . Vg — 0051{3

0.05 x 12.27V;

Ve
1.6135V,
Vs _ 16135
Vs
1 1.613514 -1 .

1= 132704 ™ T4 x (1.6135 - 1)

0.6052 = 60.52%

. . 0 .l FLL s ol T 1 4

Py R T T e ""1".'r"' e Lig I yoyad s
Loaman ' . Aeda b LR R T I Al o

I'I'\.I:l 1"" .BT*L*!I"E"*.""!'-‘" ok F'F il _‘:-;f-H:i_ BT T ".|-|f!:'..._.."-.ﬂ

.
=
-
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5
=

. aAma
" Teu

=
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1.13 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
i 5 Calculate the heat addition, heat rejection and the efficiency of the

cycle. Assume v = 1.4, C}, = 1.004 kJ/kg K and C, = 0.717 kJ/kg K.

Solution
2 3
P
4
1
14
Consider the process 1 — 2
s —
lL.a
io_ . 2 (P_?)" A (3_5) — 12674
Va 14 1
V Vs V
Cut-off ratio — 172 = ?:i ¢ f”i )
R Cnmpres_smn ra.'tm _ 12.674 _  os35
Expansion ratio 5
2 - @7
13 P1 1 '
Ty = 276 x 290 = B801.7TK

Consider the process 2 — 3

~ Vs Vs

_ e 1.7 % —

15 \ Ty 7 80 X v
= R01.7%x 2535 = 2032.3K

Consider the process 3 — 4

h...
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112 IC Engines

Heat added

Heat rejected

Efficiency

i

I

|

1235.5 kJ /kg

Gu (T.r_i_ - Tl)

557.5 kJ /kg

1 0.4

= 1.004 x (2032.3 — 801.7)

fg

—  0.717 x (1067.6 — 290)

i3

Heat supplied - Heat rejected

Heat supplied

1235.5 — 857.5

1235.9

Ans

— 0549 = B4.9% <—

914 A Diesel engine is working with a compression ratio of 15 and €Xpansion
ratic of 10. Calculate the air-standard efliciency of the cycle. Assume

v=14.

Solution

|

I

2 3
p
4
1
y
i _ g5
Vo
Yoo _ 1
Va
_ ¥ -
11 (“) -1
=

iy

(3o
EIEE
EiL- T o
Lt

"
Il. .-_
-

. 1-\.-

-
o
- -I

w
..t
fen |
i .

apet

-
A
-
k™
¥
.

-

. __-_;.

i ——

= .

B 1)

-1 _,,

Bt
i
2

1
i
.
-

. 'n
P
e
n
g BB
-

. -.r
-
L

-t

e

A brien
r _.

-
-

T -
A

N
G o
-
4

N
el Ty Al
1L N

1.4.

Solution

7
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_ 11T

= ]l — — x

1.4 1504 ~

63%

(oo
o]

I

E

-
—

1 1 1.7514 1
1.75 — 1

“Lr 0.63
y-1 L
A

} 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 ef

iciency assuming v =

) = 0.617 = 61.7% 2ns

¥ 316 A Diesel cycle operates at a pressure of 1 bar at the begmning of com-

pression and the volume is compressed to 1 of the initial volume. Heat is

supplied until the volume is twice that of the clearance volume. Calculate
the mean effective pressure of the cycle. Take vy = 1.4.

Solution

1[/'1.

2 3
p
4
I
V
16V, and Vs = 2V

Swept volume

V2

-—

Vi—-Vo={r—-1V =151V,

Vs
15

Consider the process 1 — 2

www.EasyEngineering.net
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%—a 7N Co 0.717
ps =  pi| = = 1x16"" = 485bar
) V2 . Va 13
_ Cut-off I'ﬂtlﬂ_, T = F = *TT
ps = ps = 485 bar : : T
| v\ 14 5\ 14 Consider the process 1 — 2
| pg = pa(i) = 48.5x (—) T T
Va 16 = — —
;: T Va
! 4510  (Since, Va = VA
il — Eﬁ = 2.64 bﬂ-l' ( Ince, ¥q =— 1) — T(’T—l) — 14[].4 — 2 874
-I Mean effective pressure, Pp,, is given by I, = 2874x333 = O957.04K
Vs — paVi Va — p1 Vi
1 D = _117 [pg(% — Vo) + LA _11)4 gy e _?1 1] Consider the process 2 — 3
’ U v Heat added/kg of air = Co(Tz3—Ty) = F/AXxCV
= V =
a v, Va (pg%-ﬁqﬁ) (pz—Pn—;;) T T B F/AxCV 42000 — 836.6
T PE(E"I A -1 T a1 N C,  50x1.004
: - ; Ty =  1793.64K
; l 1 48.5 x 2 — 2.64 x 16 A |
— Tg X |48.5 X (2 — 1) + 141 — ' h- . i % 3 1793.64 B 1 874
i | © T» 95704 7
o .. 48-5 - 1 X ]_ﬁ . ' Anﬂ
3 o l = 6.94 bar — _ - 1 y 1.87414 -1
= 1.4 x 1404 0.874
| 3.17 In an engine working on the Diesel cycle the ratios of the weights of air = 0.60 = 60% g

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.

Assumte C, = 1.004 kJ/kg K and C, = 0.717 kJ/kg K for air.

3.18 In an ideal Diesel cycle, the pressure and temperature are 1.03 bar and 27
°C respectively. The wnaximum pressure in the cycle is 47 bar and the heat
supplied during the cycle is 545 kJ /kg. Determine (i) the compression ratio

Solution (ii) the temperature at the end of compression (iii) the temperature at the
end of constant pressure combustion and (iv) the air-standard efficiency.
7 3 Assume y= 1.4 and C, = 1.004 kJ/kg K for air.
x Solutien
P - N = 5 2
P2 == p3 = 47x10° N/m
4 | .
P2 _ Vi ~
n - \w) =
1
1 1
V - _ EE_ (T) _ - - 47 (1.4)
D1 1.03
1 rY -1 — 15.32 g
— — c  — )
g B 1 L y(r.—1)
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-1)
E — (F—l)h — b = 15.32%4 = 2,979
11 Vo
T, = 2979x300 = B893.7K
A
= 620.7° C =
Heat supplied/kg = Cpo(Tz —T2) = 549
545
Ty =12 1.004
Th = 5428 4+893.7 = 14365 K
A
= 1163.5° C L
1 ry —1
N 1F/S L7

rr—1 A(r. — 1)

{

T Diesel

1 (1.611-4 = 1)]
1-— X
{1-4 x 15.3204 0.61

0.6275 = 62.75% —

319 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 temperature 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 efficiency of the cycle and (iv)_ the power output
£ the air is heated to 1500 °C Assume C) and C, of air to be 1.004 and

0.717 kJ/kg K respectively.

Solution
An
r = 14 i L 148 = 9 P22
Consider the process 1 — 2,
P2 - ¢ o= 9t = 2167
D1 |
2
ps = 216Tx103x10° = 2232x10°N/m
18

22.32 bar o A SEa

w v

www.EasyEngineering.net
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2 3
P
4
1
4
13 i (v-1) _ 0.4 _
T, — T = 9 = 2.408
Ty = 308 x 2.408 = 741.6 K = 468.6°C

Consider the process 2 — 3,
P3 =

Ty =

Consider the process 3 — 4,

po = 22.32 x 10° N/m® = 22.32 bar

1773 K =1500° C

I3 N
T — r7=1)
Ty 1773
= = = - = 2
7 T 741.6 59
T 9
N NS Gagr & 3.764
T3
= = 17
T
Ts 1773
O 7 = 10429K
=  769.9° C
Boo= = 3764 = 6.396
P4
B 3 . - 22.32 x 10°
Pa = 6396 6.396
= 349 x10° N/m®* = 3.49 bar

www.EasyEngineering.net
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118 IC Engines Air-Standard Cycfeg aud Their Analysis 119

Work output - Heat rejected '; .
TCycle = Heat added Heat added : , 2
2—-3 i
Ga-1 = Cv (T4 - Tl) Zi )
— 0.717 x (1042.9 — 308) = 526.9 kJ /kg " : |
—  1.004x (1773 —7416) = 1035.5kJ/kg ¢ N v
/A 526.9  _ 4012 = 49.12% <
= - RS
y 1035.5 : ' = Area under 2 — 3+ Area under 3 — 4 —
t = 2-3 — §4-1
S / Area under 2 - 1
= 5-596.9 = 508.6kJ/kg |
G o Do (Va o Vz) + paVas —paVy _ Do Vo — p1 V)
Power output =  Work output X maq v —1 v—1
_ N ro= Y g
. - R 2 Va V.
R L ..: V]. — V.El + VE = g 3 |
A -L ) . VB = Tclfa _— TEI’{:
i T3 - Cx10% x 12
| = x —d® I = 6x-x10%X |
L{-S 6 4 4 E_E_, — ,r"’f b 121.4 — 3242
-3 3 1
= 6548 ce = 5.60x1077° m 1
| g 33 P2 = 32.42 x 1.03 x 10° = 33.39 x 10° N/'nf = ps
_  B5EEx1073x = = 636x10"m
V]_ . 8 ?E (] ( - )1.4 121_4 32.42
- J r. > 14 = _
| ~ 103 x10° % 6.36 x 10 P30 _ o411 kg /s Da e 1 14
Ma = 287 X 308 x 2 2 o
Ans Pa = g X rl4 % 10° = 1.03r1%x 10°
Power output = 508.6 x 0.111 = 56.45 kW = _
Area 1234 — 33.39 (r. V. — Vo) +
. - et 1.4
2.20 The mean effective pressure of an ideal Diesel cycle is 8 bar: If the initial 33.39 X rVe — 1.03r1% x 12V,
| pressure is 1.03 bar and the compression ratio is 12, detergune_ the cutrﬂlff 0.4
“atio and the air-standard efficiency. Assume ratio of specific heats for air 33.39 x Vi — 1.03 x 12V .
to be 1.4. . 0
Soluti | Pm X Vs — 8 x 11V, x 10°
olution .
) Work output = pm X Vo = Area 1234 Area 1234 = D X Vi
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120 IC Engines

Substituting and simplifying
0.672rc — 0.178r.*

|
-

- — r——— =i ..

Solving by iteration,

!_ | re = 2.38
| 1 vl —1
N i - '1 -l Y(re — 1)
= 1= yax 1004 1.38
) Ans
54.66% —

0.5466 =

DUAL CYCLES

d Dual cycle has a compression ratio of 10. The pres L
nning of compression are 1 bar and 27 °C.

d is 42 bar and the maximum temperature 1S
1500 °C. Determine (i) the temperature at the end of c:nnstant_vmlu]:r::le hee;,;
addition (i) cut-off ratio (iii) work done per kg of air and (nrg{ tf e c?:::
efficiency. Assume Cp = 1.004 kJ/kg K and C, = 0.717 kJ /kg K tor alr.

SUTE
391 An air-standar

and temperature at the begl
The maximum pressure reache

| Solution
3 4
P
2 5
1
V o
E e "i"—']_ — 9
Ve
S 74
N R £
v= ] 0.717

=..Hcgnsj—dér the process 1 — 2

www.EasyEngineering.net

1 -
h ".'.ILI _h_g_._"._: d . el A,

o3
I

Consider the process 3 — 4

13
Ty

13

Te

Work done/kg

Heat supplied/kg =

Consider the process 4 — 5

Ty
T5

T g,

Heat rejected/kg

f

|

|

Work output/kg

1Dvual

i R N Y = - TRLE R NP LT P ﬂﬂdlé’b’lb’ Lol |
www.EasyEngineering.net

P~ = 1094 = 2512
2512x300 = 7536K
7= 101 = 2512
25.12 x 10° N/m?
pPs 42 =
pe 2512 1.672
1.672 x 753.6 = 1260 K = 987° ¢ 2ns
T4 . 1773 ' L s
T, . 10 407 =
Heat supplied - Heat rejected
Cy (Ts — T2) + Cp (Ty — T)
0.717 x (1260 — 753.6) +
1.004 x (1773 — 1260)

878.1 kJ Ans

Ve (v—1) - {v—1)
%) = (F)

10 0.4

(m) = 2.191

T-‘-i Ans
5/ S 809.2 K el
C‘u (TE 'Y Tl)
0.717 x {809.2 — 300) = 365.1 kJ
878.1—365.1 — 513 kJ ans
Work output 513

Heat added = 878.1
0.5842 = 58.42% ans

[ —
—

= ——
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122 | IC Engines

For an engine working on t
and the maximum pressure is
kJ /kg, find the pressures an
of the cycle and the cycle efliciency. The pressure an
at the commencement of compression are 1 bar and 100

he ideal Dual! cycle, the compression ratio is 10
' limited to 70 bar. If the heat supplied is 1680
d temperatures at the various salient points
d tempetature of air
°C respectively.

Assume Cp = 1.004 kJ/kg K and €, = 0.717 kJ/kg K for air.

Solution

Vs
Ve

J"'\Iif

4
5
1
14
— r—1 = 9
Gy _ Lo
C., 0.717

Consider the process 1 — 2

P2
1451

D2

|

!

r¥ =101 =25.12

95.12 x 10° N/m* = 25.12 bar

-1 = 10°% = 2.512

2.512 x 373 = 936.9 K = 663.9°C

Consider the process 2 — 3 and 3 — 4

T3
T

T3

-—

)

E

P3 _
no  20.12

= 2.787

2.787 x 936.9 = 2611.1K

2338° C

Total heat added

Ty — T3

Cut-off ratio, r¢

3-':: Consider the process 4 —
£ Ty
15
T
3
p P4
5
Ans . = P
e q =
> Ps
Ans
A0s .'
Heat rejected
n
Ans
—

- 2 -
R

i
=

—a

|

JI

1

|

)

www.EasyEngineering.net

Air-Standard Cycles and Their Analysis 123

Heat added during constant volume combustion

C'.'.: (TE — T‘Z)

0.717 % (2611.1 — 936.9) = 1200.4 kJ /ke

1680 kJ /kg

Hence, heat added during constant pressure combustion

1680 — 12004 = 479.6 kJ/kg
CP (T4 - TB)
4M.6 ek
1.004
4777+ 2611.1 = 30888K
2815.8° C Ans
Ve o Ty_30888 o
Va Ty 2611.1
r {(vy—1)
(—) = 8.453%% = 2.35
T{'.'
da 30888 a44K
2.35 2.35
1041.4° C A0S
¥
(1) —  19.85
Tf.'
pa 70 x 10°
19.85 19.85
353 x 10° N/m® = 38.53bar = 22
Co(Ts — T )
0.717 x (1314.4 — 373) = 674.98 kJ /kg
1680 — 674.98 A
1680 — 59.82% e

r: - 3.23 An oil engine works on the Dual cycle, the heat liberated at constant pres-
sure being twice that liberated at constant volume. The compression ratio
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,. Vi = r.V3 = 1.509V,
_!
of the engine is 8 and the expansion ratio is 5.3. But the compression and : T, mo1) _ 03 _ 1866
expansion processes follow the law pV13 = C. The pressure and tenllpelr- T - 7 — - 1
ature at the beginning of cempression are 1 bar and 27 °C n?spectwe V. | B
Assuming C, = 1.004 kJ/kg K and €, = 0.717 kJ/kg K for air, find the Ty — 1866 x 300 = 559.82K
air-standard efficiency and the mean effective pressure. my _ e s 1ie3
m
4 p; = 1493xp; = 1493x10°N/m’
Heat released during constant pressure combustion
P
3 = 2 x Heat released during constant volume combustion
Cp (T — T3) = 2C, (T3 — T7)
1
1.004 x (Th — 13) =  2x0.717 x (T3 — 13)
v
Ty — T3 = 1.428 x (T3 — 13)
% = % = r. = 1509
3 3
Solution ) ” _ T
Cv 0.717 150073 — T3 = 1.428 x (T3 — 559.82)
Voo _ .1 = 7 T, = 869.88K
Ve |
Ty — 1312.60 K
Vs = TVe
P3 B T3 B869.88 ) 554
re = — = 053 pp  Tn —  559.82 |
Te
R ps = 1554 x14.93 x 10°
Te
P = 23.20 x 10° N/m2 = 1y
"Area 12345 r
Mean effective pressure = % ?4 _ Tgn—l} _ 5303 _ 1649
a
AI'EH- 12345 = Area tinder 3 — 4+ D
1312.65
Area under 4 — 5 — Area under 2 -1 . _ T = AT 796.03 K
Vi —ps Ve
= m(Vi-Va)+ T If’ - - Boo= o = 538 = 874l
e . Ps |
paVa — ;W1 - B D4 . 232x%10°
n-1 | - P = gra1 T T sq4l
oo o= K=V =  2.654 x 10° N/m°
Vi = Vs = rV. = 8 Ve

2
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126 IC Engines

Area 12345

Area 12345

Therefore,

Im

I

1

—
—

23.2 x 1.509V, — 2.654 X BV.':_!_

| o3

23.2 x (1.509V, — V) —

14.93 x Vo —1X BV] < 10°

0.3

34.63 x V. x 10° N/ntl2

E

8
pm b VS = pm x T x V,:
§4__'f§. — 495 x 10° N/m’
4.95 bar

w

s

mRT, 1% 287 x300

y3l B 1 X 105

0.861 m? /kg

34.63 x 10° X %

_ 0.861

34.63 x 10° X .

3727 x 10° J/kg =

372.7 kJ /kg

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

polytropic process

_,__.-"""

s

-
—

8727

¢T3 — Ta) + Cp(Ty — T5)

667.1 kJ/kg

667.1

COMPARISON OF CYCLES

3.24 A four-cylinder, four-stroke,
wme of 300 cc per cylinder. The com

spark-ignition engine has a displacement vol-
pression ratig of the engine is 10 and

www.EasyEngineering.net
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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 tem-
perature 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 maxi-
mum temperature of the cycle, the cycle efficiency, 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)

f

|

Heat supplied =

Number of cycles/sec

Net work output per cycle from each cylinder

Pm

]

Heat supplied/cylinder/cycle (Q2—_3)

1
1 — e
1
1 - 004 0.602
60.2%
Power output
Heat supplied
40
66.5 kJ/s
3000
2x 60 £
4() |
ix05 0.4 kJ
E 0.4 x1000
Vs  300x10-%

13.3 x 10° N/m*

300 x 10%¢ =

I

Iz

w:ﬁ
-
7

T33.6 K
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128 IC Engines

Te T B 0.665 y 1
_ 865 665k ¥T2 T D38Tx 102 | 1.004
- 4 x 25
= 17115 K
é
Now, 0 — mC,(Ts—Ts) Ty = 1711.54+ 753.6 = 2465.1 K
2-3 = v | .
RT, 287 % 300 —  2192.1° C Ans
1 D 1x 10° | Vi Ty
Clut-off ratio, 7. = v = 7
—  0.861 m®/ke 2 2
B 2465.1 3 97
This initial volume of air in the cylinder 1S - 7536 00
| | Vi
Vi B Vfr” +Vs (10) ’ Air-standard efficiency = e — [ e ]
rY ¥ {re — 1)
UQV]_ > VS B . 1 y 3_271.4 —1
~ v, 300 x 107° N 1094 7 114 x (3.27—1)
i = 99 T 09
0.9 —  1-0398x1338 = 0.467
— - 333x10°m’° Ans
= 46.7% —
Vi 333 x 10°°
m = . 0.861 Power cutput = 7 X total rate of heat added
—  0.387 x 107° kg =  0.467x66.5 = 31.1kW
| [tion I P tput/cylind = L 7.76 kW
27 The temperature rise resulting from heat addition 1s ower output/cylinder = — = T
| (Q2-3
Ty - 13 1 m C, Work done/cylinder/cycle
0.665 = oty = 0.3104 kJ
= 0.387 x 1073 x 0.717 25
e 1% 0.3104 x 1000
— 6K = - A
- a % 1o L V, 300 x 10—%
= Tp+23966 = 753.6+2396.6 o |
I ? N =  10.35 x 10° N/m?* Ans
_ = 2877° C = |
- 3150.2 K As discussed in the text, this problem illustrates that for the same com-
1 pression ratio and heat input Otto cycle is more efhcient.
ider the Diesel cycle :
Nap [eBUACaTS 17 3.25 The compression ratio of an engine is 10 and the temperature and pressure
T, is the same as in the previous case, Le. | at the start of compression is 37 °C and 1 bar. The compression and
T _ 783 6 _ : expansion processes are both isentropic and the heat is rejected at exhaust
2 =. ' -

at constant volume. The amount of heat added during the cycle is 2730
kJ/kg. Determine the mean effective pressure and thermal efficiency of the
cycle if (i) the maximum pressure is limited to 70 ba- and heat is added
at both constant volume and constant pressure and (ii) if all the heat is
added at constant volume. In this case how much additional work per kg

Heat supplied per cycle per cylinder is also same, 1.€.
CJo—a = 0.665 kJ

. - m Cp(Ty — T2)

QE-—B’
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130 IC Engipes

of charge would be obtained

exhaust gases to their origin

if it were possible to expand isentropically the

al pressure of 1 bar. Assume that the charge

has the same physical properties as that of air.

Solution

|

Consider the process 1-2

T_g
T

|

P2

Consider the limited pressure cycle ( 123451)

I3 =

| '4
vi _ RDy
™m D1
287 x 310 "
= 0.89 m°/kg
1 x 10° /
141 ! — 310x10°%% = T778.7K
1{2 - :
i
1 (E) = 25.12 bar
V5
70
Ps  _ . = 170K

Heat supplied at constant volume

|

0.717 x (2170 — 778.7)

997.56 kJ /kg

Heat supplied at constant pressure

Now,

2730 —997.56 = 173244 kJ/kg

1732.4

Heat rejected

Work done

Pm

|

1

I

I

{

Air-Standard Cycles and Their \ﬁ\%vgl%%%Eng'@iering.net

1732.4
= oK
2170 + 1.004 3895.90

0.89 y 3895.5
10 2170

0.16 mB/kg

v—1

U4

Tyl —
Vg -

0.16\ %4
:  inkad = 1961 K
3895.5 x (0.39) 96
Cy (T5 —T1)
0.717 x {1961 — 310) = 1184 kJ/kg

Heat supplied — Heat rejected

2730 — 1184 = 1546 kJ/kg

w 1546

7 = 7@ - O

57% ans
(i B (I

wowm T w-D)
1546 x 103

0.89 % (1 — 55)

19.32 x 10° N/m® = 19.32 bar an

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

g2 3¢
2730

Ty

Pa

2730 kJ /kg
0.717 x (Ty — T78)

4586 K

2
Tar | =——
’ (Tz)
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132 IC Engines

&3
!

|

Heat rejected =

|

If the gases were expanded isentropically to their original pressure of 1 bar, 3
then the temperature Ty at the end of expansion would be V£

1%

|

Heat rejected at constant pressure

—
——

Work increase =

Air-Standard Cycles and Their \WpsE5¥ENqiggering.net

25.12 Review Questions

T78.7
Ve
(%)
1 0.4
4586 X (E)

1852.7

= 147.9 bar

4586 X

3.1 What is the simplest way by which an IC engine cycle can be analyzed?
Do IC engines operate on a thermodynamic cycle?

3.2 What is the use of air-standard cycle analysis?
3.3 Mention the various assurnption made in air-standard cycle analysis.

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

7 — 310
0.717 x (1825 ) 2.5 Draw the Carnot cycle on p-V and T-s diagrams. Derive an expres-

1087 kJ/kg sion for its efficiency. Comment on the significance of this result as
it related to source and sink temperature.
2730 — 1087 = 1643 kJ
3.6 Define mean effective pressure and comment its application in internal
1643 _ 0.602 combustion engines.
2730
Ans 3.7 Name the cycles which have the same efficiency of Camnot cycle. Are
60.2% — these cycles reversible in the sense the Carnot cycle is?
1643 x 10° —  920.53 x 10° N/m2 3.8 Draw the Stirling cycle on p-V and T-s diagrams and show how the
(1 35) x 0.89 cycle is reversible?
20.53 bar & 3.9 Derive the expression for Stirling cycle efficiency and show that the

expression ts same as that of Camot cycle.

3.10 If you include the efficiency of the heat e:cﬁhunger show how the ez-
pression is modified.

-1

T (Eﬁ_)
P3

3.11 Drow the p-V- and T-s diagram of FEricsson cycle and show how it is
made Teversible.

Il;'. . P . Y - A an B i | e —I "-'.."
: g Ll w g e e e S e . o TR
- PR, el S AT T =" i ] L - Lo R ) ' s
q R M T R L LT TR Ll ¥ - T

PR
ST

1 ¥ y 8.12 Compare Carnot, Stirling and Ericsson cycles operating between the
- 4586 x (1 47.9) = same source and sink temperatures and with equal changes in specific
! oy volume.
1100.12 &

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

Knly

3.14 Derive an expression for the efficiency of Otto cycle and comment on

1.004 x (1100.12 — 310} _, the effect of compression ratio on the efficiency with respect of ratio
793.3 kJ/kg of specific heats by means of a suiteble graph.
1087 — 793.3 ' 8.15 Obtain an expression for mean effective pressure of an Ofto cycle.
293.7 kJ /k Ans . 3.16 What is the basic difference between an Otto cycle and Diesel cycle?
: i E: Derwe the expression for the efficiency and mean effective pressure
of the Diesel cycle.

www.EasyEngineering.net
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134 IC Engines

3.17 Show that the efficiency of the Diesel cycle is lower than that of Ottu. Exercise

cycle for the same compression ratio. Comment why the higher effi-
ciency of the Otto cycle compared to Diesel cycle for the same com-
pression ratio is only of a academic interest and not practical impor-

3.1 Assume working substance for a Carnot cycle to be air with ¢, =1
kl/kg K and C, = 0.717 kJ/kg K. Temperature at which heat is
added is 2000 K and temperature at which heat is rejected is 300 K.
The amount of heat added per kg of the working substance is 840
kJ/kg. Calculate for the cycle (i) the maximum pressure developed
(ii) the compression ratio assuming adiabatic compression and (iii) the

efficiency of the cycle. The pressure at the beginning of isothermal

compression is 1 bar. Ans: (i) 3304.8 bar (ii) 114.75 (iii) 85%

tance.

3.18 Compare the Otto cycle for the same peak pressure and temperature.
[llustrate the cycles on p-V and T'-s diagrams.

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

o : 2
also called limited pressure or mized cycle: 3.2 An engine operates on Otto cycle between pressures 1 bar and 30

bar. The ratio of pressure at constant volume is 4. The temperature
at the end of compression is 200 °C and the law of compression and
expansion is PV'3 = constant. If the engine now operates on Carnot

cycle for the same range of temperature, find the efliciency of the
cycle. | Ans: 84.3%

2 20 Derive the expressions for the efficiency and mean effective pressure
of a Dual cycle.

9.21 Compare Otto, Diesel and Dual cycles for the

(i) same compression ratio and heat input 3.3 An Otto cycle engine having a clearance volume of 250 cc has a

compression ratio of 8. The ratio of pressure rise at constant vol-
ume is 4. If the initial pressure is 1 bar, find the work done per
cycle and the theoretical mean effective pressure. Take v = 1.4.

Ans: (1) 1946.1 J/cycle (ii) 11.12 bar

(%) same mazimum pressure end heat inpul

(1ii) same mazimum pressure and temperaiure

t (iv) same mazimum pressure and work output

3.4 Find the mep for the ideal air-standard Otto cycle having a maximum

pressure of 40 bar and minimuwm pressure of 1 bar. The compression
ratio is 5:1. Take vy =14 Ans: 9.04 bar

9 992 Sketch the Lenoir cycle on p-V and T-s diagrams and oblain an ex-
pression for its air-standard efficiency.

9.28 Compare the Otto cycle and Atkinson cycle. Derive the ezpression

for the effici F Atk cycle 3.5 An engine working on ideal Otto cycle, the ratio of temperature at the
or the efficiency o INSoN ,

beginning of compression is 300 K. If the ideal air-standard efficiency
- = 0.5, calculate the compression ratio of the engine. If the peak tem-

perature of the cycle is 1150 K, calculate the temperature when the

piston is at BDC during expansion stroke. Ans: (i) 5.66 (ii) 5756 K

3.24 Derive an expression for the air-standard efficiency of the Joule cycle

it in terms of

(i) compression Taito 3.6 A 2.7 litre cubic capacity, six-cylinder, four-stroke Otto engine
has a compression ratio of 10. ‘The engine develops 138 kW
at 5000 rpm. Calculate {i) air-standard efficiency; (ii) the nec-
essary rate of heat addition; (iii) the mean effective pressure of
the cycle; (iv) the peak temperature and pressure of the cycle.

Ans: (i) 0.602 (ii) 229.23 kW (iii) 12.26 bar
(iv) 2966 K (v) 98.8 bar

{ (1) pressure ratio.

2.95 Where do the following cycles have applications

(1) Otto cyele

(it) Diesel cycle
41) Dual cycle 3.7 It is desired to increase the output of an SI engine working on ideal
(442 Y Otto cycle, either by

sy) Stirling cycle
(iv) gcy (1) increasing the compression ratio

(v) Ericsson cycle (ii) increasing the inlet pressure from 1 to 1.5 bar

(1) Atkinson cycle L | |
| which one will give higher peak pressure in the cycle and what

(vii) Lenoir cycle | is its value?  Assume heat supplied at the constant volume

| (vits} Joule cycle process is the same in both the cases which is 420 kJ. Take
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T, = 27°,pp = 1 bar, v = 14 Comment on the result.
Ans: (i) Increase in the compression ratio will produce
higher peak pressure. (ii) 44.6 bar -

3.8 A petrol engine working on Otto cycle has an maximum pressure of
50 bar. Heat supplied is 1000 kJ/kg. If the pressure ratio durm-g
compression 12.286, find the compression ratio and also the ratio
of peak temperature to inlet temperature. Take p; = 1 bar and

T, =27° C. Ans: (i) 6 (ii) 8.34

3.9 An Otto cycle takes in air at 300 K. The ratio of IIlE.]-LiIﬂ}lIﬂ to .mini—
mum temperature is 6. Find out the optimum compression ratio for
the maximum work output of the cycle. Ans: 9.39

3.10 The pressure and temperature of a Diesel cycle at the start are 1
bar and 20 °C respectively and the compression ratio is 14. The
pressure at the end of expansion is 2.5 bar. Find the percent-
age of working stroke at which heat is supplied and heat sup-
plied per kg of air. Assume 7y = 14 and C, = 1.004 kJ/kg K.

Ans: (i) 7.11% {ii) 781.46 kJ/kg

3.11 An oil engine works on Diesel cycle, the compression ratio being 19.

The temperature at the start of compression is 17 °C anfi 700 1_{.] of

heat is supplied at constant pressure per kg of air a.nd it a,tlta.lns a

temperature of 417 °C at the end of adiabatic expansion. Find .the

air-standard efficiency of the cycle. What would be the theoretical

work done per kg of air. Take C, = 0.717 kJ /kg K and v = 1.4
Ans: (i) 59.03% (ii) 413.20 kJ

312 An internal combustion engine works on Diesel cycle with a compres-
sion ratio of 8 and expansion ratio of 5. Calculate the air-standard

efficiency. Assume v = 1.41. | Ans: 526 %

3.13 A Diesel engine works on Diesel cycle with a compression ratio of 16

and cut-off ratio of 1.8. Calculate the thermal efficiency assuming 7
—14 Ans: 62.38 %

314 An internal combustion engine works on Diesel cycle with a com-
pression ratio of 14 and cut-off takes place at 10 % Djf the
stroke. Find the ratio of cut-off and the air-standard efficiency.

' Ans: (i) 2.3 (i1} 57.8 %

315 An ideal Diesel cycle operates on a pressure of 1 bar and a temperature
of 27 °C at the beginning of compression and a pressure of 2 bar at the
end of adiabatic expansion. Calculate the amount of heat required to
be supplied per kg of air if the ideal thermal efficiency is taken as 60

%. Take C, = 0.717 kJ/kg K. Ans: 537.75 kJ/kg

3.16 The pressure and temperature of a Diesel cycle at the start are 1 _b_a.r
and 17 °C. The pressure at the end of compression is 40 bar and that
at the end of expansion is 2 bar. Find the air-standard efhciency.

Assumne v = 1.4 Ans: 61.14 %
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3.17 A Diesel cycle operates at a pressure of 1 bar at the beginning of com-
pression and the volume is compressed to % of the initial volume.
Heat is then supplied until the volume is twice that of the clear-

ance volume. Determine the mean effective pressure. Take v = 1.4.
Ans: 6.69 bar

3.18 A semi-diesel engine works on dual combustion cycle. The pressure
and temperature at the beginning of the compression is 1 bar and 27
°C respectively and the compression ratio being 12. If the maximum
pressure is 50 bar and heat received at constant pressure is for %th of
the stroke, find the work done per kg of air and the thermal efficiency.
Take C, =0.717 and Cp = 1.004. Ans: (i) 476.76 kJ /kg (ii) 61.5 %

3.19 A compression-ignition engine has a compression ratio of 10 and %
of heat of combustion is liberated at constant volume and the re-
mainder at constant pressure. The pressure and temperature at
the beginning are 1 bar and 27 °C and the maximum pressure
is 40 bar. Find the temperatures at the end of compression and
expansion, if it follows the law pV13® = constant, and v = 1.4.

Ans: (i) 398.6 °C (ii) 380.3 °C

3.20 A compression-ignition engine works on dual combustion cycle. The
pressure and temperature at the beginning of compression are 1 bar
and 27 °C respectively and the pressure at the end of cumprfégspiptm is 28
bar. If 420 kJ of heat is supplied per kg of air during constant volume
heating and the pressure at the end of adiabatic expansion is found to

be 3 bar, find the ideal thermal efficiency. Assume C, = 1.004 kJ /kg
K and C, = 0.717 kJ /kg K. -—  Ans: 41.36%

3.21 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

3.22 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 efliciency, if the working fluid is air.

Ans: (i) p2 =485 bar (i) p3 = 48.5 bar
(iii) P4 = 2.26 bar (iv) Tg = 1070.1 K
(v) T3=1916 K (vi) Ty =797.73K

(vil) nen = 62.5%

3.23 The pressure ratio A = 1.5 in the process of isochoric heat supply 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 characteristic points of the cycle

if the initial parameters are 0.09 MPa and 70 °C and the working
substance is air.
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I = 11 = 956.9 K
Ans: (D) mn = 57.5% (i) T
(i) T3 =14355K (v) Ty =212286K
(v) T5;=890K

3.29 An oil engine working on the dual combustion cycle has a cylinder
diameter of 25 cm and stroke 35 cm. The clearance volume is 1500 cc -
and cut-off takes place at 5% of the stroke. The explosion ratio 1.4.
Find the air-standard efficiency of the engine. Assume v = 1.4 for

alr. Ans: 60.74 %

3.30 A gas turbine unit works on an air-standard Brayton cycle. The
pressure ratio across the compression is 6. Air enters the compressor
at 1 bar and 27 °C. The maximum temperature of the cycle is 850 °C.
Calculate the specific output of the cycle. What will be the power
developed by the unit for a mass flow rate of 10 kg/s. Would you

recommend this cycle for a reciprocating engine? For air v = 1.4 and
Cp = 1.005 kJ/keg K.

2 94 The parameters of the imitial state of one kilogram of air 111ﬂ1§e 'I{‘:gé
cle of an internal combustion engine are 0.095 MPa and 65 - :
compression ratio is 11. Compare the vaiues of the thermal e ficiency
for isobaric and isochoric heat supply in amounts of 800 kJ, 3551;117:191;15
that k = 1.4. Ans: mg, = 53.7 %, ne, = 6177

3 95 Find the thermal efficiency of the f:yr:le of an internal cnmlzustm;
engine with a mixed heat supply, if the minimum _tempera.KureT N
the cycle is 85 °C and the maximum temp_er:flture is 1700 f The

* compression ratio is 15 and the pres.sure ratio in the pruiasg;% ;
supply is 1.3. The working fluid is alr. Ans: i = 060.20 7

Ans: (i) 250.64 kJ/kg (ii) 2506.4 kW
(ili) The volume of the cylinder will be too large due to

high specific volume at state 4, therefore this cycle
1s not recommended for reciprocating engine,

3.26 The pressure ratio during the compression In f:he cycle of ;n E‘thr?i
combustion engine with isochoric heat supply is equal to 1 [ﬁ in °
compression ratio, supplied and removed heat, work and eD glfzcy, ;
during heat removal the temperature drops from 600 to 1 an

Multiple Choice Questions (choose the most appropriate answer)
the working fluid is air. Assume 7y = 1.4 and C, = 0.717 kJ/kg K.

1. The efficiency of Carnot engine is 0.75. If the cycle is reversed, its

Ans: (i) r=T.88 (i) q = 818.73 kJ/kg coefficient of performance as heat refrigerator is

(ii) g2 = 3385 kJ/kg (iv) w = 460.23 kJ /kg

(v) mThh = 56.21% (a) 0.25
.(b) 0.33
' h : i ' le has a cylinder
o il engine working on the dual combustion cycie <y (c) 1.33
. . 2 Jcd]Li]:14?1,111[::1:«9ter E} 90 em and stroke of 40 cm. The compression ratio 18 13.5 4
and the explosion ratio 1.42. Cut-off occurs at 5.1% of the stroke.

Find the air-standard efficiency. Take v = 1.4. Ans: 61.32 %

2. A perfent engine works on the Carnot cycle between 727 °C and

398 A compression-ignition engine working on Dual cycle'ta.kes in two- 227°C. The efficiency of the engine is

ffth of its total heat supply at constant volume and the remaining at e
constant pressure. Calculate : : )
(1) The pressure and temperature at the five cardinal points of the -
= (c) %57
cycle. i o
(ii) The :dea] thermal efficiency of the cycle. - (d) 29
(Jiven : compression ratio = 13.1, Maximum pressure in the cycle = . 3. Efficiency of stirling cycle is same as
A5 bar, air intake at 1 bar and 15 °C, Cp = 1.004 kJ/kg K and &y = 1 | _
0.717 k1 /kg K. ' | | (a) Otto cycle
' | b) Diesel cycl
Ans: (i) .p1 =1 bar (i) pp = 36.3 bar (b) cl CY‘-‘-EI
(i) p3 = 45 bar (iv) pa =45 bar (c) Carnot cycle
(v} ps=1.61bar (vi) Th=28K ) (d) Ericsson cycle

(vii) T = 804.09 K (vii)) T3 = 996.88 K
(ix) Ta=12034K (x) Ts=4646K
(xi) 7en = 53.36%
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4 The air standard efficiency of Otto cycle 1s

(a) p=1-1""
(b) n=1— =T

y=1
() p=1-77"
(d) ﬂ=1ﬂ"?1__f_r

5 The air standard Otto cycle consists of

(a) two constant volume and two isentropic processes

(b) two constant pressure and two isentropic processes

(¢) two constant pressure and two constant volume processes

(d) none of the above

6. Tn air standard Diesel cycle at fixed 7 and fixed 7,

es with increase in heat addition and cut-off ratio

8) Mthermal Increas . B
) h .increase in heat addition and cut=off

(D) 7jthermat dECTEASES wit

ratio

(c) Mthermat TEMAINS the same with increase in heat addition and
therma

cut=off ratio

(d) none of the above
7 Mean effective pressure of Otto cycle 1s

(a) inversely proportional to pressure ratio
(b) directly proportional to pressure ratio

(c) does not depend on pressure ratio

(d) proportional to SQUATE root of pressure ratio

3. For a given cOmMpression ratio the work output of Otto cycle is

(a) increases with increase in 7
(b) decreases with increase in T
(c) is not affected

(d) none of the above

9. For a given value of 7, efficiency of Otto cycle

(a) decreases with compression ratio
(b) increases with compression ratio
(c) is not affected

(d) none of the above
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10. For dual combustion cycle for fixed value of heat addition and com-
pression ratic

(a) mep will be greater with increase in r, and decrease in r.
(b) mep will be greater with decrease in r, and decrease in 7,

(c) mep remain the same with increase in r, and decrease in 7,
(d) none of the above

11. The normal rangé of compression ratio for Otto cycle is

none of the above

12. The normal range of compression ratio for Diesel cycle is

(a) 4to 6
(b) 6 to 8
(¢) 15 to 20
(d) >25

13. For the same compression ratio and heat addition

(E.) NOtto > N Diesel > ﬂDﬁnI
(b) M Diesel = NOtio Ei‘?unai
(C) TiOtto - NDual = NDiesel

(A} Dual > TDiesel = MNOtto

14. For the same compression ratio and heat. rejection,

(a) Motto > NMDuat > NDiesel
(b) TDiesel > MDual > Mot
(C) TDuat > NDicset > Notto
(d)} %Duat > Notte > NDiesel

15. When the engines are built to withstand the same thermal and me-
chanical stresses

(8) TMDiesel > NDuat > Notto
(b) TDuat > NDiesel > NMoto
(€) Motto > NDual > MDieset
(d) noteo > NDieset > NDuat
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16. For the same peak pressure and heat mnput

(5-) Notto -~ MDual - NDiesel
(b)

(c
(d

Notto > NMDiesel =~ TDual

TIDiesel > NDual ~ NOtto

) » - |
S -

f FUEL-AIR CYCLES
$ AND THEIR ANALYSIS

T Diesel > MOtta > MDual

17. For the same peak pressure and work output

(a) Notto > NMDual = TIDiesel
(b) Motto > NDiesel ~ NDual
(¢) MDiesel > NOtto > NDual
(d) NDieset > MDuat = TO0tto

18. Lenoir cycle is used 1n -
(a) SI eng = 4.1 INTRODUCTION
a engines :
(b) CI engines
(c} pulse jet engines
" {d) gas turbines

In the previous chapter, a detailed discussim} of air-standard cycles, par-
ticularly for IC engines has been given. The analysis was based on highly
simplifying assumptions. Because of this, the estimated engine performance
by air-standard cycle analysis is on the higher side compared to the actual
.. performance. For example, the actual indicated thermal efficiency of an SI
engine, say with a compression ratio of 8:1, is of the order of 28% whereas
= ' the air-standard efficiency is 56.5%. This large deviation may to some
4+ extent be attributed to progressive burning of the fuel, incomplete combus-
£-- tion and valve operation etc. However, the main, reasons for this may be
; attributed to the over simplified assumptions made in the analysis.

In an actual engine, the working fluid is a’mixture of air, fuel vapour
and residual gases from the previous cycle. Further, the specific heats of
the working fiuid are not constant but increase with temperature. Finally,
the products of combustion are subjected to a certain dissociation at high
temperatures. If the actual physical properties of the gases in the cylinder

19. A Brayton cycle consists of

~ (a) two copstant volume and two constant pressure processes

? (b) two constant volume and two isentropic processes

(¢) one constant pressure, one constant volume and two isentropic
Processes

| (d) none of the above

: 20. Brayton cycle is used in -

(a) Ramjet engines
(b) gas turbines

(c) pulse jet engines
(d) CI engines

(e) SI engines

hefore and after the combustion are taken into account, a reasonably close
values to the actual pressures and temperatures existing within the engine
cylinder can be estimated. The mean effective pressures and efficiencies,
calculated by this analysis, in the case of wc?ll designed engines are higher
only by a few per cent from the actual values obtained by tests. The analysis
based on the actual properties of the working medium viz., fuel and air
is called the fuel-air cycle analysis and even this analysis has simplifying

A 1. — (b) 2. - (a) 3. - (c) 4. - (b) 5. — (a) assumptions. However, they are more justifiable and close to the actual
] ns 6. oy 7- () 8 -(a) 9 - b) 10 - (2) conditions than those used in the air-standard cycle analysis.

11. - (a) - 12. - {c) 13. - (¢) 14. - (a) |

16. - (¢} 17.—(d) 18. - (c) 19. —{c) 4.2 FUEL-AIR CYCLES AND THEIR SIGNIFICANCE
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By air-standard cycle analysis, 1t is understood how the efficiency is im-
proved by increasing the compression ratio. However, analysis cannot bring
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v  Ag already mentioned, the air-standard cycle analysis shows the generf:nl
g =i offect of only compression ratio on engine efﬁcigncy .wh-ereas the fuel-air
] -(:yﬂlﬂ analysis gives the effect of variation of ftllelaa,u' ratio, inlet pressure ﬂ.ﬂd
%o emperature on the engine performance. It will be noticed that compression

out the effect of air-fuel ratio on the thermal efficiency because the working
medium was assumed to be air. In this chapter, the presence of fuel in the

cylinder is taken into account and accordingly the working medium will be _ e _
a mixture of fuel and air. By fuel-air cycle analysis it will be possible to . ##& " atio and fuel-air ratio are very important parameters of the engine while
bring out the effect of fuel-air ratio on thermal efficiency and also study Z¥%+*: ijlet conditions are not so important.

how the peak pressures and temperatures during the cycle vary with re: “% The actual efficiency of a good engine is about 83 per cent of the esti-
spect to fuel-air ratio. In general, influence of many of the engine operating --&£¥.: . mated fuel-air cycle efficiency. A good estimate of the power to be expected
variables on the pressures and temperatures within the engine cylinder may g . from the actual engine can be made from fuel-air cycle analysis. Also, peak

be better understood by the examination of the fuel-air cycles. The fuel-air 8 ressures and exhaust temperatures which affect the engine structure and

cycle analysis takes into account the following : gesjgn can be estimated reasonably close to an actual engine. Thus the ef-

| © fact of many variables on the performance of an engine can be understood
(i) The actual composition of the cylinder gases : The cylinder gases - =5 patter by fuel-air cycle analysis.
contains fuel, air, water vapour and residual gas. The fuel-air ratioc -gf:
changes during the operation of the engine which changes the relative
amounts of CQ9, water vapour, etc.

il.. 43 COMPOSITION OF CYLINDER GASES

5 The air-fuel ratio changes during the engine operation. This change m air-
B roo] ratio affects the composition of the gases before combustion as well
g a3 ‘a5 after combustion particularly the percentage of carbon dioxide, carbon
i monoxide, water vapour etc in the exhaust gases.

In four-stroke engines, fresh charge as it enters the engine cylinder,
comes into contact with the burnt gases left in the clearance space of t':he
previous cycle. 'The amount of exhaust gases in clearance space varies with
speed and load on the engine. Fuel-air cycle analysis takes into account
this fact and the results are computed for preparing the combustion charts.
However, with the availability of fast digital computers, nowadays 1t is
possible to analyze the effect of cylinder gas composition on the performance
of the engine by means of suitable numerical techniques. The cumpute.-r
analysis can produce fast and accurate results. Thus, fuel-air cycle analysis
can be done more easily through computers rather than through manual

calculations.

(i) 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, Hp, H and O; 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 immto consideration, the following as-
sumptions are commonly made :

(i} There is no chemical change in either fuel or air prior to combustion.
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(i1} Subsequent to combustion, the charge is always in chemical equilib- 44 VARIABLE SPECIFIC HEATS
riuIm. -

g

“*  All gases, except mono-atomic gases, show an increase in specific heat with

(iii) There is no heat exchange between the gases and the cylinder walls temperature. The increase in specific heat does not follow any particular

in any process, i.e. they are adiabatic. Also the compression and

L, PR
ol LR R

: o e law. However, over the temperature range generally encountered for gases
expansion processes are {rictionless. * in heat engines {300 K to 2000 K) the specific heat curve is nearly a straight
(iv) In case of reciprocating engines it is assumed that fluid motion can | line which may be approximately expressed in the form .
- __be ignored iuside the cylinder., | B | c, = a1 kT } "
With particular reference to constant-volume hiel-air cycle, it is also Cy, = bh+rT |

assumed that ™
| where a1, b, and k; are constants. Now,

(v) The fuel is completely vaporized and perfectly mixed with the air, - -
. H.Ild R — Cp — C*u — a1 — bl : (42)
(vi) The burning takes place instantaneously at top dead centre (at con- where R is the characteristic gas constant.

- stagt volume).
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Above 1500 K the specific heat increases much more rapidly and may i

b d in the f With variable specific heats, the temperature at the end of compression
e expressed in the form

, will be 2/, instead of 2. The magnitude of drop in temperature is propor-

= tional to the drop in the value of ratio of specific heats. For the process
Many expressions are available even upto sixth order of T (i.e. T$) for the S48

b+ T + kT (44) S
b i Tz

= ay+ kT + kT (4.3)
y—1
| . T (E}l) (4.5)
In Eqn.4.4 if the term T is neglected it becomes same as Hqn.4.1. U2
calculation of C, and C,. 2. with variable specific heats,

P 845 1,2 with constant specific heats
Cy
The physical explanation for increase in specific heat is that as the -" T I -1 P
temperature is raised, larger fractions of the heat would be required to ¥ = 4 (4.6)
produce motion of the atoms within the molecules. Since temperature is c,
the result of motion of the molecules, as a whole, the energy which goes where k = #2. Note that vy = v2 and v1 /v = vy fver =1,
into moving the atoms does not contribute to proportional temperature 3 |
: rise. Hence, more heat is required to raise the temperature of unit mass %
through one degree at higher levels. This heat by definition is the specific
heat. For air, the values are po:

N For given values of T7,p1 and r, the magnitude of T, depends on k.
g Constant volume combustion, from point 2/ will give a temperature T
_ .- instead of T3. This is due to the fact that the rise in the value of C,
£ because of variable specific heat, which reduces the temperature as already
S87:  explained.

I O, =1.005 kJ/kg K at 300 K C, =0.717 kJ/kg K at 300 K

L

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
Since the difference between Cp and C, is constant, the value of v de- 4. will result in 3’ —4’ and 4’ is higher than 4”. The magnitude in the difference

creases with increase in temperature. Thus, if the variation of specifie heats ;> between 4" and 4" is proportional to the reduction in the value of 4.

is taken into account during the compression stroke, the final temperature & Consider the process 3’4"

and pressure would be lower than if constant values of specific heat are ;

C, = 1.345 kJ/kg K at 2000 K C, = 1:057 kJ/kg K at 2000 K

- used. This point is illustrated in Fig.4.1. _ T = T, (”_3) o (4.7)
; " U4
3 Cycle 1-2-3-4  : with constant specific heat for the process 3’4’
Cycle 1-2'-3'-4" : with variable specific heat va\ 7Y
. Cycle 1-2-3'4" ;. with constant specific heat Iy = Ty (_) (4.8)
3 yc . P U4
from point 3’
: i | Reduction in the value of & due to variable specific heat results in in-
ii _ ’ crease of temperature from Ty to Ty,
f 2
i ” 4.5 DISSOCIATION
g |
:; / Dissociation process can be considered as the disintegration of combustion
i 4 products at high temperature. Dissociation can also be looked as the reverse
S e * process to combustion. During dissociation the heat is absorbed whereas
| : during combustion the heat is liberated. In IC engines, mainly dissociation
f | _ " of CO; into CO and O3 occurs, whereas there is a very little dissociation
1 - The dissociation of COj into CO and O starts commencing around
Fig. 4.1 Loss of Power due to Variation of Specific Heat . 1000 °C and the reaction equation can be written as

COs & 200+ 04
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148 IC Engines
Simﬂarly, the dissociation of HoO occurs at temperatures above 1300 °C |
and is written as -

The effect of dissociation on output power is shown in Fig.4.3 for a typ-
* 1cal four-stroke spark-ignition engine operating at constant speed. If there
is no dissociation, the brake power output is maximum when the mixture
© [atio is stoichiometric. The shaded area between the brake power graphs
3 shows the loss of power due to dissociation. When the mixture i1s quite lean
" there is no dissociation. As the air-fuel ratio decreases i.e., as the mixture

H,O = 2H,+ O, :

T
Tt

I T R R A &y e el
S i T ey R R

it et ot i
W 1.k

The PTES ence of CO. and .02 in the.gases tenclls tﬂbprevegt d‘issnciatiucn of E hecomes Tich the maximum temperature rises and dissociation commences.
COy; bhis is gutmgal?lne in a rich ﬁgl mmtu.r; ’ w}ln C];’ jl;pm. ucmgjsmor:e .0’ .- The maximum dissociation occurs at chemically correct mixture strength.
?uiﬂzeiisn?szia;ﬂ; 121;1??;1 :eo.i.11:l 11;?;{1301:1': IT'E i’stme:iill; 121?1& 1;05 cttifi‘:}cl: ‘Sl : A5 the mixture becomes richer, dissociation effect tends to decline due to
m a - . VO L .
that the temierature produced is too low for this phenomenon to occur. - - incomplete combustion,
Hence, the maximum extent of dissociation occurs in the burnt gases of the .
chemically correct fuel-air mixture when the temperatures are expected to

be high but decreases with the leaner and richer mixtures.

I--;.;'_s:i;l' E:
1 11 __‘_ -y

Tt
:

|
\

bﬁu
&

In case of infernal combustion engines heat transfer to the cooling ‘2
medium causes a reduction in the maximum temperature and pressure. g
As the temperature falls during the expansion stroke the separated con- ;3
stituents recombine; the heat absorbed during dissociation is thus again
released, but it is too late in the stroke to recover entirely the lost power. 3
A portion of this heat is carried away by the exhaust gases. 3

\
&
ag.;ﬂ
&
Ly
ID.,":A
I~

Brake power
Stoichiometric
mixture
4

Figure 4.2 shows ‘a typical curve that indicates the reduction in the
temperature of the exhaust gas mixtures due to dissociation with respect
to air-fuel ratio. With no dissociation maximum temperature is attained at
chemically correct air-fuel ratio. With dissociation maximum temperature 7§
is obtained when mixture is slightly rich. Dissociation reduces the maxi- .
mum temperature by about 300 °C even at the chemically correct air-fuel 3§

ol
Specific fuel consumption

sfc

i |

Rich <=— | — Lean
| 1 L 11 1 | | | |
11 12 13 14 15 16 17 18 19 20 21

ratio. In the Fig.4.2, lean mixtures and rich mixtures are marked clearly. Air-fuel ratio
3200 Fig. 4.3 Effect of Dissociation on Power
3000 /™ No dissociation _
/ : N\ </ B Dissociation effects are not so pronounced in a Cl engine as in an SI
S 2800 | !! I \ | 4 " engine. This is mainly due to
% 0 E : % % (i) the presence of a heterogeneous mixture and
2000 - L i
E £ With dissociation 1 (ii) excess air to ensure complete combustion.
0 o
- 2 | o i _ .
200 1 E | X Both these factors tend to reduce the peak gas temperature attained in the
£ | “F  Clengine.
2200 - 2 1 Figure 4.4 shows the effect of dissociation on p-V diagram of Otto cycle.
Lean ~——!—— Rich Because of lower maximum temperature due to dissociation the maximum
2000 | | I | | i pressure is also reduced and the state after combustion will be represented
06 04 02 0 02 04 06 | by 3' instead of 3. If there was no reassociation due to fall of temperature
| Degree of richness - during expansion the expansion process would be represented by 3'—4" but

due to reassociation the expansion follows the path 3'—4'. By comparing
with the ideal expansion 3—4, it is observed that the effect of dissociation

Fig. 4.2 Effect of Dissociation on Temperature i iat]
s P e | is to lower the temperature and consequently the pressure at the begmning
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Fig. 4.4 Eﬂ’r;fzt of Dissociation shown on a p-V Diagram

of the expansion stroke. This causes a loss of power and also efficiency.
Though during recombining the heat is given back it is too late to contribute
a convincing positive increase in the output of the engine.

|
4.6 EFFECT OF NUMBER OF MOLES

As already mentioned the number of molecules present in the cylinder after
combustion depends upon the fuel-air ratio, type and extend of reaction in
the cylinder. According to the gas law

pV = NRT

the pressure depends on the number of molecules or moles present. This
nas direct effect on the amount of work the cylinder gases can impart on

the piston.

47 COMPARISON OF AIR-STANDARD AND FUEL-AIR
CYCLES

In this section reasons for difference between air-standard cycles and fuel-
air cycles is discussed. The magnitude of difference between the two cycles

can be attributed to the following factors :
(i) 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 mix-

ture becomes leaner. It is seen from Fig.4.5 that the efficiency ratio {fuel-air

....

SUei—=AIlN L yLice allud Liadcld ﬂu-'d-lé:ﬂh‘ e L
~ www.EasyEn

cycle efficiency/air-standard cycle efficiency) increases as the mixture be-
comes leaner and leaner tending towards the air-standard cycle efliciency.
It is to be noted that this, trend exists at all compression ratios.

1.0

Efficiency ratio
=
oo

=
=)

0.2 1 | | I | | | |
0 0.4 0.8 1.2 1.6

Relative fuel-air 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 involved tend to be more complete as
the pressure increases. These considerations a.pf:-ly to constant-volume as

well as constant-pressure cycles. / J,

The simple air-standard cycle analysis canfiot predict the variation of
thermal efficiency with mixture strength since air is assumed to be the
working medium. However, fuel-air cycle analysis suggests that the thermal
efficiency will deteriorate as the mixture supplied to an engine is enriched.
This is explained by the increasing losses due to variable specific heats and
dissociation as the mixture strength approaches chemically correct values.
This is because, the gas temperature goes up after combustion as the mix-
ture strength approaches chemically correct values. Enrichment beyond
the chemically correct ratio will lead to incomplete combustion and loss
in thermal efficiency. Therefore, it will appear that thermal efficiency will
increase as the mixture is made leaner. However, beyond a certain leaning,
the combustion becomes erratic with loss of efficiency. Thus the maximum
efficiency is within the lean zon€ very near the stoichiometric ratio. This
gives rise to combustion loop, as shown in Fig.4.6 which can be plotted
for different mixture strengths for an engine running at constant speed and
st a constant throttle setting. This loop gives an idea about the effect of
mixture strength on the specific fuel consumption. |
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Rich mixture
7\ \Z
E %\ \%
b= ) e, .
: ARE
= Stoichiometric mixture ‘e a&
2
E Lean mixture \ |
g T
= 1
¥
A Enrich I
nric _
| Air standard theory
|
' I
| )
min.mep max. mep mep

Fig. 4.6 Specific Fuel Consumption vs Mean Effective Pressure at Constant
Speed and Constant Throttle Setting

4.8 EFFECT OF OPERATING VARIABLES

-

The effect of the common engine operating variables on the pressure and

ternperature within the engine cylinder is better understood by fuel-air

cycle analysis. The details are discussed in the following sections.

4.8.1 Compression Ratio

The fuel-air cycle efficiency increases with the compression ratio in the same
manner as the air-standard cycle efficiency, principally for the same reason
(more scope of expansion work). This is shown in Fig.4.7.

The variation of indicated thermal efficiency with respect to the equiva-
lence ratio for various compression ratios is given in Fig.4.8 The equivalence
ratio, ¢, is defined as ratio of actual fuel-air ratio to chemically correct fuel-
it ratio on mass basis. The maximum pressure and maximum temperature
increase with compression ratio since the temperature, T, and pressure, p2,
at the end of compression are higher. However, it can be noted f‘rum the
experimental results (Fig.4.9) that the ratio of fuel-air cycler efﬁmency to
air-standard efficiency is independent of the compression ratio for a given
equivalence ratio for the constant-volume fuel-air cycle.

4.8.2 Fuel-Air Ratio

(i) Efficiency : As fhe mixture is made lean (less fuel) the temperature
rise due to combustion will be lowered as a result of reduced energy
input per unit mass of mixture. This will result in lower specific

Fig

Fuel-Air Cycles and their WHARARSENG/BI§rIng.net
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. 4.7 Effect of Compression Ratio and Mixture Strength onEfficiency
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3 |
14
0.55

0.50

0.45

0.40

Indicated thermal efficiency

035 L
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Fig. 4.8 Effect of Mixture Strength on Thermal Efficiency for

Various Compression Ratios
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- — T T T
heat. Further, it will lower the losses due to dissociation a.nd varia- re— Stoichiometric
tion in specific heat. The efficiency is therefore, higher &nic}im ?Eh L B Air-standard theory! mixture

ir- fciency as the fuel-air ratio 1s reducead as - v
_ J apprﬂa?hes'the air-cycle ethciency , S b Fuel-air theory
) shown in Fig.4.10. By K 2, -
e :H !
~ B £ =
Ca — g = e J
Ty 10k p=p, 103 b
28 09 ™~ T, =280 K
E2 | ™~
o & o @
g 2 08 o r= 4
S E N 6 70 80 - 90 100 110 120 130
; E 0.7 - oDr= 8§ Mixture strength expressed as a
@ 06 |- N A =10 percentage of stoichiometric mixture
B
S &
i I ™. | Rich I ’ Fig. 4.11 Effect of Fuel-Air Ratio on Power
0.4 | | _
: o 04 08 12 16 20 2.4

Equivalence ratio

(iii) Maximum temperature : At a given compression ratio the tempera-
ture after combustion reaches a maximum when the mixture is slightly
rich, i.e., around 6% or so (F/A = 0.072 or A/F = 14 : 1) as shown
in Fig.4.12. At chemically correct ratio there is still some oxygen
present at the point 3 (in the p-V diagram, refer Fig.4.1) because of
chemical equilibrium effects a rich mixture will cause more fuel to
combine with oxygen at that point thereby raising the temperature
Ty. However, at richer mixtures increased formation of CO counters

Fig. 4.9 Variation of Efficiency with Mixture Strength for a Constant Vol-
ume Fuel-Air Cycle

!
Rt aa s,

Tlr cn T i HE T

N
R L [ W (A T ]

: - _
. 1 & this effect.

g g

- ¢ 2800 |- % 4
g T, {K) /I\m

" 2 2600 |- | :

et 4

: 2400 |- 2

i 2200 |-

mixoure

2l |
E[5)
b - £ 3 120 - 2 :
s | Mixture strength or T ~10
- 1 80 |- | -
4 Fig. 4.10 Effect of Mixture Strength on Thermal Efficiency -{ i gl I ! 8
| B | 40 |- |
. . 5 ) = i | /B
R (ii) Maximum Power : Fuel-air ratio affects the maximum pOwer ﬂlutput 31 20 | | .
of the engine. The variation is as shown in Fig.4.11. As the mixture 0 - ! slﬂ 1 — 12In L w:n ' r 4
becomes richer, after a certain point both ethiciency _Emd power output _ Mixture strength expressed as a percentage
falls as can be seen from the experimental curve (Figs.4.10 and 4. 11).. ) of stoichiometric mixture
This is because in addition to higher specific heats and chemical equl- | _
librium losses, there is insufficient air which will result in formation B ' Fig. 4.12 Effect of Equivalence Ratio on T3 and p3
y y . .
of CO and H, during combustion, which represents a direct wastage

of fuel. However, fuel-air cycle analysis cannot exactly imitate the
" experimental curve due to various simplifying assumptions made.
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(iv) Maximum Pressure : The pressure of a gas in a given space de-

pends upon its temperature and the number of molecules The curve 18
of py, therefore follows T3, but because of the increasing number of
molecules pa does not start to decrease until the mixture is some what : 16

——

Mean effective pressure (bar)
® © w &~
l | l |
B %0 =

& richer than that for maximum 73 {at F/A = 0.083 or A/F 12 : 1),
| i.e. about 20 per cent rich {(Fig.4.12).

(v) Exhaust Temperature : The exhaust gas temperature, Ty is maximum
at the chemically correct mixture as shown in Fig.4.13. At this point
the fuel and oxygen are completely used up, as the effect of chemical
equilibrium is not significant. At lean mixtures, because of less fuel,
Ty is less and hence T} is less. At rich mixtures less sensible energy is
developed and bence T} is less. That is, Ty varies with fuel-air ratio in
the same manner as 73 except that maximum 7} is at the chemically
correct fuel-air ratio in place of slightly rich fuel-air ratio (6%) as in
case of T3. However, the behaviour of 74 with compression ratio is

different from that of T3 as shown in Fig.4.13. Unlike T3, the exhaust I

gas temperature, T3 is.lower at high compression ratios, because the 7t

increased expansion causes the gas to do more work on the piston - \
" leaving less heat to be rejected at the end of the stroke. The same 0 | B %l |

effect is present in the case of air-cycle analysis also. 60 30 100 120 140 160

2200 Percent of theoretical fuel
A 2000L Fig. 4.14 Effect of Fuel-Air Ratio on mep
irg - ~ <O
E 6 Table 4.1 Condition for Maximum Temperature and Pressure in a Constant
E 16008 E g Volume Fuel-Air CJFCJE
‘; =P -
[LE-‘ E E 10 Variable Maximum at Reason
; =1~ |
| 1400 e 1. Temperature, Ts 6% rich, F/A = 0.07%  Because of chemical equilib-
v (Fig.4.12) A/F=14:1,¢ = 1.06 rium some O3 still present
12001 | | | even at chemically correct
60 g0 100 120 140 160 F/A ratio. More fuel can be

burnt. Limit is reached at

Per cent of theoretical fuel 6% rich. If > 6% rich CO

| | formation.
Fig. 4.13 Effect of Fuel-Air Ratio on the Exhaust Gas Temperature 2. Pressure, p; 20% rich, F/A = 0.083; oV = NRT.

(Fig.4.12) - A/F=12:1 p depends on T and N
3. Temperature, Ty Chemicﬁl]}r correct No effect of chemical equi-
(vt) Mean Effective Pressure (mep) : The mean effective pressure increases .- - (see Fig.4.13) fuel-air ratio librium due to low temper-
with compression ratio. It follows the trend of p3 and p4 and hence it is 1 ature and iﬂﬂﬂfﬂl?le'ie com-

maximum at a fuel-air ratio slightly richer than the chemically correct - . bustion at rich mixture.

ratio as shown in Fig.4.14. Table 4.1 shows a summary of conditions 4. Mean effective 6% rich, F/A = 0.0745;  mep follows the trend of p3 -

which give maximum pressure and temperature in a constant-volume

pressure (Fig.4.14) A/F=13.5,¢=1.05to 1.1 and pa.
cycle assuming fuel-air cycle approximations. |
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. L colution
l it = Worked out EKHITIPIEE B . (l>"f-1 (l 'r;" _ 1)
. | - Ot cle havinge a N Diesel — n N . — 1
A1 What will be the effect on the efficiency of an o C¥ 5 ‘
' compression ratio of 8, if Cy increases by 1.67%7 * 1 — — 1 rd — 1
! y Pl re - 1)
| Solution
- L1 Taking logarithm
L Notte = -1 n(l—-7) = —hy+In{rl-1)—Inlr,—~1}—(y—1)lnr
v-1 = &
Cyp B b v
[ (1+3)
Y = —
R Cy
=Y )

Substituting this in the above equation

R/C.
L'k 1 R | A
a = (3 oi-m) = (R 1) em(HE )
—R/C,
b - Y Fln(r:—l)—ilnfr
T C,
o C Differentiating we get,
8. ¥ 1 Differentiating i R 4c, E:EE (’rg ) In7r.dC, . -
| R S = 3 ' + —5 InrdC,
;’-:'; f _1__1_—??(11? = _C_‘z.lquCu N _g: +1 Tgi%_f_l) . C‘I‘.L: _
. | B (1“T?)RIHT t_iﬂ N _dCt,. R l—n)
dn — —_— CE' dCﬂ n Cv Cﬂ ﬂ
dn __(onlyo e STk
" 4 1 . — =
! ! E% +1 rov AR
Now | dmn dCy {1 —7 1 r? In{r.)
o N 7 T[S
g o = 1-(3) = os - 565 . G\ > -1
4 vy = 1.4
dn (1-0.565)x (1.4—1) xIn8 y 1.6
. = - 00 1%}
7 0.565 1 1 _ .~ = 90
Ans V:q
—
= —1.025% - v _ 20V,
Vs = 200V — Vo = 10V,
: ' i having a
t will be the effect on the efficiency of a diesel cycle has
4.2 Eiiret;inﬂ ratio of 20 and a cut-off ratio is 5% of the swept volume, V3 = 0_[}511,{9 +Vy = (005x19V)+V, = 195V,

if the (0, increases by 1%. Take C, = 0.717 and R = 0.287 kJ/kg K.
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_ B _ L = 195 r - X
: Te Vo Va Q2—3/kg of air = T 2.8 MJ
a I "
7 . Mass of charge = 1+ L = b kg /kg of air
; 1 1 r7 -1 15 15
| Ty e Q23 = CrpeuntlTs = T)
0.4 1.4 _ | T3 + 565
| EPENE SRV (0 S MV .t N VT 28x10° =  |0.678+13x 1075 x ( 3 )]
1.4 20 1.95 -1 2
3 16
: dn B 1—-0.649 X == X (T3 — 565)
: ? = —0.01 x 0.640 15
1.95'4 x In(1.95 -
x0.4 [11—4 +1n(20) — ~erg . )] S for 23 we got
A
= -0.565% = T g, 33T
| pP3 = D2 T, : 65
4.3 A petrol engine having a compression ratio of 6 uses a fuel with | A
calorific value of 42 MJ/kg. The air-fuel ratio is 15:1. Pressure and — 61 .35 bar Ans
temperature at the start of the suction stroke is 1 bar .a.nd 5'7 °C
respectively. Determine the maximum pressure-in the cylinder if thle For constant specific heat
" index of compression is 1.3 and the specific heat at constant volume is ' "
given by C, = 0.678 + 0.00013 T, where T is in Kelvin. Compare this 28x10° = 0.717 x — x (T3 — 565)
value with that obtained when 15
=0.7 kg K.
| Co =017 kI/kg On solving
T3 = 4226
] Solution Consider the process 1-2
— 1027x 22 _ 7681 bar Ans
pVy = W ps = . e = .
D9 = P (E) = 1x6"% = 10.27 bar 4.4 The air-fuel ratio of a Diesel engine is 29:1. If the compression ratio
V2 is 16:1 and the temperature at the end of compression is 900 K, find
| v at what cylinder volume the combustion is complete? Express this
15 = 13 (;Dz - ) volume as a percentage of stroke. Assume that the combustion begins
: W at the top dead centre and takes place at constant pressure. Take
10.27 1 calorific value of the fuel as 42000 kJ/kg, R = 0.287 kJ/kg K and
= 0 x ( — X E) = 565K C, = 0.709 4 0.000028 T kJ/kg K.
' Average temperature during combustion Solution
Ty + To ',
= 5 | Cp = Cy,+R
| Te 4T | = (0.709 4+ 0.000028 T} + 0.287
Co . = 0.678+0.00013 X ( : > 2) 2

= 0.996 + 0.000028 T°

Assuming unit quantity of air mCpdT
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T» = Tl Y =373x13%4 = 10406 K
3
- - CpdT b
For unit mass, Q [3 P B por unit mass |
. s W t- Consider the process 2-3,
For 1 kg of fuel the total charge is 30 kg ' ;- o B ] o 1000 ] |
| 0o = ¥ - 0 - 00 23 2

30 30 \

= f (0.996 + 0.000028 T')dT 0 |
: 0.000028 1000 = = 0.709 x (T3 — 1040.6) +

—  0.996(Ts— To) + — (T3 ~T5)

o 5 0.000028

x (T% — 1040.6°)

2
T3 = 2362.2
+0.000014 x (T2 - 900%) . Y _
ps = pa| == ) =3627x ) x 10°
Ts = 2246.07 K T 1040.6
g5 | A - \
v = By L 22:;']071@ — 2496 V3 = 82.34x10° N/m’ e
7P . i B
v / (Vl 1) Consider the process 3-4, 1
Stroke volume — Vi—Va = 2 v B _ - ey . 8
i = Tr-1) = 1BV z C, = Cy+R = 0.9+ 0.000028 T
0 Voo _ 2496xW 150 = 1664% 22 s 4
- i v, 15 x Vo Q34 = m f d7’
ff ] '
- 4
4.5 An oil engine, working on the dual combustion cycle, ha.s 8 com- e 500 3 [ (0.996 + 0.000028)dT
| pression ratio of 13:1. The heat supplied per kg of air is 2000 kJ, 3
half of which is supplied at constant volume and the other half 'at 0.000028
-- constant pressure. If the temperature and pressure at the t_lEglﬂ‘- .f?:':" = 0.996 x (T4 —_ 2362_2) + 5
A ning of compression are 100 °C and 1 bar respectively, find (i) the i
_ maximum pressure in the cycle and (ii) the percentage of stroke . ’ (TE B 2362.22)
when cut-off occurs. Assume 4 = 14, R = 0.287 kJ/kg K and
¢, = 0.709 + 0.0000287" kJ /kg K. Ty = 2830.04 K
T4 2330.04
Solution Vy 3 Vs (E) = 23600 Vi = 1.1981”3
pVy = p% V, = W-W% = Wr-1) = 12V
Vi )"' _ 5 o 1314 Vi— Vi Vy— Vi
— —_ = 1 x 10" x 13 — 4 3 — 4 3
pe PE(VE | v x 100 12 Vs x 100
B 5 N /12 1.198 — 1 .
= 3627 x10° N/m - —— x 100 = 1.65% ans
T1V1{T_1) = TEVJ#I |
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4.6 A petrol engine with a compression ratio of 7 used a mixture of iso- 33
octane and hexane as fuel. The pressure and temperature at the be- 3
ginning of the compression process is 1 bar and 55.22 °C respectively.
If the fuel-air mixture is 19.05% rich and the maximum pressure de- g
veloped is 115.26 bar then evaluate the composition of the mixture
(in percentage weight). Take C, = 0.717 kJ /kg K!.(Cv)hexa.ne = 43
MJ/kg, (CV)iso-octane = 42 MJ /kg and pV13! is constant for the
expansion and compression processes. e

D2 mr = 12.796 bar

T5 Tir* ! =600 K

Now, consider {50 + 38 x) kmols of air

Molecular weight of CeHi4 = 86 kg/kmol and molecular weight of CgHig
% - 114 kg/kmol. Therefore,

- Heat added = - 86z x 43 x 10% + 114 x 42 x 103

= | Solution |

: Suppose every kmol of iso-octane is mixed with z kmols of hexane. The e

(36982 + 4788) x 107 kJ

stoichiometric equation is Total weight = 28.97 x (50 + 38z) + (862 + 114)
:ECEHL; + CBHIB + y(0.21 02 + 0.79 N'Z) - e (1185863: + 15625) kg
9 + 7z) H20 + (0.79y)N |
(8+ 63)COz + (9 + 7z) Hz ‘ (0.79y)N 0. = mCy(Ts—Ty)
Equating number of oxygen atoms on both sides . |
3 _ _ '
0.42¢ — 2% (8+62) 4 (9+7) (3698z + 4788) x 10 (1186.86x + 1562.5) x 0.717 x (T3 — T3)
3698z + 4788  4208.6 + 5460
. As the fuel-air mixture is 19.05% rich, for z moles of hexane and 1 mole of - _ s ( T3 ) ( ng )
9 iso-octane, number of moles of air present 5 Ty \
Y
._ S _ Y — (50 + 38z) 12.796 4208.6x + 5460
1. i = - 115.2 = —
£ 1.1905 ° 600 (0.351;1: + 1.120)
The combustion equation may now be written as
: 43.02x + 56.5 |
zCeH14 + CsHis + (50 + 382)(0.21 Oz +0.79 Np) = 39z + 51 |
3,
aCO, + b CO + (9 + 7z) Ha0 + 0.79(50 + 38z)Nz
1 | Solving this we get £ = 0.1.
1 Equating number of carbon atoms Percentage weight of iso-octane
- 114
a+b = Bz + 8 (1) > - Ans
TN R 100% 93% <=
ti ber of en atoms
Equating number ot oxyg Percentage weight of hexane
2% + b — 8.96z + 12 (2) 80
= ") x100% = 7% 4z
114 + 86z \

On solving Eqs.(1) and (2)

a =  296r+4 Review Questions

b = 3.04z + 4 . 4.1 Mention the various simplified assumptions used in fuel-air cycle anal-
ny 56.5 + 43.02x y5is.
o 51 + 39z

4.2 What is the difference between air-standard cycle and fuel-air cycle
analysis? Explain the significance of the fuel-air cycle.

www.EasyEngineering.net www.EasyEngineering.net


http://easyengineering.net
http://easyengineering.net

www.EasyEngineeringget

www.EasyEngineering.net

]
| ]
'l
3

' 4.12 How do ezhaust temperature and mean effective pressure affect the
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4.3 Ezplain why the fuel-air cycle analysis is more suitable for analyzing
through a computer rather than through hand calculations.

4.4 How do the specific feats vary with temperature? What is the physical
ezplanation for this variation?

4.5 Ezplain with the help of a p-V diagram the logs due to veriation of
specific heats in en Otto cycle.

4.6 Show with the help of a p-V diagram. for an Otto cycle, that the effect
of dissociation 1 similar to that of variation of specific heats.

4.7 Fxplain by means of suitable graphs the effect of dissociation on Mal-
imum temperature and brake power. How does the presence of CO
affect dissociation?

4.8 Exzplain the effect of change of number of molecules during combustion
on mazimum pressure in the Otto cycle.

4.9 Compare the gir-standard cycle and fuel-air cycles based on {1} char-
acter of the cycle (it) fuel-air ratio (i) chemical composition of the

fuel

4.10 Is the effect of compression Talio on efficiency the same fuel-air
cycles also? Ezplain.

4.11 From the point of view of fuel-air cycle analysis how does fuel-air

ratio affect efficiency, MaTImMUm POWeT, temperature and pressure i 4N

a cycle.
engine performance? Erplamn.

Exercise

41 Find the percentage change in the efficiency of an Otto cycle having

a compression ratio of 10, if Cy decreases by 2%. Ans: 1.22% *

4.9 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 ¢, =0717andy = 1.4 Ans: 1.23%

4.3 The air-fuel ratio of a Diesel engine is 31:1. If the compression ratio 18
15-1 and the temperature at the end of compression is 1000 K, find at
what percentage of stroke 1s ihe combustion complete if the combus-
tion begins at TDC and continuous at constant pressure. Caloriflc

value of the fuel is 40000 kJ/kg. Assume the variable specific heat,
Co=a+ bT, where a = 1 and b = 0.28 X 10~4, Ans: 15.68% |

4.4 An engine working on the Otto cycle, uses hexane (CgH14) as fuel
The engine works on chemically correct air-fuel ratio and the com-

pression ratio is 8. Pressure and temperature at the beginning of ;

Fuel-Air Cycles and their Analy§g,,, FddyEngineering.riet

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 maxi-
mum temperature and pressure of the cycle. Assume the compression
follows the law pV13 =c. Ans: (i) 4343.6 K (i) 99.28 bar *

4.5 Find the percentage change in efficiency of a dual cycle having com-
pression ratio = 16 and cut-off Tatio of 10% of swept volume and if
(', increases by 2%. Given % = 1.67. Ans: 0.68%

4.6 It is estimated that for air Dperatiﬁg in a given engine the y 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%

Multiple Choice Questions (choose the most appropriate answer)

1. The actual efficiency of a good engine is about

(a) 100%
(b} 856%
(¢} 50%
(d) 25%

of the estimated fuel-air cycle efficiency.

2. With dissociation peak temperature is obtained

(a) at the stoichiometric air-fuel ratio
(b) when the mixture is slightly lean
(¢) when the mixture is slightly rich

(d) none of the above
3. With dissociation the exhaust gas temperature

(a) decreases
(b) increases
(c) no effect

(d) increases upto certain air-fuel ratio and then decreases
4 TFuel-air ratio affects maximum power output of the engine due to

(a)} higher specific heats

(b) chemical equilibrium losses

(c) both (a) and (b)
)

(d) none of the above
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5 Mean effective pressure at a given compression ratio s maximum
when the air-fuel ratio is

(a) higher than stoichiometric
(b) lower than stoichiometric
(¢) equal to stoichiometric

(d) none of the above

6. For a compressure process with variable specific heat the peak tem-
perature and pressure are

1111111

(a) lower

(b) higher

(c) no effect

(d) nomne of the above

compared to constant specific heat
7 Dissociation can be considered as

(a) disintegration of combustion products at high temperature
(b) reverse process of combustion

- (c) heat absorption process
(d) all of the above

8. Cycles with lean to very lean mixture tend towards

(a) practical cycles
{b) fuel-air cycles

(c) air-standard cycles
(d) none of the above

9. When the mixture is lean

(a) efficiency is less
(b) power output is less
(¢) maximum temperature and pressure are higher

(d) all of the above

'3:.-: '

10. For a giv