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Basic Concepts of Thermodynamics

1.1. Definition of thermodynamics. 1.2. Thermodynamic systems—System, boundary
and surroundings—Closed system—Open system—Isolated aystem—Adiabatic system—
Homogeneous gystem—Heterogeneous aystem. 1.3. Pure substance. 1.4. Thermodynamic
gquilibrium. 1.5. Properties of systems. 1.6. State. 1.7. Process. 1.B. Cycle. 1.9. Point
function. 1.10. Path function. 1.11. Temperature, 1,12, Zeroth law of thermodynamics.
1.13. Pressure—Definition of pressure—Unit for pressure—Types of pressure measurement
devicea, 1.14. Reversible and irreversible processes. 1.15. Energy, work and heat—Energy—
Work and heat. 1.18. First law of thermodynamics. 1.17. The perfect gas—The characteristic
equation of state—Specific heats—JToule’s law—Relationship between two specific heats—
Enthalpy—Ratio of specific heats. 1.18. Steady flow energy equation (5. F.E.E.}~Energy
relations for flow process. 1.19. Limitations of first law of thermodynamica.
1.20. Performance of heat engine and reversed heat engine. 1.21. Statements of second law
of thermodynamice—Clausius statement Kelvin-Planck statement. 1.22. Entropy—
Intreduction—Temperature entropy diagram—Characteristica of entropy. 1.23. The third
law of thermodynamics. 1.24. Available and unavailable energy—Highlights—Objective
Type Questiona—Theoretical Questions.

1L.1. DEFINITION OF THERMODYNAMICS

Thermodynamics may be defined as follows :

Thermodynamics is an axiomaiic science which deals with the relations among heat, work
and properties of system which are in equilibrium. It describes state and changes in state of
physical systems.

Or

Thermodynamics iz the science of the regularities governing processes of energy conver-

sion.
Or

Thermodynamics is the science that deals with the interaction between energy and mate-
rial systems.

Thermodynamics, basically entails four laws or axioms known as Zeroth, First, Second and
Third law of thermodynamics,

— the First law throws light on concept of internal energy. :

— the Zeroth law deals with thermal equilibrium and establishes a concept of temperature.

— the Second law indicates the limit of converting heat intc work and introduces the
principle of increase of entropy.

— third law defines the absolute zero of eniropy.

These laws are based on experimental observations and have no mathematical proof. Like
all physical laws, these laws are based on logical reasoning.

1



2 INTERNAL COMBUSTION ENGINES

1.2. THERMODYNAMIC SYSTEMS

1.2.1. System, Boundary and Surroundings

Bystem. A system is a finite quantity of matter or a prescribed region of space (Refer Fig. 1.1)

Boundary. The actual or hypothetical envelope enclosing the system is the boundary of
the system. The boundary may be fixed or it may move, as and when a system containing a gas is
compressed or expanded. The boundary may be real or imagingry. It is not difficult to envisage a
real boundary but an example of imaginary boundary would be one drawn around a system con-

sisting of the fresh mixture about to enter the cylinder of an 1.C. engine together with the remanants
of the last cylinder charge after the exhaust process (Refer Fig. 1.2).

Fig. 1.1. The system. Fig. 1.2. The real and imaginary boundaries.

1.2.2. Closed System

Refer Fig. 1.3. If the boundary of the system is impervious to the flow of matter, it is called
a closed system. An example of this system is mass of gas or vapour contained in an engine
cylinder, the boundary of which is drawn by the cylinder walls, the cylinder head and piston
crown. Here the boundary is continuous and no matter may enter or leave.

Mass remains constant Qut
regardiess variation of T — Mass not necessarily
Poundrs ([ 1 e
i R
B [ R |
N N
W R ¥
d ] & ]
System T
In
Fig. 1.3. Closed system. Fig. 1.4. Open system.
1.2.3. Open System

Refer Fig. 1.4. An open gystem is one in which matter flows into or out of the system. Most
of the engineering systems are open.



BASIC CONCEFTS OF THERMODYNAMICS 3

1.2.4. Isolated System

An isolated aystem is that system which exchanges neither energy nor matter with any
other system or with environment.

1.2.5. Adiabatic System

An adianbatic system is one which is thermadlly insulated from its surroundings. It can,
however, exchange work with its surroundings. If it does not, it becomes an isolated system.

Phase. A phase is a quantity of matter which is homogeneous throughout in chemical
composition and physical structure.

1.2.6. Homogeneous System

A system which consists of a single phase is termed as homogeneous system. Examples :
Mixture of air and water vapour, water plus nitric acid and octane plus heptane.

1.2.7. Heterogeneous System

A system which consista of two or more phases is called a heterogeneous system. Examples :
Water plus steam, ice plus water and water plus oil.

1.3. PURE SUBSTANCE

A pure substance is one that has a homogeneous and invariable chemical composition even
though there is a change of phase. In other words, it is a system which is (a) homogeneous in
composition, (b) homogeneous in chemical aggregation. Examples : Liquid, water, mixture of liquid
water and steam, mixture of ice and water. The mixture of liquid air and gaseous air is not a pure
substance.

1.4. THERMODYNAMIC EQUILIBRIUM

A system is in thermodynamic equilibrium if the temperature and pressure at all points
are same ; there should be no velocity gradient ; the chemical equilibrium is also necessary.
Systems under temperature and pressure equilibrium but not under chemical equilibrium are
sometimes said to be in metasgtable equilibrium conditions. It iz only under thermodynamic equi-
librium conditions that the properties of a system can be fixed.

Thus for attaining a state of thermodynamic equr.!l.bnum the following three types of equi-
librium states must be achieved :

1. Thermal equilibrium. The temperature of the system does not change with time and
hag same value at all pointa of the system.

2. Mechanical equilibrium. There are no unbalanced forces within the system or between
the surroundings. The pressure in the system iz same at all points and does not change with
respect to time.

3. Chemical equilibrium. No chemical reaction takes place in the system and the chemi-
cal composition which is same throughout the system does not vary with time.

1.5. PROPERTIES OF SYSTEMS

A property of a system is a characteristic of the system which depends upon ita state, but
not upon how the state is reached. There are two sorte of property :

1. Intensive properties. These properties do not depend on the mass of the system.
Examples : Temperature and pressure.
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2. Extensive properties. These properties depend on the mass of the system. Example :
Volume. Extensive properties are often divided by mass associated with them to obtain the inten-
sive properties. For example, if the volume of a system of mass m is V, then the specific volume of

matter within the system is % = v which is an intensive property.

1.6. STATE

State is the condition of the system at an instant of time as described or measured by its
properties. Or each unique condition of a system is called a state.

It follows from the definition of state that each property has a single value at each state.

Stated differently, all properties are state or point functions. Therefore, all properties are identical
for identical states.

On the basis of the above discussion, we can determine if a given variable is property or not
by applying the following tests :

— A variable is a property, if and only if, it has a single value at each equilibrium state.

— A variable is a property, if and only if, the change in its value befween any fwo pre-
scribed equilibrium states is single-valued.

Therefore, any variable whose change is fixed by the end states is a property.

1.7. PROCESS

A process occurs when the system undergoes a change in a state or an energy transfer at a
steady state. A process may be non-flow in which a fixed mass within the defined boundary is
undergoing a change of state. Example : a substance which is being heated in a closed cylinder
undergoes a non-flow process (Fig. 1.3). Closed systems undergo non-flow processes. A process
may be a flow process in which mass is entering and leaving through the boundary of an open
system. In a steady flow process (Fig. 1.4) mass is crossing the boundary from surroundings at
entry, and an equal mass is crossing the boundary at the exit so that the total mass of the system
remains constant. In an open system it is necessary to take account of the work delivered from the
surroundings to the system at entry to cause the mass to enter, and also of the work delivered from
the system at surroundings to cause the mass to leave, as well as any heat or work crossing the
boundary of the system.

Quasi-static process. Quasi means ‘almost’. A quasi-static process is also called a re-
versible process. This process is a succession of equilibrium states and infinite slowness is its
characteristic feature.

1.8. CYCLE

Any process or series of processes whose end states are identical is termed a cycle. The
processes through which the system has passed can be shown on a state diagram, but a complete
section of the path requires in addition a statement of the heat and work crossing the boundary of
the system. Fig. 1.5 shows such a cycle in which a system commencing at condition ‘1’ changes in
pressure and volume through a path 123 and returns to its initial condition ‘1’.
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4 p (Pressure)

» v (Volume)
Fig. 1.5. Cycle of operations.

1.8. POINT FUNCTION

When two properties locate a point on the graph (co-ordinate axes) then those properties are
called as point function.
Examples. Pressure, temperature, volume etc.

2
_[1 dV =V, - V; (an exact differential).

1.10. PATH FUNCTION

There are certain quantities which cannot be located on a graph by a point but are given by
the area or so, on that graph. In that case, the area on the graph, pertaining to the particular
process, is a ﬁmchun of the path of the process. Such quantities are called path functions.

Examples. Heat, work etc,

Heat and work are inexact differentials. Their change cannot be written as difference be-
tween their end states.

2
Thus LW # @, ~ @, and is shown as @, or Q, ,

2
Similarly L oW » W, — W,, and is shown as ,W, or W,_,
Note. The operator § is used to denote inexact differentials and operator 4 is used to denote exact
differentials.
1.11. TEMPERATURE

® The temperature is a thermal state of a body which distinguishes a hot body from a
cold body. The temperature of a body is proportional to the stored molecular energy i.e.
the average molecular kinetic energy of the molecules in a system. (A particular molecule
does not have a temperature, it has energy. The gas as a system has temperature).
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@ Instruments for measuring ordinary temperatures are known as “thermometers” and
those for measuring high temperatures are known as “pyrometers”.

@ It has been found that a gas will not occupy any volume at a certain temperature. This
temperature is known as absolute zero temperature. The temperatures measured with
absolute zero as basis are called absolute temperatures. Absolute temperature is stated
in degrees centigrade. The point of absolute temperature is found to occur at 273.15°C
below the freezing point of water,

Then : Absclute temperature = Thermometer reading in °C + 273.15.

Ahsolute temperature in degree centigrade is known as degrees kelvin, denoted by K (SI unit).

1.12. ZEROTH LAW OF THERMODYNAMICS

e ‘Zeroth law of thermodynamics® states that if two systems are each equal in

temperature to a third, they are equal in temperature to each other.

Example. Refer Fig. 1.6. System ‘1’ may consist of a mass of gas enclosed in a rigid vessel
fitted with a pressure gauge. If there iz no change of pressure when this system is brought into
contact with system ‘2’ a block of iron, then the two systems are equal in temperature (assuming
that the systems 1 and 2 do not react each other chemically or electrically). Experiment reveals
that if system ‘1’ is brought into contact with a third system ‘3’ again with no change of properties
then systems ‘2’ and "3’ will show no change in their properties when brought into contact provided
they do not react with each other chemically or electrically. Therefore, ‘2’ and ‘3’ must be in
equilibrium.

OO,

Fig. 1.6. Zeroth law of thermodynamics.

@ This law was enunciated by R.H. Fowler in the year 1931. However, since the first and
second laws already existed at that time, it was designated as zeroth law so that it
precedes the first and second laws to form a logical sequence.

1.13. PRESSURE

1.13.1. Definition of Pressure

Pressure is defined as a force per unit area. Pressures are exerted by gases, vapours and
liquids. The instruments that we pgenerally use, however, roecord pressure as the difference
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between two pressures. Thus, it i8 the difference between the pressure exerted by a fluid of inter-
est and the ambient atmospheric pressure. Such devices indicate the pressure either above or
below that of the atmosphere. When it is above the atmospheric pressure, it is termed gauge
pressure and is positive. When it is below atmospheric, it is negative and is known as vacuum.

Vacuum readings are given in millimetres of mercury or millimetres of water below the atmos-
phere,

It is necessary to establish an absolute pressure scale which is independent of the chanpes
in atmospheric pressure. A pressure of absolute zero can exist only in complete vacuum, Any
pressure measured above the absolute zero of pressure is termed an ‘absolute pressure’.

A schematic diagram showing the gauge pressure, vacuum pressure and the absolute pres-
sure is given in Fig. 1.7.

Mathematically :

(i) Absolute pressure = Atmospheric pressure + Gauge pressure
P.-]', - Pm + .P'.;'-'

(ii) Vacuum pressure = Atmospheric pressure — Absolute pressure.

Vacuum is defined as the absence of pressure. A perfect vacuum is obtained when absolute
pressure is zero, at this instant molecular momentum is zero.

Atmospheric pressure is measured with the help of barometer.

¥ Y

Positive

gauge pressure

Atmospheric
Negative gauge pressure
pressure of vacuum

Pressure ——»

f

pressure

Zero absolute preasure

Fig. 1.7. Schematic diagram showing gauge, vactum and absolute pressures.

1.13.2. Unit for Pressure

The fundamental SI unit of pressure is N/m? (sometimes called pascal, Pa) or bar., 1 bar
= 105 N/m? = 105 Pa. Standard atmospheric pressure = 1.01325 bar = 0.76 m Hg.

Low pressures are often expressed in terms of mm of water or mm of mercury. This is an

abbreviated way of saying that the pressure is such that which will support a liquid column of
stated height.

1.13.3. Types of Pressure Measurement Devices

The pressure may be measured by means of indicating gauges or recorders. These instru-
ments may be mechanical, electro-mechanical, electrical or electronic in operation.
1. Mechanical instruments. These instruments may be classified into following two groups :
— The first group includes those instruments in which the pressure measurement is made
by balancing an unknown force with a known force.

— The second group includes those employing guantitative deformation of an elastic member
for pressure measurement.
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2. Electro-mechanical instruments. These instruments usually employ a mechanical
means for detecting the pressure and electrical means for indicating or recording the detected
pressure.,

3. Electronic instruments. Electronic pressure measuring instruments normally de-
pend on some physical change that can be detected and indicated or recorded electronically.

1.14. REVERSIBLE AND IRREVERSIBLE PROCESSES

Reversible process. A reversible process (also sometimes
known as quasi-static process) is one which can be stopped at any
stage and reversed so that the system and surroundings are ex- 1
actly restored to their initial states. Equilibrium

This process has the following characteristics : states

1. It must pass through the same states on the reversed path
as were initially visited on the forward path.

2. This process when undone will leave no history of events in 2
the surroundings. >

G 3. It must pass through a continuous series of equilibrium Fig. 1.8. Reversible prm:au:
ates,

No real process is truely reversible but some processes may approach reversibility, to close
approximation.

Examples. Some examples of nearly reversible processes are :
(i) Frictionless relative motion.
(/) Expansion and compression of spring.
(iZi) Frictionless adiabatic expansion or compression of fluid.
(fv) Polytropic expansion or compression of fluid.
(v) Isothermal expansion or compression.
(vi) Electrolysis.

Irreversible process. An irreversible process is one in which heat is transferred through
a fintte temperature.

Examples :

(£) Relative motion with friction (i) Combustion
(izi) Diffusion (iv) Free expansion

(v) Throttling (vi) Electricity flow through a resistance
{vif) Heat transfer (viif) Plastic deformation.

An irreversible process is usually represented by a dotted (or P4
discontinuous) line joining the end states to indicate that the inter- ;
mediate states are indeterminate (Fig. 1.9). ']

Irreversibilities are of two types : \ :?:tﬂ:ﬂum

1. External irreversibilities. These are associated with dis- %
sipating effects outside the working fluid. -

Example. Mechanical friction occurring during a process due Tra
to some external source.

2. Internal irreversibilities. These are associated with dis-
sipating effects within the working fluid. Fig. 1.9. Irreversible process.

Example. Unrestricted expansion of gas, viscosity and inertia of the gas.

.--"--_-.2

>
v
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1.15. ENERGY, WOREK AND HEAT

1.15.1. Energy

Energy is a general term embracing energy in transition and stored energy. The stored
energy of a substance may be in the forms of mechanical energy and internal energy (other forms
of stored energy may be chemical energy and electrical energy). Part of the stored energy may take
the form of either potential energy (which is the gravitational energy due to height above a chosen
datum line) or kinetic energy due to velocity. The balance part of the energy is known as internal
energy. In a non-flow process usually there is no change of potential or kinetic energy and hence
change of mechanical energy will not enter the calculations. In a flow process, however, there may
be changes in both potential and kinetic energy and these must be taken into account while
considering the changes of stored energy. Heat and work are the forms of energy in transition.
These are the only forms in which energy can cross the boundaries of a system. Neither heat nor
work can exist as stored energy.

1.156.2. Work and Heat
Work

Work is said to be done when a force moves through a distance. If a part of the boundary of
a system undergoes a displacement under the action of a pressure, the work done W is the product
of the force (pressure x area), and the distance it moves in the direction of the force. Fig. 1.10 (a)
illustrates this with the conventional piston and cylinder arrangement, the heavy line defining the
boundary of the system. Fig. 1.10 (&) illustrates another way in which work might be applied to a

system. A force is exerted by the paddle as it changes the momentum of the fluid, and since this
force moves during rotation of the paddle room work is done,

Boundary

Fre
/
!
/
1
]
!
f
i

Fig. 1.10

“Work” is a transient quantity which only appears at the boundary while a change of state
is taking place within a system. “Work” is ‘something’ which appears at the boundary when a

system changes its state due to the movement of a part of the boundary under the action of a
force.

Sign convention :

e Ifthe work is done by the system on the surroundings, e.g. when a fluid expands pushing
a piston outwards, the work is said to be positive.
i.e., Work output of the system = + W
e If the work is done on the system by the surroundings, e.g. when a force is applied to a
rotating handle, or to a piston to compress a fluid, the work is said to be negative.
Le, Work input to system =- W
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Heat

Heat (denoted by the symbol @), may be, defined in an analogous way to work as follows :

“Heat is ‘something’ which appears at the boundary when a system changes its state due lo
a difference in temperature between the system and its surroundings”.

Heat, like work, is a {ransient quantity which only appears at the boundary while a change
is taking place within the system.

It is apparent that neither 8W or 8@ are exact differentials and therefore any integration of
the elemental quantities of work or heat which appear during a change from state 1 to state 2 must
be written as

2
L ﬁw = Wi_ﬂ or 1W2 I:I‘JI' W}:I H-nd

2
_L 5Q = Q,_, or ,Q, (or Q)

Sign convention :

If the heat flows into a system from the surroundings, the quantity is said to be posifive
and, conversely, if heat flows from the system to the surroundings it is said to be negative.

In other words :

Heat received by the system = + @

Heat rejected or given up by the gystem = - @.

Comparison of Work and Heat

Similarities :

(i) Both are path functions and inexact differentials.

(i) Both are boundary phenomenon i.e., both are recognized at the boundaries of the system

as they cross them.

(iii) Both are associated with a process, not a state. Unlike proparhes, work or heat has no
meaning at a state,

(iv) Systems possess energy, but not work or heat.

Dissimilarities :
(£) In heat transfer temperature difference is required.

(i) In a stable system there cannot be work transfer, however, there is no reatriction for the
transfer of heat.

(iiz) The sole effect external to the system could be reduced to rise of a weight but in the case
of a heat transfer other effects are also observed.

1.16. FIRST LAW OF THERMODYNAMICS

It is observed that when a system is made to undergo a complete cycle then net work is done
or or by the system. Consider a cycle in which net work is done by the system. Since energy cannot
be created, this mechanical energy must have been supplied from some source of energy. Now the
system has been returned to its initial state ; Therefore, its inérinsic energy is unchanged, and
hence the mechanical energy has not been provided by the system itself. The only other energy
involved in the cycle is the heat which was supplied and rejected in various processes. Hence, by
the law of conservation of energy, the net work done by the system is equal to the net heat supplied
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to the system. The First Law of Thermodynamics can, therefore, be stated as follows :

+ ‘“When a system undergoes a thermodynamie cycle then the net heat supplied to
the system from the surroundings is equal to net work done by the system on its
surroundings.

or §dQ=¢aw
where } represents the sum for a complete cycle.

The first law of Thermodynamics cannot be proved analytically, but experimental evidence
has repeatedly confirmed its validity, and since no phenomenon has been shown to contradict it,
the first law is accepted as a law of nature. It may be remarked that no restriction was imposed
which limited the application of first law to reversible energy transformation. Hence the first law
applies to reversible as well as irreversible transformations : For non-cyclic process, a more gen-
eral formulation of first law of thermodynamics is required. A new concept which involves a term
called internal energy fulfills this need.

— The First Law of Thermodynamica may also be stated as follows :
“Heat and work are mutually convertible but since energy can neither be cre-

ated nor destroyed, the total energy associated with an energy conversion remains
constant”.

Or

— “No machine can produce energy without corresponding expenditure of en-
ergy, Le., it is impossible to construct a perpetual motion machine of first
kind".-

1.17. THE PERFECT GAS

1.17.1. The Characteristic Equation of State

— At temperatures that are considerably in excess of critical temperature of a fluid, and
also at very low pressure, the vapour of fluid tends to obey the equation

%"1 = constant = R
In practice, no gas obeys thia law rigidly, but many gases tend towards it.
An imaginary ideal gas which obeys this law is called a perfect gas, and the equation

%‘1 = R, is called the characteristic equation of a state of a perfect gas. The constant R is called
the gas constant. Each perfect gas has a different gas constant.

Units of R are Nm/kg K or kJ/kg K.

Usually, the characteristic equation is written as

pv=RT w(L11)

or for m kg, occupying V m?®
pV = mRT «(1.2)
— The characteristic equation in another form, can be derived by using kilogram-mole as

a unit.
The kilogram-mole is defined as a quantity of a gas equivalent to M kg of the gas, where M

is the molecular weight of the gas (e.g. since the molecular weight of oxygen is 32, then 1 kg mole
of oxygen is equivalent to 32 kg of oxygen).
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As per definition of the kilogram-mole, for m kg of a gas, we have
m = nM «.(1.3)
where n = Number of moles.
Note. Since the standard of mass is the kg, kilogram-mole will be written simply as mole.

Substituting for m from Eqn. (1.3) in Eqn. (1.2) gives

pvi nMRT
or MR = 2V
nT

According to Avogadro’s hypothesis the volume of 1 mole of any gas is the same as the
volume of 1 mole of any other gas, when the gasea are at the same temperature and pressure.

Therefore, % is the same for all gases at the same value of p and T'. That is the quantity %;,i isa
constant for all gases. This constant is called universal gas constant, and is given the symbol, R,

iee., MR = Ry= Z¢

or pV = nR,T {1.4)
Since MR = R, then
R= .(1.5)

It has been found experimentally that the volume of 1 mole of any prefect gas at 1 bar and
0°C is approximately 22.71 m®.

Therefore from Eqn. (1.4),
V  1x10°x22m1
R, = =
0= T 1% 273.15
= 8314.3 Nm/mole K

Using Eqn. (1.5), the gas constant for any gas can be found when the molecular weight is
known.

Example. For oxygen which has a molecular weight of 32, the gas constant

rR=To . %# = 259.8 Nm/kg K .

1.17.2, Specific Heats

— The specific heat of a solid or liquid is usually defined as the heat required to raise unit
mass through one degree temperature rise,

— For small quantities, we have
d@ = medT
where m = Mass
¢ = Specific heat
dT = Temperature rise.

For a gas there are an infinite number of ways in which heat may be added between any two
temperatures, and hence a gas could have an infinite number of specific heats. However, only two
specific heats for gases are defined. i

Specific heat at constant volume, c,

and Specific heat at constant pressure, €y
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We have
d@=m ¢, dI’ For a reversible non-flow process at constant pressure ol 1.6)
and d@=mec, dT  For a reversible non-flow process at constant volume wl 1.7}

The values of c, and c,, for a perfect gas, are constant for any one gas at all pressures and
temperatures. Hence, integrating Eqns. (1.6) and (1.7), we have

Flow of heat in & revers.ole constant pressure process

=me, (Ty-T)) ..(1.8)
Flow of heat in a reversible constant volume process
=me, (Ty-T)) «(1.8)

In case of real gases, c, am:l ¢, vary with temperature, but a suitable average value may be
used for most practical purpmes

1.17.3. Joule's Law
Joule's law states as follows :

“The internal energy of a perfect gas is a function of the absolute temperature only.”
Le., w=fT
To evaluate this function let 1 kg of a perfect gas be heated at constant volume.
According to non-flow energy equation,
d@ = du + dW
dW = D, since volume remains constant
EEQ = du
At constant volume for a perfect gas, from Eqn. (1.7), for 1 kg
d'q = EvdT
dQ = du = ¢ dT
and integrating u=c, T+ K, K being constant.
According to Joule’s law & = f{T), which means that internal energy varies linearly with
absolute temperature. Internal energy can be made zero at any arbitrary reference temperature.
For a perfect gas it can be assumed that u = 0 when T = 0, hence constant X is zero.

i.e. Internal energy, u =c, T for a perfect gas .{1.10)
or For masa m, of a prefect gas
Internal energy, U=me, T w(1.11)

For a perfect gas, in any process between states 1 and 2, wehavafmmEqn (1.11)
(zain in internal energy,
Uy-U,=me, (T,-T,) .(1.12)

Eqn. (1.12) gives the gains of internal energy for a perfect gas between two states for any
process, reversible or irreversible.

1.17.4. Relationship Between Two Specific Heats
Consider a perfect gas being heated at constant pressure from T, to T,.
According to non-flow equation,
Q=U-U)+W
Also for a perfect gas,
Uy-U,=me, (T,-T,)
Q=me, (T,-T)+ W
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or

(where y = ¢ /c,)

:IEEI 1.
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In a constant pressure process, the work done by the fluid,

W=pV,-V,))
; prl =HI'.RT1
=mR(T,-T,) paVa =mRT,
P1 = Pq = p in this case
On substituting Q=me, (Ty-T)+ mR(Ty—T))=mle,+ R) (Ty-T)
But for a constant pressure process,
Q = mcp {TE" le-l
By equating the two expressions, we have
m':ﬂu + RHTE —_— Tl} = mcp{Tﬂ - T].]
c,+R= ¢,
c,~C,= R ..(1.13)
Dividing both sides by ¢, we get
¢ R
B =
Y
R
€= -1 ...[1.18 (a)]
Similarly, dividing both sides by €, We get
6= 5 .[113 ()
; R R
In M.K.S. units:c, ~G=Fi6= y—1)"% :ZT_;Eélv
In 81 unita the value of J is unity.

1.17.5. Enthalpy

— One of the fundamental quantities which occur invariably in thermodynamics is the
sum of internal energy (z) and pressure volume product (pv). This sum is called
Enthalpy (h).
i.e., h=u+pv .({1.14)

— The enthalpy of a fluid is the property of the fluid, since it consiats of the sum of a
property and the product of the two properties. Since enthalpy is a property like inter-
nal energy, preasure, specific volume and temperature, it can be introduced into any
problem whether the process is a flow or a non-flow process.

The total enthalpy of mass, m, of a fluid can be

H = U+ pV, where H = mh.,

For a perfect gas,
Referring equation (1.14), h=u+pv
= ¢,T'+ RT [~ pv=RT]
=(c, + R)T
= r:FT [ c,=¢,+ R]
h=c,T
H=me,T.
(Note that, since it has been assumed that u =0 at T'=0,then A =0at T = ().
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1.17.6. Ratio of Specific Heats

The ratio of specific heat at constant pressure to the specific heat at constant volume is
given by the symbol y (gamma).
c

ie., y=52 (1.15)
5

é-innar:p-¢#+R.itisclaarthatcpmustbagrﬂuerthanc"furanrparfectgﬂs.Itannwa,

therefore, that the ratio, E“'—'i =y is always greater than unity.

In general, the approximate values of ¥ are as follows :
For monoatomic gases such as argon, helium = 1.6.
For diatomic gases such as carbon monoxide, hydrogen, nitrogen and oxygen = 1.4.
For triatomic gases such as carbondioxide and sulphur dioxide = 1.3.
For some hydro-carbons the value of ¥ is quite low,
[e.g., for ethane y = 1.22, and for isobutane y = 1.11]

Table 1.1. Summary of Processes for Perfect Gas (Unit mass)

Process Index Heat added rpﬂﬂ oy T Specific heat, ¢
- ! relations
Constant Ty _
oressure n=0 e,(Ty~T)) plog-v,) i-.f‘ - E e,
Constant L_p
volume - J. ":r{ T! 3 Tril.:'I 0 Ta po e,
Constant vg
bomortare | =1 piloge | polog 2 P1py = Peby "
Py’ = poy’
Reveraible - ¥-1
. ) v - povy 1*1=[£1_)
adiabatic n=y 0 y-1 o 0
-1
2
"~
1 (To =T4) n_ n = ¥—nr
w n=n Ch\in 1 My Pava E. Eu[l-ﬂ.]
-1
::ﬂ'u[.r—“] P = Pave Tl:[ﬂ].
1-n n-1 Ty Ly
H{TE—TI}
n-1
=12  work _|P2] "
?-1 J 1
done (non—flow)

Note. Equations must be used keeping dimensional consistence.
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1.18. STEADY FLOW ENERGY EQUATION (S.F.E.E.)

In many practical problems, the rate at which the fluid flows through a machine or piece of
apparatus is constant. This type of flow is called steady flow.

Assumptions :
The following assumptions are made in the system analysis :
(t) The mass flow through the system remains constant.

(i) Fluid is uniform in composition.

(iii) The only interaction between the system and surroundings are work and heat.

(iv) The state of fluid at any point remains constant with time.

(v) In the analysis only potential, kinetic and flow energies are considered.

Fig. 1.11 shows a schematic flow process for an open system. An open system is one in
which both mass and energy may cross the boundaries. A wide interchange of energy may take
place within an open system. Let the system be an automatic engine with the inlet manifold at the
first state point and exhaust pipe as the second point. There would be an interchange of chemical
energy in the fuel, kinetic energy of moving particles, internal energy of gas and heat transferred
and shaft work within the system. From Fig. 1.11 it is obvious that if there is no variation of flow
of mass or energy with time across the boundaries of the system the steady flow will prevail. The
conditions may pass through the cyclic or non-cyclic changes within the system. As a result the
mass entering the system equals the mass leaving, also energy entering the system equals energy
leaving.

Boundary v, = Al

vy = Aly
P Ao 7
& < :
~H k-
Z,
' Datum plane v

Fig. 1.11
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The steady flow equation can be expressed as follows :

u+(—f+z + u+Q—u+{—:£+Z + + W (1.16)
1+ ¥+ Y St 5 g & + Pl sl
2 2
C
{u1+p1u1)+52-+Zlg+Q={uE+p2uﬁ}+—2=-+Z,g+w
2 2
h1+%-+Zg+Q=hg+%-+E=g+W [- h=u+]-
pv
If Z, and Z, are neglected, we get
o 2
ht G +Q=hy+ Zo.w 1116 @)]

where @ = Heat supplied (or entering the boundary) per kg of fluid ;
W = Work done by (or work coming out of the boundary) 1 kg of fluid ;
C = Velocity of fluid ;
Z = Height above datum ;
p = Pressure of the fluid ;
u = Internal energy per kg of fluid ;
pv = Energy required for 1 kg of fluid.
This equation is applicable to any medium in any steady flow, It is applicable not only to

rotary machines such as centrifugal fans, pumps and compressors but also to reciprocating ma-
chines such as steam engines.

In a steady flow the rate of mass flow of fluid at any section is the same as at any other
section. Consider any section of cross-sectional area A, where the fluid velocity is C, the rate of
volume flow past the section is CA. Also, since mass flow is volume flow divided by specific volume,

Manaﬂnwrate,ﬁ;:%ﬁ- 11T

(where v = specific volume at the section)

This equation is known as the continuity of mass equation.
With reference to Fig. 1.11.

L G _CA

b | Uz
1.18.1. Energy Helations for Flow Process
The energy equation (m kg of fluid) for a steady flow system is given as follows :

+[1.17 (a)]

2 2
m [u1+%-+zw+pﬂa) +Q=m [“z"'%—*zﬁ"'%] +W

) o gﬁ
ie., Q=m (ug—uﬂﬂZg‘Z,gH[-%-— 2]+{p2u3-p1ul} + W

2 2
ie., 4] (Ha—ull'+£{23—zﬂ+(gx-§5*]+fm—mi] + W

!
3
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=AU+ APE+AKE + Alpuv)+ W

where AU = m (uy; — uy)
APE = mg {zﬂ _— El.}
c2_c2
AKE < m [_z_z_f’L]
Apv = mipyv, - pyu,)
Q- AU =[APE + AKE + Alpv) + W] w{1.18)
2
For non-flow process, Q=AU+ W= AU + L pdV
2
ie., Q-AU= | pdv .(1.19)

1.19. LIMITATIONS OF FIRST LAW OF THERMODYNAMICS

It has been observed that energy can flow from a system in the form of heat or work. The
first law of thermodynamics sets no limit to the amount of the total energy of a system which can
be caused to flow cut as work. A limit is imposed, however, as a result of the principle enunciated
in the second law of thermedynamics which states that heat will flow naturally from one energy
reservoir to another at a lower temperature, but not in opposite direction without assistance, This
is very important because a heat engine operates between two energy reservoirs at different tem-
peratures.

Further the first law of thermodynamics establishes equivalence between the guantity of
heat used and the mechanical work but does not specify the conditions under which conversion of
heat into work is possible, neither the direction in which heat transfer can take place. This gap
has been bridged by the second law of thermodynamics.

1.20. PERFORMANCE OF HEAT ENGINE AND REVERSED HEAT ENGINE

Refer Fig. 1.12 (a). A heat engine is used to produce the maximum work transfer from a
given positive heat transfer. The measure of success is called the thermal efficiency of the engine
and is defined by the ratio :

v
&
where W = Net work transfer from the engine, and
@, = Heat transfer to engine.
For a reversed heat engine [Fig. 1.12 (b)] acting as a refrigerator when the purpose is to

achieve the maximum heat transfer from the cold reservoir, the measure of success is called the
co-efficient of performance (C.0.P.). It is defined by the ratio :

Thermal efficiency, n,, = ...(1.20)

Co-efficient of performance, (C.O.P), , = %?— ..(1.21)

where @, = Heat transfer from cold reservoir
W = The net work transfer to the refrigerator.

For a reversed heat engine [Fig. 1.12 (b)] acting as a heat pump, the measure of success
is again called the co-efficient of performance. It is defined by the ratio :
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Co-efficient of performance, (C.O.P.),; ,.m, = % ...(1.22)

where @, = Heat transfer to hot reservoir
W = Net work transfer to the heat pump.

Hot Hot
reservoir reservoir
TQ 40,=Q,+W
W=(Q,~Q,) W
Heat : Heatpump | e
ongne [ % or Refrigerator
1@ A%
Cold Cold
reservoir reservoir
(a) (b)
(a) Heat engine (b) Heat pump or refrigerator.

Fig. 1.12
In all the above three cases application of the first law gives the relation @, - @, = W, and

this can be used to rewrite the expressions for thermal efficiency and co-efficient of performance
golely in terms of the heat transfers.

=A% .(1.23)
&
COP), =5 e (1.24)
(COPY g = .(1.25)
Ql -Qg

It may be seen that n,, is always less than unity and (C.O.P.),,, ..., i8 always greater than
unity.

1.21. STATEMENTS OF SECOND LAW OF THERMODYNAMICS

The second law of t.hmmﬁmnin has been enunciated meticulously by Clausius, Kelvin
and Planck in slightly different words although both statements are basically identical. Each
statement is based on an irreversible process. The first considers transformation of heat between
two thermal reservoirs while the second considers the transformation of heat into work.

1.21.1. Clausius Statement

“It ts impossible for o self acting machine working in a cyclic process unaided by any
external agency, to convey heat from a body at a lower temperature to a body at a higher tem-
perature”.

In other words, heat of, itself, cannot flow from a colder to a hotter body.
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1.21.2. Kelvin-Planck Statement

“It is impossible to construct an engine, which while operating in a cycle produces no other
effect except to extract heat from a single reservoir and do eguivalent amount of work”,

Although the Clausius and EKelvin-Planck statements appear to be different, they are really
equivalent in the sense that a violation of either statement implies violation of other.

1.22, ENTROPY

1.22.1. Introduction

In heat engine theory, the term entropy plays a vital role and leads to important results
which by other methods can be obtained much more laboriously.

It may be noted that all heat is not equally valuable for converting into work. Heat that is
supplied to a substance at high temperature has a greater possibility of conversion into work than
heat supplied to a substance at a lower temperature.

“Entropy is a function of a quantity of heat which shows the possibility of conversion of
that heat into work. The increase in entropy is small when heat is added at a high temperature
and is greater when heat addition is made at a lower temperature. Thus for maximum entropy,
there is minimum availability for conversion into work and for minimum entropy there is maxi-
mum avatlability for conversion into work.”

The entropy attains its maximum value when the system reaches a stable equilibrium
state from a non-equilibrium state. This is the state of maximum disorder and is one of maximum
thermodynamic probability.

1.22.2, Temperature-Entropy Diagram

If entropy is plotted horizontally and absolute temperature vertically, the diagram so obtained
is called temperature entropy (T-s) diagram. Such a diagram is shown in Fig. 1.13. If working

AT (Temp.)

e e W G W W e .

! >S
Sa ~» l¢-dS Sz (Entropy)

Fig. 1.13. Temperature-entropy diagram.
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fluid receives a small amount of heat d@ in an elementary portion ab of an operation AB when
temperature is T, and if d@ is represented by the shaded area of which T is the mean ordinate, the

width of the figure must badT—Q . This ig called ‘increment of entropy’ and is denoted by dS. The

total heat received by the operation will be given by the area under the curve AB and (S5- S,) will
be corresponding increase of entropy.
From above we conclude that :

_ Heat Change (Q)
Eofrony comngy; o= Absolute temperature (T)

“Entropy may also be defined as the thermal property of a substance which remains
constant when substance is expanded or compressed adiabatically in a cylinder”.

Note. s’ stands for specific entropy whereas 'S’ means total entropy (i.e., § = ms),
1.22.3. Characteristics of Entropy '
The characteristics of entropy in a summarised form are given below :

1. It increases when heat is supplied irrespective of the fact whether temperature changes
or not.

2. It decreases when heat is removed whether temperature changes or not.
3. It remains unchanged in all adiabatic frictionless processes.

4, It increases if temperature of heat is lowered without work being done as in a throttling
process,

Table 1.2. Summary of Formulae

8. No. Process Change of entropy (per kg)
1 General case (i) ¢ Iog‘& +Rlog, —= (in terms of T and v)
. » Tl q' ¥ L H)

(i) ¢, log, ﬁ‘ +c, log, 512' (in terms of p and v)

T
Gid) c,log, ?.f' ~Rlog, ﬁ' (in terms of T and p)

T
2, Constant volume c, log, T,
T
3. Constant pressure c, log, T,
[
Isothermal Rlog, 3
Adiahatic Zero
. T
8. Polytropic c, [""?] log, ?.2"
n-1 1

1.23. THE THIRD LAW OF THERMODYNAMICS

The third law of thermodynamics is stated as follows :
“The entropy of all perfect crystalline solids is zero at absolute zero temperature”,
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The third law of thermodynamics, often referred to as Nernst law, provides the basis for
the calculations of absolute entropies of substances,

According to this law, if the entropy is zero at T' = 0, the absolute entropy s_, of a substance
at any temperature T and pressure p is expresaed by the expression

o =1 dF fl,f T:
Bab = .L' Cos T T. in b + ‘—Jl FE .{1.26)
where T,=T7,=T,=T,, ...for fusion,
I, =T, =T, =T, ...for vaporisation,

Cpos» Cpfs Cpg = Constant pressure specific heats for solids, liquids and gas, and
h#, hﬂ = Latent heats of fusion and vaporisation.

Thus by putting 5 = 0 at T = 0, one may integrate zero kelvin and standard state of 298.15 K
and 1 atm., and find the entropy difference.

Further, it can be shown that the entropy of a crystalline substance at T = 0 is pot a

function of pressure, viz., [E] ={.
P Jrog

However, at temperature above absolute zero, the entropy is a function of pressure also.
1.24. AVAILABLE AND UNAVAILABLE ENERGY

There are many forms in which an energy can exist. But even under ideal conditions all
these forms cannot be converted completely into work. This indicates that energy has two parts :

— Available part.
— Unavailable part.

‘Available energy’ is the maximum portion of energy which could be converted into useful
work by ideal processes which reduce the system to a deod state {a state in equilibrium with the
earth and its atmosphere). Because there can be only one value for maximum work which the
gsystem alone could do while descending to its dead state, it follows immediately that ‘Available
energy’ is a property.

A system which has a pressure difference from that of surroundings, work can be obtained
from an expansion process, and if the system has a different temperature, heat can be transferred
to a cycle and work can be obtained. But when the temperature and pressure becomes equal to that
of the earth, transfer of energy ceases, and although the system contains internal energy, this
energy is unavailable.

Summarily available energy denote, the latent capability of energy to do work, and in this
sense it can be applied to energy in the system or in the surroundings.

The theoretical maximum amount of work which can be obtained from a system at any
state p, and T, when operating with a reservoir at the constant pressure and temperature p, and
T, is called ‘availability'.
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HIGHLIGHTS

Thermodynamics is an axiomatic science which deals with the relations among heat, work and properties
of systems which are in equilibrium. It basically entails four laws or axioms known as Zeroth, First, Second
and Third law of thermodynamica.

A system is a finite quantity of matter or a prescribed region of space.

A system may be a closed, open or isolated system.

A phase is a quantity of matter which is homogeneous throughout in chemical composition and physical
structure.

A homogeneous system is one which consista of a single phase.

A heterogeneous system is one which consists of two or more phases.

A pure subsgtance is one that has a homogeneous and invariable chemical composition even though there
is a change of phase,

A system is inthermodynamic equilibrium if temperature and pressure at all points are same ; there should
be no velocity gradient.

A property of a saystem is a characteristic of the system which depends upon its state, but not upon how the
state is reached.

Intensive properties do not depend on the mass of the system.

Extensive properties depend on the mass of the system.

State is the condition of the system at an instant of time as described or measured by its properties. Or each
unique condition of a system is called a state.

A process occurs when the system undergoes a change in state or an energy transfer takes place at a steady
state,

Any process or series of processes whose end states are identical is termed acycle.

Thepressure of a system is the force exerted by the aystem on unit area of boundaries. Vacuum is defined
as the absence of pressure.

A reversible process is one which can be stopped at any stage and reversed so that the system and
surroundings are exactly restored to their initial states.

An irreversible process is one in which heat is transferred through a finite temperature.

Zeroth law of termodynamics states that if two systems are each equal in temperature to a third, they are
equal in temperature to each other.

Infinite slowneas is the characteristic feature of a quasi-static process. A quasi-static process is a succession
of equilibrium states. It is also called a reversible process.

Internal energy in the heat energy stored in a gas. The internal energy of a perfect gas is a function of
temperature anly.

First law of thermodynamics atates :

— Heat and work are mutually convertible but since energy can neither be created nor destroyed, the
total energy associated with an energy conversion remains constant.

Or
— Nomachine can produce energy without correaponding expenditure of energy, i.e. it is impossible to
construct a perpetual motion machine of first kind.
 First law can be expressed as follows :
Q=AE+W

Q=AU+ W .. ifelectric, magnetic, chemical energies are absent and changes in
potential and kinetic energies are neglected.
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There can be no machine which would continuously supply mechanical work without some form of energy
disappearing simultaneously. Such a fictitious machine is called a perpetual motion machine of the first
kind, or in brief, FPMM1. A PMM]1 is thus impossible.
The energy of an isolated system is always constant.
In case of
(i) Reversible constant volume process (v = constant)
Au=c(T,-T);W=0;@=¢,(T,-T))
(ii) Reversible constant pressure process (p = constant)
A =c(Ty~-T); W=plvg-v));Q@=¢,(T,-T)
(iif) Reversible temperature or isothermal process (pv = constant)
Au=0,W=pV logr,@=W
where r = expansion or compression ratio.
(iv) Reversible adiabatic process (pu” = constant)

y-1 W fus}
shu=7 W=M;Q=mﬁ,[‘_’l_] -[E.J Y
Y-1 Ty

(v} Polytropic reversible process (pv" = constant)

h~T:
&:EP{TE—TI};WI%EE Q@=Au+W;

-1 n-1
T n Y—n
and —-3=[51T =[E?.] and = ]xw.
I, \v A * -1
Steady flow equation can be expressed as follows :
2 2
Uy + Eé— +Zg+pv,+Q@=u,+ QE_ +Z.gvpu,+ W i)
2 2
or B+ G +@=hy+ % + W, neglectingZ, and 2, i)
where @ = Heat supplied per kg of fluid ; W = Work done by 1 kg of fluid ;
C = Velocity of fluid ; Z = Height above datum ;
p = Pressure of the fluid ; u = Internal energy per kg of fluid ;

pv = Energy required per kg of fluid.
This equation is applicable to any medium in any steady flow.
Clausius statement :
“It is impossible for a self-acting machine working in a cyclic process, unaided by any external agency, to
convey heat from a body at a lower temperature to a body at a higher temperature.”
Kelvin-Planck statement :
“It is impossible to construct an engine, which while operating in a cycle produces no other effect except Lo
extract heat from a single reserveir and do equivalent amount of work”.

Although above statements of second law of thermodynamics appear to be different, they are really
equivalent in the sense that violation of either statement implies violation of other.

23. Clausius inequality is given by,

(-0
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7

“When a system performs a reversible cycle, then

(9.

but when the cycle is not reversible

% (%)

0.”
Cyele EAE
‘Entropy’ is a function of a quantity of heat which shows the posasibility of conversion of that heat into
work. The increase in entropy is small when heat is added at a high temperature and is greater when heat
addition is made at lower temperature. Thus for maximum entropy, there ia a minimum availability for
conversion into work and for minimum entropy there is maximum availability for conversion into work.

The third law of thermodynamics is stated as follows :
“The entropy of all perfect crystalline solids is zero at absolute zero temperature”.

OBJECTIVE TYPE QUESTIONS

Choose the correct answer :

A definite area or space where some thermodynamic process takes place is known as

{a) thermodynamic system (b) thermodynamic cycle

(¢) thermodynamic process (d) thermodynamic law.

An open system is one in which

(a) heat and work cross the boundary of the system, but the mass of the working substance doea not
(b) mass of working substance crosses the boundary of the syatem but the heat and work do not

() beth the heat and work as well as mass of the working substances cross the boundary of the system
(d) neither the heat and work nor the mass of the working substances cross the boundary of the system.
An isolated system

(g} is a specified region where transfer of energy and/or mass take place

(b} is a region of constant mass and only energy is allowed to crose the boundaries

(c) cannot tranefer either energy or mass to or from the surroundings

(d) is one in which mass within the system is not necessarily constant

(e) none of the above.

In an extensive property of a thermodynamic system

{a) extensive heat is transferred (b) extensive work is done

(c) extensive energy is utilised (d) all of the above

(e) none of the above.

Which of the following is an intensive property of a thermodynamic system ?

(@} Volume (b} Temperature

(c) Mass (d) Energy.

Which of the following is the extensive property of a thermodynamic system ?
(a) Preasure (b) Volume

(¢) Temperature (d) Density.

When two bodies are in thermal equilibrium with a third body they are also in thermal equilibrium with
each other. Thie statement is called

(a) Zeroth law of thermodynamics {b) First law of thermodynamics

{c) Second law of thermodynamica {d) Relvin-Planck’s law.
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The temperature at which the volume of a gas becomes zero is called

{(a) absclute scale of temperature (b) absolute zero temperature
(¢} absolute temperature (d) none of the above.

The value of one bar (in SI units) is equal to

(@) 100 N/m*® (b) 1000 N/m? (e} 1% 10* N/m?
(d) 1x10%N/m? (e) 1 x 10% N/m®,

The absolute zero preasure will be
(a) when molecular momentum of the system becomes zero

(b) at sea lavel (c) at the temperature of - 273 K
(d) under vacuum conditions (e) atthe centre of the earth.
Absolute zero temperature is taken as

(@) =273°C (b) 273°C

{c) 237°C (d) —373°C.

Which of the following is correct 7

(a) Absolute pressure = gauge pressure + atmospheric pressure
(b) Gauge pressure = absolute pressure + atmospheric pressure
{c) Atmospheric pressure = absolute pressure + gauge pressure
{d) Absclute pressure = gauge pressure — atmospheric pressure.

The unit of energy in SI units is

{a) Joule (J) (5) Joule metre (Jm)

(e) Watt (W) (d) Joule/metre (J/m).

One watt is equal to

(a) 1 Nm/s (&) 1 N/min (e} 10 N/a

(d) 100 Nm/s (e) 100 Nm/m.,

One joule (J) is equal to

(a} 1 Nm (b) kNm

(c) 10 Nm/s ; (d) 10 kNm/s.

The amount of heat required to raise the temperature of 1 kg of water through 1°C is called
(a) specific heat at constant volume (b) specific heat at constant pressure

{e) kilo calorie (d) none of the above.

The heating and expanding of a gas is called

(a) thermodynamic system (b) thermodynamic cycle

{c) thermodynamic process (d) thermodynamic law,

A series of operations, which take place in a certain order and restore the initial condition is known as
(a) reversible cycle (b) irreversible cycle

(c) thermodynamic cycle (d) none of the abave.,

The condition for the yeversibility of a cyele is

{a) the pressure and temperature of the working substance must not differ, appreciably, from those of the
surroundings at any stage in the process

(b) all the processes, taking place in the cycle of operation, must be extremely slow

(c) the working parts of the engine must be friction free

{(d) there should be no loss of energy during the cycle of operation

(e) all of the above () none of the above.
In an irreversible process, thereisa
(a) loss of heat (b) no loss of heat

(¢) gain of heat (d) no gain of heat.
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The main cause of the irreversibility is
(a) mechanical and fluid friction {(b) unrestricted expansion
(¢) heat transfer with a finite temperature difference

“(d) all of the above (e} none of the above.
According to kinetic theory of heat
(a) temperature should rise during boiling (b) temperature should fall during freezing

(e} at low temperature all bodies are in solid state
(d) at abaolute zero there is absolutely no vibration of molecules

(e} none of the above.

A system compriging a single phase is called a

{a) closed system (b) open system () isolated system
(d} homogeneous system (e) heterogeneocus system.

If all the variables of a stream are independent of timae it is said to be in

(a) steady flow (b) unsteady flow (c) uniform flow
(d) closed flow {e) constant flow.

A control volume refers to

() a fixed region in space (b} a specified mass

{c) an isolated system (d) areversible process only
{e) aclosed system.

Internal energy of a perfect gas depends on

(a) temperature, specific heats and pressure (b) temperature, specific heats and enthalpy
(c) temperature, specific heats and entropy (d) temperature only.

In reversible polytropic process

(@) true heat transfer occurs (b) the entropy remains constant

(c) the enthalpy remains constant (d) the internal energy remains constant
(e) the temperature remains constant.

An isentropic process is always

(@) irreversible and adiabatic (b) reversible and isothermal

(¢) frictionless and irreversible (d) reversible and adiabatic

(e) none of the above.

The net work done per kg of gas in a polytropic process is equal to

(a) pyv, log, %13 (b} py (v, —vy) (c) p,[ HE":.%]

(o) 22E1-P2% () 2221~ P23
n-1 n-1
Steady flow occurs when
{a) conditions do not change with time at any point
(b) conditions are the same at adjacent points at any instant
{¢) conditions change steadily with the time

(d) [%EE] is constant.

A reversible process requires that
(a) there be no heat transfer {5) newton’s law of viscosity be satisfied
(e) temperature of system and surroundings be equal
(d) there be no viscous or coloumb friction in the system
(e} heat transfer occurs from surroundings to system only.
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The first law of thermodynamics for steady flow

(a) accounts for all energy entering and leaving a control volume
(b} is an energy balance for a specified mass of fluid

{(c) is an expreasion of the conservation of linear momentum

(d) is primarily concerned with heat transfer.

(e) is restricted in its application to perfect gases.

The characteristic equation of gasea pV = mRT holds good for
{a) monoatomic gases (b) diatomicgas {c) real gnaes
(d) ideal gases (e) mixture of gases.
A geas which obeys kinetic theory perfectly is known as
(a) monoatomic gas (b) diatomic gas (c) real gas
(d) pure gas (e) perfect gas.
Work done in a free expansion process is
(a) zero (&) minimum (c) maximum
(d) pogitive (e) negative.
Which of the following is not a property of the system ?
(a) Temperature (b) Pressure (c) Specific volume
() Heat (e) None of the above.
In the polytropic process equation py" = constant, if n = 0, the process is termed as
(@) constant volume (b) constant pressure (c) constant temperature
(d) adiabatic {e) isothermal.
In the pelytropic process equation pv” = constant, if n is infinitely large, the process is termed as
(a) constant volume (b) constant pressure () constant temperature
(d) adiabatic (e} isothermal.
The processes or systems that do not involve heat are called
{a) isothermal processes (b) equilibrium processes (c) thermal processes
(d) steady processes (e) adiabatic processes.
In a reversible adiabatic process the ratio (T'/T,) is equal to
=t -1
(a) [ﬂ] - ®) [ﬂl '
Py g,

=g k)

(e) (vy ug}lﬂT (d) [Hﬂ- .
Y1,

In isothermal process
(a) temperature increases gradually (b) volume remains constant
(c) pressure remains constant (d) enthalpy change is maximum
{e) change in internal energy is zero.
During throttling process
{a) internal energy does not change (b) pressure does not change
(¢) entropy does not change (d) enthalpy does not change

{e) volume change is negligible.

When a gas is to be stored, the type of compression that would be ideal is
{a) isothermal (b) adiabatic {c) polytropic
{d) constant volume (e) none of the above.

If a process can be stopped at any stage and reversed so that the system and surroundings are exactly
restored to their initial states, it is known as

{a) adiabatic process (b) isothermal process (c) ideal process
(d) frictionless process (e) energyless process.
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The state of a substance whose evaporation from its liquid state is complete, is known as

(a) vapour (b) perfect gas

{¢) air (d) steam.

In 51 units, the value of the universal gas constant is

(a) 0.8314 J/mole/K {b) 8.314 J/mole/K
(c) 83.14 J/mole/K (d) 831.4 J/mole/K
(e) 8314 J/mole/EL

When the gas is heated at constant pressure, the heat supplied

{a) increases the internal energy of the gas {b) increases the temperature of the gas
(¢) does some external work during expansion (d) both (b) and ()

(e) none of the abova.

The gas constant (R) is equal to the

{a) sum of two specific heats (b) difference of two specific heats
{e) product of two specific heats (d) ratio of two specific heats.
The heat absorbed or rejected during a polytropic process is
fo o ¢ 2
(a) kH) x work done ®) k'_';:';] x work done
rT o e - 3
{c) hu‘l'_—_l] x work done {d) }TTI) x work done.
Second law of thermodynamics defines
{a) heat (b) work (¢) enthalpy
() entropy {e) internal energy.
For a reversible adiabatic process, the change in entropy is
(a) zero (b} minimum (¢) maximum
(d) infinite {e) unity.
For any reversible process, the change in entropy of the system and surroundings is
(&) zero (b) unity (¢) negative
{(d) positive (e) infinite.
For any irreversible process the net entropy change is
(a) zero (b) positive {c) negative
{d) infinite (e) unity.

The processes of a Carnot cycle are
(a) two adiabatic and two constant volume

(b) one constant volume and one constant preasure and two isentropics

(c) two adiabatics and two isothermals (d)} two constant volumes and two isothermals
(e} two isothermals and two isentropics.

Isentropic flow is

(a) irreversible adiabatic flow (b) ideal fluid flow (¢) perfect gas flow

(d) frictionless reversible flow (e} reversible adiabatic flow.

In a Carnot engine, when the working substance givea heat to the sink

(a) the temperature of the sink increases (b) the temperature of the sink remains the same
(c) the temperature of the source decreases

(d) the temperatures of both the sink and the source decrease

(e) changes depend on the operating conditions.
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If the temperature of the source is increased, the efficiency of the Carnot engine

(a) decreases (b) increases

(c) does not change (d) will be equal to the efficiency of a praciical engine
(e) depends on other factors.

The efficiency of an ideal Carnot engine depends on

(a) working substance (b) on the temperature of the source only

(c) on the temperature of the sink only

(d) on the temperatures of both the source and the sink

() on the construction of engine.

The efficiency of a Carnot engine using an ideal gas as the working substance is

T, - T. T;

-1 "2 - - __LL
(a) T, (b) T, -1, ) I,-T,

,-T. (T, -T,)
(d) "E,:?i (e) E’%—“}L

1T +T5)

In a reversible cyele, the entropy of the system
{a) increases (b) decreases
{¢) does not change (d) first increeses and then decreases

(e) depends on the properties of working substance.
A frictionless heat engine can be 100% efficient only if its &:hnusttamp&rnmrau

{a) equal to its input temperature (b) leas than its input temperature
{e) 0°C (d) 0°K (e) — 100°C.

Kelvin-Planck’s law deals with

(a) conservation of energy (b) conservation of heat (c) conservation of mass

(d) conversion of heat into work (e) conversion of work into heat.

Which of the following statements is correct according to Clausius statement of second law of thermody-
namics 7
{a) It is impoasible to transfer heat from a body at a lower temperature to a body at a higher temperature

(5) It is impossible to transfer heat from a body at a lower temperature to a body at a higher temperature,
without the aid of an external source.

(¢) It is possible to transfer heat from a body at a lower temperature to a body at a higher temperature by
using refrigeration cycle

{d} None of the above.

According to Kelvin-Planck's statement of second law of thermodynamies

(a) It is impossible to construct an engine working on a cyclic process, whose sole purpose is to convert heat
energy into work

{b) It is possible to construct an engine working on a cyclic process, whose sole purpose is to convert the
heat energy into work

(¢) It is impossible to construct a device which while working in a cyclic process produces no effect other
than the transfer of heat from a colder hody to a hotter body

() When two dissimilar metals are heated at one end and cooled at the other, the e.m.f. developed is
proportional to the difference of their temperatures at the two end.
(e} None of the above.

85. The property of a working substance which increases or decreases as the heat is supplied or removed in a

reversible manner is known as

{(a) enthalpy (b) internal energy
(c) entropy (d) external energy.
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The entropy may be expressed as a function of

(a) pressure and temperature (b) temperature and volume

(¢) heat and work (d) all of the above

() none of the above.
The change of entropy, when heat is absorbed by the gas is

{a) positive (b) negative (c) positive or negative.
Which of the following statements is correct ?

{a) The increase in entropy is obtained from a given quantity of heat at a low temperature

(&) The change in entropy may be regarded as a measure of the rate of the availability of heat for
transformation into work

(¢) The entropy represents the maximum amount of work obtainable per degree drop in temperature
{d) All of the above.
The condition for the reversibility of a cycle is

(z) the pressure and temperature of working substance must not differ, appreciably from those of the

surroundings at any stage in the process

(h) all the processes taking place in the cycle of operation, must be extremely slow

(c) the working parts of the engine must be friction free

{d) there should be no loss of energy during the cycle of operation

(e) all of the above.

In an irreversible process thereisa

(a) loss of heat (b) no loss of work

(¢) gain of heat (d) no gain of heat.

The main cause for the irreversibility is

(a) mechanical and fluid friction (b) unrestricted expansion

(¢} heat transfer with a finite temperature difference

(d) all of the above.
The efficiency of the Carnot cycle may be increased by

(@) increasing the highest temperature (b) decreasing the highest temperature
(c} increasing the lowest temperature (d) decreasing the lowest temperature

{e) keeping the lowest temperature constant.
Which of the following is the correct statement 7

(a) All the reversible engines have the same efficiency

{b) All the reversible and irreversible engines have the same efficiency

(¢) Irreversible enginea have maximum efficiency

(d) All engines are designed as reversible in order to obtain maximum efficiency.

ANSWERS
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INTERNAL COMBUSTION ENGINES

THEORETICAL QUESTIONS

Define a thermodynamic system. Differentiate between open system, closed system and an isolated sys-
tem.
How does a homogeneous system differ from a heterogeneous system ?
What do you mean by a pure substance ?
Explain the following terms :
(i) State, (i) Process, and (iif) Cycle.
Explain briefly zeroth law of thermodynamics.
What is a quasi-static process ?
What do you mean by ‘reversible work’ ?
Define ‘internal energy’ and prove that it is a property of a system.
Explain the First Law of Thegmodynamics as referred to closed systems undergoing a cyelic change.
State the First Law of Thermodynamics and prove that for 2 non-flow process, it leads to the energy
equation @ = ALV + W.
What is the mechanical equivalent of heat ? Write down its value when heat is expressed in kJ and work
is expressed in N-m.
What do you mean by “Perpetual motion machine of first kind-PMM 1" 7
Why only in constant pressure non-flow process, the enthalpy change is equal to heat transfer ?
Prove that the rate of change of heat interchange per unit change of volume when gas is compressed or

expanded is given hjl" ‘L‘“ E‘

Write down the general energy equation for steady flow system and simplify when applied for the following
systems:

(i} Centrifugal water pump (ii) Reciprocating air compressor
(ifi} Steam nozzle (iv) Steam turbine
(v) Gas turbine.

Explain clearly the difference between a non-flow and a steady flow process.
State the limitations of first law of thermodynamics.

What is the difference between a heat engine and a reversed heat engine ?
Enumerate the conditions which must be fulfilled by a reversible process. Give some examples of ideal
reversible processes.
What is an irreversible process 7 Give some examples of irreversible processes.
Give the following statements of second law of thermodynamies.

(i) Clausius statement '
(ii) Kelvin-Planck statement.
Define heat engine, refrigerator and heat pump.
What is the perpetual motion machine of the second kind ?
What do you mean by ' Thermodynamic temperature’ ?
What do you mean by ‘Clausius inequality’ ?
Describe the working of & Carnot cycle.
Derive an expression for the efficiency of the reversible heat engine.
What do you mean by the term 'Entropy’ ?
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Introduction to Internal Combustion Engines

2.1. Heat engines. 2.2. Development of I.C. engines. 2.3. Classification of L.C. engines.
2.4. Applications of 1.C. engines. 2.5. Engine cycle-Energy balance. 2.6. Basic idea of 1.C.
engines. 2.7. Different parts of 1.C. engines. 2.8. Terms connected with 1.C. engines. 2.9. Working
cycles. 2.10. Indicator diagram. 2.11. Four-stroke cycle engines. 2.12. Two stroke cycle engines.
2.13. Intake for compression ignition engines. 2,14, Comparison of four stroke and two stroke
cycle engines. 2.15. Comparison of spark ignition {5.1.) and compression ignition (C.1.) engines.
2.16. Comparison between a petrol engine and a diesel engine. 2.17. How to tell a two stroke
cycle engine from a four stroke cycle engine ? Highliphts—Objective Type Questions—
Theoretical Questions.

2.1. HEAT ENGINES

Any type of engine or machine which derives heat energy from the combustion of fuel or
any other source and converts this energy into mechanical work is termed as a heat engine.

Heat engines may be classified into two main classes as follows :
1. External Combustion Engines.
2. Internal Combustion Engines.

1. External combustion engines (E.C. engines)

In this case, combustion of fuel takes place outside the cylinder as in case of steam engines
where the heat of combustion is employed to generate steam which is used to move a piston in a
cylinder. Other examples of external combustion engines are hot air engines, steam turbine and
closed cycle gas turbine. These engines are generally used for driving locomotives, ships, genera-
tien of electric power ete.

2. Internal combustion engines (I.C. engines)

In this case, combustion of the fuel with oxygen of the air occurs within the cylinder of thﬂ
engine. The internal combustion engines group includes engines employing mixtures of combusti-
ble gases and air, known as gas engines, those using lighter liquid fuel or spirit known as petrol
engines and those using heavier liquid fuels, known as oil compression ignition or diesel engines.

33



34 INTERNAL COMBUSTION ENGINES

The detailed classification of heat engines is given in Fig. 2.1,

HEAT E!HGIHES
| |

Powe Power absorbing
r producing {Not strictly I'.Ilnut angines)
| |
Air Refrigerators
I l mfrmr heat pumps
Internal lninrrbuﬂhn Air motors Extarnal ui:nm:u.mﬁm
I I |
Reciprocating type Rotary type Reciprocating type Rotary type

Petrol (and engines
Steam
Immum;‘,i engine enginas | torbines
Alr Water Air Waler
coolad cooled Radial flow Axial
cooled  cooled reaction turbine flow
| I
I | |
2-Siroke 4-Stroke 2-Stroke 4-Stroka
| | | I |
Overhead EI!:In Impuisa Pure reaction impulse reaction  Combination turbine
valva valve turbine turbine turbine (most power stalion)
| turbines
E!.!uu Mixed I | | |
pressuré Exhaust
lurbine Straight power Pass out
iy wbine " yrbing turbine

Fig. 2.1. Classification of heat engines.

Advantages of reciprocating internal combustion engines over external

combustion engines :

Reciprocating internal combustion engines offer the following advantages over external

combustion engines :
1. Overall efficiency is high.
2. Greater mechanical simplicity.
3. Weight to power ratio is generally low.
4. Generally lower initial cost,
5. Easy starting from cold conditions.
6. These units are compact and thus require less space.

Advantages of the external combustion engines over internal combustion

engines:

The external combustion engines claim the following advantages over internal combustion

engines :
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1. Starting torque is generally high.
2. Because of external combustion of fuel, cheaper fuels can be used. Even solid fuels can be

used advantageously.

3. Due to external combustion of fuel it is possible to have flexibility in arrangement.
4. These units are self-starting with the working fluid whereas in case of internal combus-

tion engines, some additional equipment or device is used for starting the engines.

2.2. DEVELOPMENT OF 1.C. ENGINES
Brief early history of development of 1.C. engines is as follows :

Many different styles of internal combustion engines were built and tested during the
gseond half of the 19th century.

The first fairly practical engine was invented by J.J.E. Lenoir which appeared on the
scene about 1860. During the next decade, several hundred of these engines were built
with power upto about 4.5 kW and mechanical efficiency upto 5%.

The Otto-Langen engine with efficiency improved to about 11% was first introduced in
1867 and several thousands of these were produced during the next decade. This was a
type of atmospheric engine with the power stroke propelled by atmospheric pressure
acting against &8 vacuum.

Although many people were working on four-stroke cycle design, Otto was given credit
when his prototype engine was built in 1876.

In the 1880s, the internal combustion engines first appeared in automobiles. Also in
this decade the two-stroke cycle engine became practical and was manufactured in
large number.

Rudolf Diesel, by 1892, had perfected his compression ignition engine into basically the
same diesel engine known today. This was after years of development work which
included the use of solid fuel in his early experimental engines.

Early compression engines were noisy, large, slow, single cylinder engines. They were,
however, generally more efficient than spark ignition engines.

It wasn’t until the 1920s that multicylinder compression ignition erngines were made
small enough to be used with automobile and trucks.

Wakdle's first rotary engine was tested at NSV, Germany in 1957,

The practical stirling engines in small number are being produced since 1965.

— These engines require costly material and advanced technology for manufacture.

— Thermal efficiencies higher than 30% have been obtained.

— Theadvantages of stirling engine are low exhaust emission and multi-fuel capability.

2.3. CLASSIFICATION OF 1.C. ENGINES

Internal combustion engines may be classified as given below :
1. According to cycle of operation :

(i) Two stroke cycle engines

(ii) Four stroke cycle engines.

2. According to cycle of combustion :

(i) Otto cycle engine (combustion at constant volume)

(£} Diesel cycle engine (combustion at constant pressure)
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(zif) Dual-combustion or Semi-Diesel cycle engine (combustion partly at constant volume
and partly at constant pressure).

3. According to arrangement of cylinder : Refer Fig. 2.2.

(i} Single cylinder (ti) Inline or straight (iii) V-engine

{iv) Opposed cylinder

(vi) Opposed piston (véi) Radial engine

Fig. 2.2. Engine classification by cylinder arrangement.
(i) Single cylinder engine. Engine has one cylinder and piston connected to the crank-
shaft.

{iz) In-line or straight engines. Cylinders are positioned in a straight line one behind the
other along the length of the crankshaft,

(111) V-engine
e An engine with two cylinder banks (ie., two-in-line engines) inclined at an angle to
each other and with one crankshaft.

¢ Most of the bigger automobiles use the 8-cylinder V-engine (4-cylinder in-line on each
side of V).
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(iv) Opposed cylinder engine

® Two banks of cylinders opposite each other on a single crankshaft (a V-engine with
180° V).

® These are common on small aircraft and some automobiles with even number of cylin-
ders from two to eight or more.

(v) W-engine

® Same as V-engine except with three banks of cylinders on the same crankshaft.

e Not common, but some have been developed for racing automobiles.

(vi) Oppoesed piston engine
e In this type of engine there are two pistons in each cylinder with the combustion cham-
ber in the centre between the pistons.

® A single combustion process causes two power strokes, at the same time, with each
piston being pushed away from the centre and delivering power to a separate crank-
shaft at each end of this cylinder.

(vii) Radial engine

e It is an engine with pistons positioned in a circular plane around the central crank-
shaft. The connecting rods of the pistons are connected to a master rod which, in turn,
is connected to the crankshaft.

@ In aradial engine the bank of cylinders always has an odd number of cylinders ranging
from 3 to 13 or more,

e Operating on a four-stroke cycle, every other cylinder fires and has a power stroke as
the crankshaft rotates, giving a smooth operation. !

® Many medium and large size propeller-driven aircraft use radial engines. For large
aircraft two or more banks of cylinders are mounted together, one behind the other on
a single crankshaft, making one powerful smooth engine.

® Very large ship engines exist with upto 54 cylinders, six banks of 9 cylinder each.
4. According to their uses :

({) Stationary engine (i) Portable engine
(iif) Marine engine (iv) Automobile engine
(v) Aero engine etc.
5. According to the speed of the engine :
(£) Low speed engine (i£) Medium speed engine
(éif) High speed engine.
6. According to method of ignition :
(i) Spark-ignition engine . (i) Compression-ignition engine.
7. According to method of cooling the cylinder :
(i) Air-cooled engine (ii) Water-cooled engine.
8. According to method of governing :
(i) Hit and miss governed engine ' (i£) Quality governed engine
(iif) Quantity governed engine.
9. According to valve arrangement :
(i) Over head valve engine (i) L-head type engine

(iii) T-head type engine (iv) F-head type engine.
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10, According to number of cylinders :
(i) Single-cylinder engine () Multi-cylinder engine.
11. According to air intake process :

() Naturally aspirated. No intake air pressure boost system,

(it) Supercharged. Intake air pressure increased with the compressor driven off the engine
crankshaft.

(tii) Turbocharged. Intake air pressure increased with the turbine-compressor driven by the
engine exhaust gases.

(iv) Crankcase compressed. Two stroke-cycle engine which uses the crankcase as the intake
air compressor. Limited development work has also been done on the design and construction of
four-stroke cycle engines with crankcase compression.

12. According to fuel employved :

(#) Oil engine (if) Petrol engine
(i) Gas engine (iv) Kerosene engine
(v) LPG engine (vi) Aleohol-ethyl, methyl engine
(vii) Duel fuel engine (viii) Gasohol (90% gasoline and 10% alcohol).

13. Method of fuel input for S.1. engines :

(1) Carburetted

(¢1) Multipoint port fuel injection. One or more injectors at each cylinder intake.
(i) Throttle body fuel injection. Injectors upstream in intake manifold.

2.4. APPLICATION OF 1.C. ENGINES

The 1.C. engines are generally used for :
() Road vehicles (e.g., scooter, motorcycle, buses etc.)
(i) Aircraft :
(iii) Locomotives
(fv) Construction in civil engineering equipment such as bull-dozer, scraper, power shovels
etc.
(v) Pumping sets
(vi) Cinemas
(vii) Hospital
{viif) Several industrial applications.

The applications of various engines separately are listed below :
1. Small two-stroke petrol engines :

® These engines are employed where simplicity and the low cost of the prime mover are
primary considerations.

e The 50 c.c. engines develops maximum brﬂke power (B.P.) of 1. E kW at 5000 r.p.m. and
is used in mopeds.

e The 100 c.c. engine developing maximum brake power of about 3 kW at 5000 r.p.m. is
used in scooters. The 150 c.c. engine develops maximum brake power of about 5 kW
at 5000 r.p.m.

® The 250 c.c. engine developing a maximum brake power of about 9 kW at 4500 r.p.m.
is generally used in motor cycles,
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® These engines also find applications in very small electric generating sets, pumping

sets etc.

2. Small four-stroke petrol engines :

These engines are primarily used in automobiles.
These are also used in pumping sets and mobile electric generating sets.

These days diesel engines are taking them over, in the above mentioned applications.
3. Four stroke diesel engines ;

The four-stroke diesel engine (a versatile prime mover) is manufactured in diameter
ranging from 50 mm to 600 mm with speeds ranging from 100 to 4400 r.p.m., the
power delivered per cylinder varying from 1 to 1000 kW, ‘

Diesel engine is emploved for the following :

— Pumping sets

— Construction machinery

— Air compressors and drilling jigs

— Tractors

— Jeeps, cars and taxies

— Mobile and stationary electric generating plant
— Diesel-electric locomotive

— Boats and shipes.

4, Two stroke diesel engines :

These engines having very high power are usually employed for ship propulsion and
generally have bores above 60 cm, uniflow with exhaust valves or loop scavenged.

Example. Nordberg, 2 stroke, 12-cylinder 80 cm bore and 155 cm stroke, diesel engine
engine develops 20000 kW at 120 r.p.m.

5. Radial piston engine in small aircraft propulsion :

Radial four stroke petrol engines having power range from 300 kW to 4000 kW have
been used in small aircrafts.

In modern large aircrafts, instead of these engines, gas turbine plant as turboprop
engine or turbojet engine and gas turbine engines are used,

2.5. ENGINE CYCLE-ENERGY BALANCE

Refer Fig. 2.3. It shows the energy flow through the reciprocating engine. The analysis is
based on the first law of thermodynamics which states that energy can neither be created nor

destroyed, it can be converted from one form to other.
® In an I.C. engine fuel is fed to the combustion chamber where it burns in the presence

of air and its chemical energy is converted into heat. All this energy is not available for
driving the piston since a portion of this energy is lost through exhaust, coolant and
radiation. The remaining energy is converted to power and is called indicated energy or
indicated power (I.P.). The ratio of this energy to the input fuel energy is called indi-
cated thermal efficiency [ny, ).
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Fig. 2.3. The energy flow through the reciprocating engine.

@ The energy available at the piston passes through the connecting rod to the crankshaft.
In this transmission of energy/power there are losses due to friction, pumping, etc. The
sum of all these losses, converted to power, is termed as friction power (F.P.). The
remaining energy is the useful mechanical energy and is termed as shaft energy or

brake power (B.P.). The ratio of energy at shaft to fuel input energy is called brake
thermal efficiency [ny, )l

® The ratio of shaft energy to the energy availablie at the piston is called mechanical
efficiency (n_ .. )-

2.6. BASIC IDEA OF 1.C. ENGINES

The basic idea of internal combustion engine is shown in Fig. 2.4. The cylinder which is
closed at one end is filled with a mixture of fuel and air. As the crankshaft turns it pushes cylinder.
The piston is forced up and compresses the mixture in the top of the cylinder. The mixture is set
alight and, as it burns, it creates a gas pressure on the piston, forcing it down the cylinder. This
motion is shown by arrow ‘1’. The piston pushes on the rod which pushes on the crank. The crank

is given rotary (turning) motion as shown by the arrow ‘2". The fly wheel fitted on the end of the
crankshaft stores energy and keeps the crank turning steadily.
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Fig. 2.4. Basic idea of L.C. engine.

2.7. DIFFERENT PARTS OF 1.C. ENGINES
Here follows the detail of the various parts of an internal combustion engine.

A cross-section of an air-cooled I.C. engine with principal parts is shown in Fig. 2.5.

A. Parts common to both petrol and diesel engine :

1. Cylinder 2. Cylinder head
3. Piston 4. Piston rings
5. Gudgeon pin 6. Connecting rod
7. Crankshaft 8. Crank
9. Engine bearing 10. Crankcase

11. Flywheel 12. Governor

13. Valves and valve operating mechanisms.

B. Parts for petrol engines only :
1. Spark plugs 2. Carburettor
3. Fuel pump.

41
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C. Parts for Diesel engine only :
1. Fuel pump.

Inlet valve

Crankshaft

Fig. 2.5. Air-cooled 1.C. engine.

A. Parts common to both petrol and diesel engines :
1. Cylinder

The cylinder contains gas under pressure and guides the piston. It is in direct contact with
the products of combustion and it must be cooled. The ideal form consists of a plain cylindrical
barrel in which the piston slides. The movement of the piston or stroke being in most cases, longer
than the bore. This is known as the “stroke bore ratio”. The upper end consists of a combustion or
clearance space in which the ignition and combustion of the charge takes place. In practice, it is
necessary to depart from the ideal hemispherical slope in order to accommodate the valves, spark-
ing plugs etc. and to control the combustion. Sections of an air-cooled cylinder and a water-cooled
cylinder are shown in Fig. 2.6 and 2.7 respectively. The cylinder is made of hard grade cast iron
and is usually, cast in one piece.
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2. Cylinder head
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Fig. 2.6. Air-cooled cylinder. Fig. 2.7. Water-cooled cylinder.

One end of the cylinder is closed by means of a removable cylinder head (Fig. 2.6) which
usually contains the inlet or admission valve [Fig. 2.8 (a)] for admitting the mixture of air and

Intake valve Margin  Exhaust valve

Face

Stem

Valve-spring retainer
lock grooves

(a) Inlet valve {b) Exhaust valve

Fig. 2.8
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fuel and exhaust valve [Fig. 2.8 (b)] for discharging the product of combustion. Two valves are kept
closed, by means of cams (Fig. 2.9) geared to the engine shaft. The passage in the cylinder head
leading to and from the valves are called ports. The pipes which connect the inlet ports of the
various cylinders to a common intake pipe for the engine is called the inlet manifold. If the exhaust

ports are similarly connected to a common exhaust system, this system of piping is called exhaust
manifeld.

Fig. 2.9, Cam and rocker arm.

The main purpose of the cylinder head is to seal the working ends of the cylinders and not
to permit entry and exit of gases on cover head valve engines. The inside cavity of head is called
the combustion chamber, into which the mixture is compressed for firing. Its shape controls the
direction and rate of combustion. Heads are drilled and tapped with correct thread to take the
ignition spark plug. All the combustion chambers in an engine must be of same shape and size.
The shape may be in part controlled by the piston shape.

The cylinder head is usually made of cast iron or aluminium.

3. Piston

A piston is fitted to each cylinder as a face to receive gas pressure and transmit the thrust
to the connecting rod. '

The piston must (i) give gas tight seal to the cylinder through bore, (if} slide freely, (iii) be
light and (iv) be strong. The thrust on the piston on the power stroke tries to tilt the piston as the
connecting rod swings, side ways. The piston wall, called the skirt must be strong enough to stand
upto this side thrust. Pistons are made of cast iron or aluminium alloy for lightness. Light alloy
pistons expand more than cast iron one therefore they need large clearances to the bore, when cold,
or special provision for expansion. Pistons may be solid skirt or split skirt. A section through a
split skirt piston is shown in Fig. 2.10.

4, Piston rings

The piston must be a fairly loose fit in the cylinder. If it were a tight fit, it would expand as
it pot hot and might stick tight in the cylinder. If a piston sticks it could ruin the engine. On the
other hand, if there is too much clearance between the piston and cylinder walls, much of the
pressure from the burning gasoline vapour will leak past the piston. This means, that the push on
the piston will be much less effective. It is the push on the piston that delivers the power from the
engines.

To provide a good sealing fit between the piston and cylinder, pistons are equipped with
piston rings, as shown in Fig. 2.10. The rings are usually made of cast-iron of fine grain and high
elasticity which is not affected by the working heat.- Some rings are of alloy spring steel. They are
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split at one point so that they can be expanded and slipped over the end of the piston and into ring
grooves which have been cut in the piston. When the piston is installed in the cylinder the rings

Compression
rings

Oil way e Qil control ring

\ § /
R Slotted skirt

Fig. 2.10. Section through a split skirt piston.

are compressed into ring grooves which have been cut in the piston. When the piston is installed in
the cylinder, the rings are compressed into the ring grooves so that the split ends come almost
together, The rings fit tightly against the cylinder wall and against the sides of the ring grooves in
the piston. Thus, they form a good seal between the piston and the cylinder wall. The rings can

expand or contact as they heat and cool and still make a good deal. Thus they are free to slide up
and down the cylinder wall.

N
Compression pressure \

S ooy

Piston groove Cylinder wall

Fig. 2.11. Working of a piston ring.

Fig. 2.11 shows how the piston ring works to hold in the compression and combustion
pressure. The arrows show the pressure above the piston passing through clearance between the
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piston and the cylinder wall. It presses down against the top and against the back of the piston
rings as shown by the arrows. This pushes the piston ring firmly against the bottom of the piston
ring groove. As a result there are good seals at both of these points. The higher the pressure in the
combustion chamber, the better the seal.

Small two stroke cycle engines have two rings on the piston. Both are compression rings
(Fig. 2.12). Two rings are used to divide up the job of holding the compression and combustion
pressure. This produces better sealing with less ring pressure against the cylinder wall.

Y
i |

Fig. 2.12. Compression ring. Fig. 2.13. Oil ring.

Four stroke cycle engines have an extra ring, called the oil control ring (Fig. 2.13). Four
stroke cycle engines are so constructed that they get much more oil in the cylinder wall than do
two stroke cycle engines. This additional oil must be scraped off to prevent it from getting up into
the combustion chamber, where it would burn and cause trouble.

Refer Figs. 2.12 and 2.13, the compression rings have a rectilinear cross-section and oil
rings are provided with a groove in the middle and with through holes spaced at certain interval
from each other. The oil collected from the cylinder walls flows through these holes into the piston
groove whence through the holes in the body of the piston and down its inner walls into the engine
crankcase,

5. Gudgeon pin (or wrist pin or piston pin)

These are hardened steel parallel spindles fitted through the piston bosses and the small
end bushes or eyes to allow the connecting rods to swivel. Gudgeon pins are a press fit in the piston
bosses of light alloy pistons when cold. For removal or fitting, the piston should be dipped in hot
water or hot oil, this expands the bosses and the pins can be removed or fitted freely without
damage.

It is made hollow for lightness since it is a reciprocating part.

6. Connecting rod ‘

Refer Fig. 2.14. The connecting rod transmits the piston load to the crank, causing the

latter to turn, thus converting the reciprocating motion of the piston into a rotary motion of the
crankshaft. The lower or “big end” of the connecting rod turns on “crank pins".

Small end

Fig. 2.14. Connecting rod.
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The connecting rods are made of nickle, chrome and chrome vandium steels. For small
engines the material may be aluminium,

7. Crank

The piston moves up and down in the cylinder. This up and down motion is called recipro-
cating motion. The piston moves in a straight line. The straight line motion must be changed to
rotary, or turning motion, in most machines, before it can do any good. That is rotary motion is
required to make wheels turn, a cutting blade spin or a pulley rotate. To change the reciprocating
motion to rotary motion a crank and connecting rod are used. (Figs. 2.15 and 2.16). The connecting
rod connects the piston to the crank.

Piston pin I:

Piston

Connecting rod

Crank pin

Crank

Crankshaft
Crank cheek

Rod- bearing cap @

Fig. 2.15 Fig. 2.16

Note. The crank end of the connecting rod is called rod “big end”. The piston end of the connecting rod is
called the rod “small end”.

. 8. Crankshaft

The crank is part of the crankshaft. The crankshaft of an internal combustion engine
receives via its cranks the efforts supplied by the pistons to the connecting rods. All the engines
auxiliary mechanisms with mechanical transmission are geared in one way or the another to the
crankshaft. It is usually a steel forging, but some makers use special types of cast iron such as
spheroidal graphitic or nickel alloy castings which are cheaper to produce and have good service
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life. Refer Fig. 2.17. The crankshaft converts the reciprocating motion to rotary motion. The crank
shaft mounts in bearings which, encircle the journals 5o it can rotate freely.

Piston pin

Connecting Bearing in piston
rod Reciprocating
t J./ motion of piston
ing i
Bearing in rod | —

Rotary motion
of crankshaft

Crankshaft

Counter weights Main journal

Fig. 2.17. Crank shaft and other parts.

The shape of the crankshaft i.e. the mutual arrangement of the cranks depend on the
number and arrangement of cylinders and the turning order of the engine. Fig. 2.18 shows a
typical crankshaft layout for a four cylinder engine.

2 3

Fig. 2.18. Typical crankshaft layout.

9. Engine bearing

The crankshaft is supported by bearing. The connecting rod big end is attached to the crank
pin on the crank of the crankshaft by a bearing. A piston pin at the rod small end is used to attach
the rod to the piston. The piston pin rides in bearings. Every where there is rotary action in the
engine, bearings are used to support the moving parts, The purpose of bearing is to reduce the
friction and allow the parts to move easily. Bearings are lubricated with oil to make the relative
motion easier.

Bearings used in engines are of two types : sliding or rolling (Fig. 2.19).
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Line
contact

Rollers

Roller bearing
A B Cc D

Fig. 2.19. Bearings.

The sliding type of bearings are sometimes called bushings or slecve bearings because they
are in the shape of a sleeve that fits around the rotating journal or shaft. The sleeve-type connect-
ing rod big end bearings usually called simply rod bearings and the crankshaft supporting bear-
ings called the main bearings are of the split sleeve type. They must be split in order to permit
their assembly into the engine. In the rod bearing, the upper half of the bearing is installed in the
rod, the lower half is installed in the rod bearing cap. When the rod cap is fastened to the rod shown
in Fig. 2.16 a complete sleeve bearing is formed. Likewise, the upper halves of the main bearings
are assembled in the engine and then the main bearing caps, with the lower bearing halves are
attached to the engine to complete the sleeve bearings supporting the crankshaft.

The typical bearing half is made of steel or bronze back to which a lining of relatively soft
bearing material is applied. Refer Fig. 2.20. This relatively soft bearing material, which is made of
several materials such as copper, lead, tin and other metals, has the ability to conform to slight
irregularities of the shaft rotating against it. If wear does take place, it is the bearing that wears
and the bearing can be replaced instead of much more expansive crankshaft or other engine part.

Inner layer of
bearing alloy

Thin overlay of a soft
bearing alloy

Steel back

s

S T,
aw.wh\l.‘&:-
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)

Barrier plating
Fig. 2.20. Bearing half (details).
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The rolling-type bearing uses balls or rollers between the stationary support and the rotat-
ing shaft. Refers Fig. 2.19. Since the balls or rollers provide rolling contact, the frictional resist-
ance to movement is much less. In some roller bearing, the rollers are so small that they are
hardly bigger than needles. These bearings are called needle bearings. Also some rollers bearings
have the rollers set at an angle to the races, the rollers roll in are tapered. These bearings are
called tapered roller bearings. Some ball and roller hearings are sealed with their lubricant al-
ready in place. Such bearings require no other lubrication. Other do require lubrication from the
oil in the gasoline (two stroke cycle engines) or from the engine lubrication system (four stroke
cycle engines).

The type of bearing selected by the designers of the engine depends on the design of the
engine and the use to which the engine will be put. Generally, sleeve bearings, being less expensive
and satisfactory for most engine applications, are used. In fact sleeve bearings are used almost
universally in automobile engines. But you will find some engines with ball and roller bearings to
support the crankshaft and for the connecting rod and piston-pin bearings.

10. Crankcase

The main body of the engine to which the cylinders are attached and which contains the
crankshaft and crankshaft bearing is called crankcase. This member also holds other parts in
alignment and resists the explosion and inertia forces. It also protects the parts from dirt ete. and
serves as a part of lubricating system.

11. Flywheel

Refer Figs. 2.4 and 2.21. A flywheel (steel or cast iron disc) secured on the crank shaft
performs the following functions :

{a) Brings the mechanism out of dead centres,
(b) Stores energy required to rotate the shaft during preparatory strokes.
(¢) Makes crankshaft rotation more uniform.

(d) Facilitates the starting of the engine and overcoming of short time over loads as, for
example, when the machine is started from rest,

Connecting rod

Pist
el Crankshaft

ball bearing

Crankshaft
Fiywheal

Fig. 2.21. Flywheel secured on crankshaft.
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The weight of the flywheel depends upon the nature of variation of the pressure. The fly-
wheel for a double-acting steam engine is lighter than that of a single-acting one. Similarly, the
flywheel for a two-stroke cycle engine is lighter than a flywheel used for a four-stroke cycle engine.
Lighter flywheels are used for multi-cylinder engines.

12. Governor

A governor may be defined as a device for regulating automatically output of @ machine by
regulating the supply of working fluid. When the speed decreases due to increase in load the
supply valve is opened by mechanism operated by the governor and the engine therefore speeds up
again to its original speed. If the speed increases due to a decrease of load the governor mechanism

closes the supply valve sufficiently to slow the engine to its original speed. Thus the function of a
governor s to control the fluctuations of engine speed.due to changes of load,

Comparison between a Flywheel and a Governor

Fiywheel

Governor

It is provided on engines and fabricating machines
viz., rolling mills, punching machines ; shear ma-
chines, presses etc.

Its function is to store the available mechanical

energy when it is in excess of the load requirement
and to part with the same when the available energy
is less than that required by the load.

It works continuously from cycle to cycle.

In engines it takes eare of fluctuations of speed
during thermedynamie cycle.

In fabrication machines it is very economical to use
it in that it reduces capital investment on prime
movers and their running expenses,

It is provided on prime movers such as engines
and turbines.

Its function is to regulate the supply of driving
fluid producing energy, according to the load
requirement so that at different loads almost a
constant speed is maintained.

It works intermittently t.e. only when there is
change in load.

It takes carc of fluctuations of speed due to vari-

ation of load over long range of working engines
and turbines.

But for governor, there would have been unnec-
essarily more consumption of driving fluid. Thus
it economies its consumption.

Types of governor :
Governors are classified as follows :

1. Centrifugal governor

(£) Gravity controlled, in which the centrifugal force due to the revolving masses is largely
balanced by gravity.

(if) Spring controlled, in which the centrifugal force is largely balanced by springs.

2. Inertia and flywheel governors

(£) Centrifugal type, in which centrifugal forces play the major part in the regulating action.

(ii) Inertia governor, in which the inertia effect predominates.

The inertia type governors are fitted to the crankshaft or flywheel of an engine and so differ
radically in appearance from the centrifugal governors. The balls are so arranged that the inertia
force caused by an angular acceleration or retardation of the shaft tends to alter their positions.
The amount of displacement of governor balls is controlled by suitable springs and through the
governor mechanism, alters the fuel supply to the engine. The inertia governor is more sensitive

than centrifugal but it becomes very difficult to balance the revolving parts. For this reason cen-
trifugal governors are more frequently used. We shall discuss centrifugal governors only.
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Important centrifugal governors are :
1. Watt governor 2. Porter governor

3. Proell governor 4. Hartnell governor,
1. Watt governor

It is the primitive governor as used by Watt on some of his early steam engines. It is used
for a very slow speed engine and this is why it has now become obsolete.

Refer Fig. 2.22. Two arms are hinged at the top of the spindle and two revolving balls are
fitted on the other ends of the arms. One end of each of the links are hinged with the arms, while
the other ends are hinged with the sleeve, which may slide over the spindle. The speed of the
crankshaft is transmitted to the spindle through a pair of bevel gears by means of a suitable
arrangement. So the rotation of the spindle of the governor causes the weights to move away from
the centre due to the centrifugal force. This makes the sleeve to move in the upward direction. This
movement of the sleeve is transmitted by the lever to the throttle valve which partially closes or
opens the steam pipe and reduces or increases the supply of steam to the engine. So the engine
speed may be adjusted to a normal limit.

Throttle
valve

O

e e Pipe

I
sm. TR Bevel gear ——-ILJ

Fig. 2.22. Watt governor.

2. Porter governor

Fig. 2.23 shows diagrammatically a Porter governor where two or more masses called the
governor balls rotate about the axis of the governor shaft which is driven through suitable gearing
from the engine crankshaft. The governor balls are attached to the arms. The lower arms are
attached to the sleeve which acts as a central weight. If the speed of the rotation of the balls
increases owing to a decrease of load on the engine, the governor balls fly outwards and the sleeve
moves upwards thus closing the fuel passage till the engine speed comes back to its designed speed.
If the engine speed decreases owing to an increase of load, the governor balls fly inwards and the
sleeve moves downwards thus opening the fuel passage more for oil till the engine speed comes
back to its designed speed. The engine is said to be running at its designed speed when the outward
inertia or centrifugal force is just balanced by the inward controlling force.
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Fig. 2.23. Porter governor.
3. Proell governor
Refer Fig. 2.24. It is a modification of porter governor, The governor balls are carried on an
extension of the lower arms. For given values of weight of the ball, weight of the sleeve and height

Upper arm I Ball

Spindle
F : F

Extension of
Lower arm

Sleave

Lower arm

Bevel gears

Fig. 2.24. Proell governor.
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of the governor, a Proell governor runs at a lower speed than a Porter governor. In order to give
the same equilibrium speed a ball of smaller mass may be used in Proell governor.

4. Hartnell governor

The Hartnell governor is a spring loaded governor in which the controlling force, to a great
extent, is provided by the spring thrust.

Fig. 2.25 shows one of the types of Hartnell governors. It consists of casing fixed to the
spindle. A compressed spring is placed inside the casing which presses against the top of the casing
and on adjustable collars, The sleeve can move up and down on the vertical spindle depending upon
the speed of the governor. Governor balls are carried on bell crank lever which are pivoted on the

lower end of the casing. The balls will fly outwards or inwards as the speed of the governor shaft
increases or decreases respectively.
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Fig. 2.25. Hartnell gbovernor.

5. Valves and valve gears

With few exceptions the inlet and exhaust of internal combustion engines are controlled by
poppet valves. These valves are held to their seating by strong springs, and as the valves usually
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open inwards, the pressure in the cylinder helps to keep them closed. The valves are lifted from
their seats and the ports opened either by cams having projecting portion designed to give the
period of opening required or by eccentrics operating through link-work. Of these two methods the
cam gear is more commonly used, but in either case it is necessary that the valve gear shaft of an
engine should rotate but once from beginning to end of a complete cycle, however many strokes
may be involved in the completion of that cycle. This is necessary to secure a continuous regulation
of the valve gear as required. For this purpose the cams or eccentrics of four-stroke engines are
mounted on shafts driven by gearing at half the speed of the crankshaft. The curves used for the
acting faces of the cams depend on the speed of the engine and rapidity of valve opening desired.

Fig. 2.26 shows a valve gear for I.C. engine. It consists of poppet valve, the steam bushing
or guide, valve spring, spring retainer, lifter or push rod, camshaft and half speed gear for a four-
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Fig. 2.26. Valve gear for 1.C. engine.



56 INTERNAL COMBUSTION ENGINES

stroke engine, The poppet valve, in spite of its shortcomings of noise and difficulties of cooling is
commonly used due to its simplicity and capacity for effective sealing under all operating conditions.
The valve is subjected to very heavy duty. It holds in combustion chamber and is exposed to high
temperatures of burning gases. Exhaust valve itself may attain a high temperature while external
cooling is not available. Special heat resisting alloys are therefore used in the construction of the
exhaust valve and it may sometimes have a hollow construction filled with mineral salts to provide
for heat dissipation. The salts become liquid when valve is working and transfer heat from the
head to the stem from which it is carried through the stem guide to the cylinder block.

The timing of the valves i.e. their opening and closing with respect to the travel of the piston
is very important thing for efficient working of the engine. The drive of the camshaft is arranged
through gears or chain and sprocket (called timing gear or timing chain). Any wearing of the gears
or chain and sprocket would result in disturbing the precise timing of the valves. It is desirable,
therefore, to avoid use of multiple gears of long chains in the camshaft drive.

Valve timing

Theoretically the valves open and close at top dead centre (T.D.C.) or at bottom dead centre
(B.D.C.) but practically they do so some time before or after the piston reaches the upper or lower
limit of travel. There is a reason for this. Look at the inlet valve, for example. It normally opens
several degrees of crankshaft-rotation before T.D.C. on the exhaust stroke. That is the intake
valve begins to open before the exhaust stroke is finished. This gives the valve enough time to
reach the fully open position before the intake stroke begins, Then, when the intake stroke starts,
the intake valve is already wide open and air fuel mixture can start to enter the cylinder, immedi-
ately. Likewise the intake valve remains open for quite a few degrees of crankshaft rotation after
the piston has passed B.D.C. at the end of the intake stroke. This allows additional time for air fuel
mixture to continue to flow into the eylinder. The fact that the piston has already passed B.D.C.
and is moving up or the compression stroke while the intake valve is still open does not effect the
movement of air fuel mixture into the cylinder. Actually air fuel mixture is still flowing in as the
intake valve starts to close.

This is due to the fact that air-fuel mixture has inertia. That is, it attempts to keep on
flowing after it once starts through the carburettor and into the engine cylinder. The momentum
of the mixture then keeps it flowing into the cylinder even though the piston has started up on the
compression stroke. This packs more air-fuel mixture into the cylinder and results in a stronger
power stroke. In other words, this improves volumetric efficiency. :

For a some what similar reason, the exhaust valve opens well before the piston reaches
B.D.C. on the power stroke, As the piston nears B.D.C., most of the push on the piston has ended
and nothing is lost by opening the exhaust valve towards the end of the power stroke. This gives
the exhaust gases additional time to start leaving the cylinder so that exhaust is well started by
the time the piston passes B.D.C. and starts up on the exhaust stroke. The exhaust valve then
starte opening for some degrees of crankshaft rotation after the piston has passed T.D.C. and
intake stroke has started. This makes good use of momentum of exhaust gases. They are moving
rapidly towards the exhaust port, and leaving the exhaust valve open for a few degrees after the
intake stroke starts giving the exhaust gases some additional time to leave the cylinder. This
allows more air-fuel mixture to enter on the intake stroke so that the stronger power stroke
results. That is, it improves volumetric efficiency.

The actual timing of the valves varies with different four stroke cycle engines, but the
typical example for an engine is shown in Fig. 2.27. Note that the inlet valve opens 15° of crank-
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shaft rotation before T.D.C. on the exhaust stroke and stays open until 50° of crankshaft rotation
after BI.C. on the compression stroke. The exhaust valve opens 50° before B.D.C. on the power
stroke and stays open 15° after T.D.C. on the inlet stroke. This gives the two valves an overlap of
30° at the end of exhaust stroke and beginning of the compression stroke.
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Fig. 2.27. Typical valve timing diagram.

B. Parts mmmﬁn to petrol engine only :
Spark-plug
The main function of a spark-plug is to conduct the high potential from the ignition system

into the combustion chamber. It provides the proper gap across which spark is produced by apply-
ing high veltage, to ignite the combustion chamber.

A spark-plug entails the following requirements :
(2} It must withstand peak pressures up to atleast 55 bar,
(i1} It must provide suitable insulation between two electrodes to prevent short circuiting.

(iz) It must be capable of withstanding high temperatures to the tune of 2000°C to 2500°C
over long periods of operation.

(iv) It must offer maximum resistance to erosion burning away of the spark points irrespec-
tive of the nature of fuel used.
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() It must possess a high heat resistance so that the electrodes do not become sufficiently
hot to cause the preignition of the charge within the engine cylinder.

(vi}) The insulating material must withstand satisfactorily the chemical reaction effects of
the fuel and hot products of combustion.

(vit) Gas tight joints between the insulator and metal parts are essential under all operating
conditions.

Terminal

Insulator

Shall
(Gasket

Insulator

Centre glectrode
Gap
Side electrode

Fig. 2.28. Spark-plug.

Refer Fig. 2.28. The spark-plug consists of a metal shell having two electrodes which are
insulated from each other with an air gap. High tension current jumping from the supply electrode
produces the necessary spark. Plugs are sometimes identified by the heat range or the relative
temperature obtained during operation. The correct type of plug with correct width of gap between
the electrodes are important factors. The spark-plug gap can be easily checked by means of a feeler
gauge and set as per manufacturer's specifications. It is most important that while adjusting the
spark plug it is the outer earthed electrode i.e., tip which is moved in or out gradually for proper
setting of the gap. No bending force should be applied on the centre-electrode for adjusting the gap
as this can cause crack and fracture of insulation and the plug may become absolutely useless.

Porcelain is commonly used as insulating material in spark-plugs, as it is cheap and easy to
manufacture. Mica can also be used as insulating material for spark-plugs. Mica, however, can-
not withstand high temperatures successfully.
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e Operating Heat Range :

— A spark-plug heat range is a measure of the plug's ability to transfer heat from the
central electrode and insulator nose to the cylinder-head and cooling system.

— When the heat absorbed by the plug’s central electrode and insulator nose exceeds
the capability of the plug to dissipate this heat in the same time, then the plug will
overheat and the central electrode temperature will rise above its safe operating
limit of about 900 to 950°C. Above the plug’s upper working temperature-limit, the
central electrode will glow and ignite the air-fuel mixture before the timed spark
actually oceurs. This condition is known as auto-ignition as it automatically
starts the combustion process independently of the controlled ignition spark. The
danger of this occuring is in the fact that it may take place relatively early in the
compression stroke. Consequently, the pressure generated in the particular eylin-
der suffering from autoe-ignition will oppose the upward movement of the piston,
Excessive mechanical stresses will be produced in the reciprocating and rotating
components and an abnormal rise in the cylinder temperature would, if allowed to
continue, damage tho engine.

— If the plug's ability {0 transfer heat away from the central electrede and insulator
tip exceeds that of the input heat fron combustion, over the same time span, then
the plug’s central elecirode and insulator nose would operate at such a low tem-
perature as to permit the formation of carbon deposits around the central nose of
the plug. This critical lower temperature region is usually between 350°C and
400°C and, at temperatures below this, carbon or oil deposits will foul the insula-
tion, creating conducting shunts to the inside of the metal casing of the plug.
Consequently, if deposits are permitted to form, a proportion of the ignition spark
energy will bypass the plug gap so that there will be insufficient energy left to
ionize the electrode with the result that misfiring will result. Establishing a heat
balance between the plug's input and output heat flow, so that the plug’s tempera-
ture remains just in excess of 400°C, provides a self cleaning action on both the
surfaces of the electrodes and insulator. :

— A good spark-plug design tries to match the heat flowing from the plug to the heat
flowing into it, caused by combustion under all working conditions, so that the plug
operates below the upper temperature limit at full load, but never drops below the
lower limit when idling or running under light-load conditions.

¢ Firing Voltage :

A certain minimum voltage is necessary to make the spark jump the electrode air gap,
the actual magnitude of the voltage required will depend upon the following factors :

(i) Compression pressure (if) Mixture strength
(iif) Electrode gap (iv) Electrode tip temperature,

¢ Tightness of Spark-plug :
— The seat joint tightness is essential for good heat dissipation.
— Spark-plugs should not bg over tightened otherwise the plug metal casing may

become distorted, causing the central electrode insulator to break its seal and be-

come loose. Combustion gas may then escape through the plug with the result that
i1t overheats.



60 INTERNAL COMBUSTION ENGINES

— An under-tightened plug may work itself loose and cause combustion gas to escape
between the plug and cylinder-head plug hole threads to the atmosphere, again this
will result in overheating and rapid deterioration of the electrode tips.

It is best to torque the plug to a definite degree of tightness.

Simple carburettor

The function of a carburettor iz to atomise and metre the liguid fuel and mix it with the air
as it enters the induction system of the engine, maintaining under all conditions of operation
fuel-air proportions appropriate to those conditions.

All modern carburettors are based upon Bernoulli’s theorem,

C2 = 2gh
where C is the velocity in metres/sec, g is the acceleration due to gravity in metre/sec® and & is the
head causing the flow expressed in metres of height of a column of the fluid.

The equation of mass rate of flow is given by,
m= pAJEgh
where p is the density of the fluid and A is the cross-sectional area of fluid stream.

In Fig. 2.29 is shown simple carburettor. L is the float chamber for the storage of fuel. The
fuel supplied under gravity action or by fuel pump enters the float chamber through the filter F.
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Fig. 2.29. Simple carburettor.
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The arrangement is such that when the oil reaches a particular level the float valve M blocks the
inlet passage and thus cuts off the fuel oil supply. On the fall of cil level, the float descends down,
consequently intake passage opens and again the chamber is filled with oil. Then the float and the
float valve maintains a constant fuel oil level in the float chamber. N is the jet from which the fuel
18 sprayed into the air stream as it enters the carburettor at the inlet S and passes through the
throat or venturi R. The fuel level is slightly below the outlet of the jet when the carburettor is
inoperative.

As the piston moves down in the engine cylinder, suction is produced in the cylinder as well
as in the induction manifold @ as a result of which air flows through the Carburettor. The velocity
of air increases as it passes through the construction at the venturi R and pressure decreases due
to conversion of a portion of pressure head into kinetic energy. Due to decreased pressure at the
venturi and hence by virtue of difference in pressure (between the float chamber and the venturi)
the jet issues fuel oil into air stream. Since the jet has a very fine bore, the oil issuing from the jet
ig in the form of fine spray ; it vapourises quickly and mixes with the air. This air fuel mixture

enters the engine cylinder ; its quantity being controlled by varying the position of the throttle
valve T.

Limitations :

(i) Although theoretically the air fuel ratio supplied by a simple (single jet) carburettor
should remain constant as the throttle goes on opening, actually it provides increasingly
richer mixture as the throttle is opened. This is because of the reason that the density of
air tends to decrease as the rate of flow increases.

(if) During idling, however, the nearly closed throttle causes a reduction in the mass of air
flowing through the venturi. At such low rates of air flow, the pressure difference be-
tween the float chamber and the fuel discharge nozzle becomes very small. It is suffi-
cient to cause fuel to flow through the jet,

(iti) Carburettor does not have arrangement for providing rich mixture during starting and
warm up.

In order to cornect for faults :

(f) number of compensating devices are used for (ii) an idling jet is used which helps in
running the engine during idling. For (ii{) choke arrangement is used.

Fuel pump (for carburettor-petrol engine).

Refer Fig. 2.30. This type of pump is used in petrol engine for supply of fuel to the carburet-
tor. Due to rotation of the crankshaft the cam pushes the lever in the upward direction. One end of
the lever is hinged while the other end pulls the diaphragm rod with the diaphragm. So the
diaphragm comes in the downward direction against the compression of the spring and thus a
‘vacuum is produced in the pump chamber. This causes the fuel to enter into the pump chamber
from the glass bowl through the strainer and the inlet valve, the impurities of the fuel ; if there is
any, deposit at the bottom of the glass bowl. On the return stroke the spring pushes the diaphragm

in the upward direction forcing the fuel from the pump chamber into the carburettor through the
outlet valve.



62 INTERNAL COMBUSTION ENGINES

Strainer
QOutlet valve

=1 — &
1 F777XT 1] 12 _ [—
sassoasmeneal 'WIIM_W’
ket “;‘ Diaphragm
=2sZzSsIzisIziiioioic Al ’
ST ' ¢ Pump chamber
S =
TSSIIIIISTIITooIiis - ﬁ
STImioIsITiiiitIoTis 27— Spring
SErrrse s /’
Irrmoao D
2T rsrrr P Is . Hinged point
Glass bowl
=1 5 (@
Cam

Fig. 2.30. Fuel pump for carburettor.

Parts for Diesel engine only :

FUEL PUMP

Refer Fig. 2.31. L is the plunger which is driven by a and tappet mechanism at the
bottom (not shown in the figure) B is the barrel in which the plunger reciprocates. There is the
rectangular vertical groove in the plunger which extends from top to another helical groove. V is
the delivery valve which lifts off its seat under the ligquid fuel pressure and against the spring force
(S). The fuel pump is connected to fuel atomiser through the passage P, SP and Y are the spill and
supply ports regpectively. When the plunger is at its bottom stroke the ports SP and Y are uncov-
ered (as shown in the Fig. 2.31) and oil from low pressure pump (not shown) after being filtered is
forced into the barrel. When the plunger moves up due to cam and tappet mechanism, a stage
reaches when both the ports SP and Y are closed and with the further upward movement of the
plunger the fuel gets compressed. The high pressure thus developed lifts the delivery valve off its
seat and fuel flows to atomiser through the passage P. With further rise of the plunger, at a certain
moment, the port SP is connected to the fuel in the upper part of the plunger through the rectan-
gular vertical groove by the helical groove ; as a result of which a sudden drop in pressure occurs
and the delivery valve falls back and occupies its seat against the spring force. The plunger is
rotated by the rack R which is moved in or out by the governor. By changing the angular position
of the helical groove (by rotating the plunger) of the plunger relative to the supply port, the length
of stroke during which the oil is delivered can be varied and thereby quantity of fuel delivered to
the engine is also varied accordingly.
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Fig. 2.31. Fuel pump.

Fuel atomiser or injector

Refer Fig. 2.32. It consists of a nozzle valve (NV) fitted in the nozzle body (NB). The nozzle
valve is held on its seat by a spring ‘S’ which exerts pressure through the spindle E. ‘AS’ is the
adjusting screw by which the nozzle valve lift can be adjusted. Usually the nozzle valve is set to lift
at 135 to 170 bar pressure. FP is the feeling pin which indicates whether valve is working properly
or not. The oil under pressure from the fuel pump enters the injector through the passages B and
C and lifts the nozzle valve. The fuel travels down the nozzle N and injected into the engine
eylinder in the form of fine sprays. When the pressure of the oil falls, the nozzle valve occupies its
seat under the spring force and fuel supply is cut off. Any leakage of fuel accumulated above the

valve is led to the fuel tank through the passage A. The leakage occurs when the nozzle valve is
worn out.



INTERNAL COMBUSTION ENGINES

*’{:F?

Faaling pin (FP)
|
/ !\
| ———— Adjusting scraw (AS)
|
Iz
} le——— Spring cap nut (SCN)
i:-.r
e - Spring (S)
Passage (A)
(A, B)
(®) ?
. |1
Fuel from : |
fuel pump At
Al Spindle (E)
Passage (C) i
fll
f [
5 /
A%
dll
il
fi| Cap nut (CN)
Nozzle valva (NV)
Nozzle body (NB)
Nozzle (N)

Fig. 2.32. Fuel atomiser or injector.
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List of engine parts, materials, method of manufacture and functions :

Name of the part Maierial Function Method of
manufacture
1. | Cylinder Hard grade cast iron Contains gas under pres- Casting
: sure and guides the piston.
2 Cylinder head Cast iron or aluminium Main function is to seal the Casting, forging
working end of the eylinder
and not to permit entry and
exit of gases on overhead
valve engines.
3. | Piston Cast iron or aluminium alloy It acts as a face to receive Casting, forging
gas pressure and transmits
the thrust to the connect-
ing rod.
4. | Piston rings Cast iron Their main function is to Casting
provide a good sealing fit be-
tween the piston and cylin-
der.
6. | Gudgeon pin Hardened steel It supports and allows the Forging
connecting rod to swivel.
6. Connecting rod | Alloy steel ; for small engines It transmits the piston load Forging
the material may be alu- to the crank, causing the lat-
minium ter to turn, thus converting
the reciprocating motion of
the piston into rotary motion
: of the crankshaft.
7. | Crankshaft In general the crankshaft is It converts the reciprocating | Forging
made from a high tensile motion of the piston into the
forging, but special cast irons rotary motion.
are sometimes used to pro-
duce a light weight crank
shaft that does not require
a lot of machining.
8. | Main bearings The typical bearing half is The function of bearingisto | Casting
made of steel or bronze back reduce the friction and allow
to which a lining of relatively the parts to move easily.
soft bearing material is ap-
lied
8. | Flywheel Steel or cast iron. In engines it takes care of | Casting
fluctuations of speed during
thermodynamic cycle.
10.| Inlet valve Silicon chrome steel with Admits the air or mixture Forging
about 3% carbon. of air and fuel into engine
cylinder.
11.] Exhoustvalve | Austenitic steel Discharges the product of | Forging
combustion.
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2.8. TERMS CONNECTED WITH 1.C. ENGINES

Refer Fig. 2.33.
Cylinder head
Intake manifold m
L 1
Top dead centrs «]—Clearance
(T.D.C.) ? . volume
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of linear travel
ks +— Cylinder
"""""""""""""" : __ Piston at
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centre (B.D.C.) | E of linear travel
i
.
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Fig. 2.33. Terms relating 1.C. engines.

Bore. The inside diameter of the cylinder is called “bore”.

Stroke. As the piston reciprocates inside the engine cylinder, it has got limiting upper and
lower positions beyond which it cannot move and reversal of motion takes place at these limiting
positions. '

The linear distance along the cylinder axis between two limiting positions, is called “stroke”.

Top Dead Centre (T.D.C.). The top most position of the piston towards cover end side of
the cylinder is called “top dead centre”, In case of horizontal engines, this is known as inner dead
centre.

Bottom Dead Centre (B.D.C.). The lowest position of the piston towards the crank end
side of the cylinder is called “"bottom dead centre”, In case of horizontal engines it is called outer
dead centre.

Clearance volume. The volume contained in the cylinder above the top of the piston,
when the piston is at top dead centre, is called the "clearance volume”.

® Bore sizes of engines range from 0.5 m down te 0.5 cm. The ratio of bore of stroke D/L,

for small engines is usually from 0.8 to 1.2,
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— An engine with L = D is often called a square engine ;
— If L > D the engine is under square ;
— If L < D the engine is over square.

Very large engines are always under square, with stroke lengths up to four times bore
diameter,

Swept volume. The volume swept through by the piston in moving between top dead
centre and bottom dead centre, is, called "swept volume or piston displacement”. Thus, when
piston is at bottom dead centre, total volume = swept volume + clearance volume.

# Typical values for engine displacement range from 0.1 em? for small model airplanes to

about 8 litres for large automobiles to much large number for large ship engines. The
displacement of 2 modern average automobile engine is about two to three litres.

@ For a given displacement volume, a longer stroke allows for a smaller bore (under
square), resulting in less surface area in the combustion chamber and correspondingly
less heat loss. This increases thermal efficiency within the combustion chamber.
However, the longer stroke results in higher piston speed and higher friction losses
that reduce the output power which can be obtained off the crankshaft. If the stroke is
shortened, the bore must be increased and the engine will be over square, This decreases
friction losses but increases heat transfer losses. Most modern automobile engines are
near square, with some slightly over square and some slightly under square.

Compression ratio. It is ratio of total cylinder volume to clearance volume.
Refer Fig. 2.33. Compression ratio (r) is given by

_ Ve + V.
=0

i
where V_ = Swept volume, V, = Clearance volume.

The compression ratio varies from 5: 1 to 11 : 1 (average value 7: 1to 9 : 1) in S.I. engines

and from 12 : 1 to 24 : 1 (average value 15: 1 to 18 : 1) in C.I. engines.

® Modern spark ignition (S.1.) engines have compression ratios ~f 8 to 11, while compres-
sion ignitivn (C.1.) engines have compression ratios in the range 12 to 24. Engines with
superchargers or turbochargers usually have lower compression ratios than naturally
aspirated engines.

e Various attempts have been made to develop engines with a variable compression ratio.
One such system uses a split piston that expands due to changing hydraulic pressure
caused by engine speed and load. Some two-stroke cycle engines have been built which
have a sleeve-type valve that changes the slot opening on the exhaust port. The piston
where the exhaust port is fully closed can be adjusted by several degrees of engine
rotation. This changes the effective compression ratio of the engine.

Piston speed. The average speed of the piston is called “piston speed”.

Piston speed = 2 LN

where L = Length of the stroke, and

N = Speed of the engine in r.p.m.

e Average engine speed for all engines will normally be in the range of 5 to 15 m/s with
large diesel engines on the low end and high performance automobile engines on the
high end. There are following two reasons why engines operate in this range :

— First, this is about the safe limit which can be tolerated by material strength of
the engine components.

— The second reason why maximum average piston speed is limited is because of the
gas flow into and out of cylinders. Piston speed determines the instantaneous flow

r
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rate of air-fuel into the cylinder during intake and exhaust flow out of the cylinder
during the exhaust stroke. Higher piston speeds would require larger valves to

allow for higher flow rates. In most engines, valves are at a maximum size with no
room for enlargement.

Some Other Terms :

Direct Injection (D.1.). Fuel injection into the main combustion chamber of an engine.
Engines have either one main combustion chamber (open chamber) or a divided combusation
chamber made up of &8 main chamber and a smaller connected secondary chamber.
Indirect Injection (LD.L.). Fuel injection into the secondary chamber of an engine with a
divided combustion chamber.

Smart Engine. Engine with computer controls that regulate operating characteristics
such as air-fuel ratio, ignition timing, valve timing, exhaust control, intake tuning etc.
Engine Management System (E.M.S.). Computer and electronics used to control smart
engines.

Wide Open Throttle (W.0.T.). Engine operated with throttle valve fully open when maxi-
mum power and/or speed is desired.

Ignition Delay (L.D.). It is the time interval between ignition initiation and the actual
start of combustion.

Air-Fuel Ratio (A/F). It is the ratio of the air to mass of fuel input into engine.
Fuel-Air Ratio (F/A). It is the ratio of fuel to mass of air input into engine.

2.9. WORKING CYCLES

An internal combustion engine can work on any one of the following cycles :
(a) Constant volume or Otto cycle

(b) Constant pressure or Diesel cycle

(¢) Dual combustion cycle.

These may be either four stroke cycle or two stroke cycle engines.

(@) Constant volume or Otto cycle. The cycle is so called because heat is supplied at
constant volume. Petrol, gas, light oil engines work on this cycle. In the case of a petrol engine the
proper mixing of petrol and air takes place in the carburettor which is situated outside the engine
cylinder. The proportionate mixture is drawn into the cylinder during the suction stroke. In a gas
engine also, air and gas is mixed outside the engine cylinder and this mixture enters the cylinder
during the suction stroke. In light oil engines the fuel is converted to vapours by a vapouriser
which receives heat from the exhaust pases of the engine and their mixture flows towards engine
cylinder during suction stroke.

(b) Constant pressure or diesel cycle. In this cycle only air is drawn in the engine
cylinder during the suction stroke, this air gets compressed during the compression stroke and its
pressure and temperature increase by a considerable amount. Just before the end of the stroke a
metered quantity of fuel under pressure adequately more than that developed in the engine cylin-
der is injected in the form of fine sprays by means of a fuel injector. Due to very high pressure and
temperature of the air the fuel ignites and hot gases thus produced throw the piston downwards
and work is obtained. Heavy oil engines make use of this cycle.

(¢) Dual combustion cycle. This cycle is also called semi-diesel cycle. It is 80 named
because heat is added partly at constant volume and partly at constant pressure. In thia cycle only
air is drawn in the engine cylinder during suction stroke. The air is then compressed in hot
combustion cnamber at the end of the cylinder during the compression stroke to a pressure of
about 26 bar. The heat of compressed air together with heat of combustion chamber ignites the
fuel. The fuel is injected into the cylinder just before the end of compression stroke where it ignites
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immediately. The fuel injection is continued until the point of cut off is reached. The burning of
fuel at first takes place at constant volume and continues to burn at constant pressure during the
first part of expansion or working stroke. The field of application of this cycle is heavy oil engines.

2.10. INDICATOR DIAGRAM

An indicator diagram is a graph between pressure and volume ; the former being taken on
" vertical axis and the latter on the horizontal axis. This is obtained h:.r an instrument known as
indicator. The indicator diagrams are of two types : (a) Theoretical or hypothetical, (5) Actual. The

theoretical or hypothetical indicator diagram is always longer in size as compared to the actual
one, since in the former losses are neglected. The ratio of the area of the actual indicator diagram
to the theoretical one is called diagram factor.

2.11. FOUR STROEE CYCLE ENGINES

Here follows the description of the four stroke otto and diesel-cycle engines.

Otto engines. The Otto four stroke-cycle refers to its use in petrol engines, gas engines,
light oil engines in which the mixture of air and fuel are drawn in the engine cylinder. Since
ignition in these engines is due to a spark, therefore they are also called spark ignition engines.

The various strokes of a four stroke (Otto) cycle engine are detailed below.

Refer Fig. 2.34.
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|.V. = Inlet valve, E.V.=Exhaust valve, E.C. = Engine cylinder, C.R. = Connecting rod
C = Crank, S.P.= Spark plug.

Fig. 2.34. Four stroke Otto cycle engine.
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1. Suction stroke. During this stroke (also known as induction stroke) the piston moves
from top dead centre (T.D.C.) to bottom dead centre (B.D.C.) ; the inlet valve opens and proportion-

ate fuel air mixture is sucked in the engine cylinder. This operation is represented by the lma 5—1
(Fig. 2.32). The exhaust valve remains closed throughout the stroke.

2. Compression stroke. In this stroke, the piston moves (1—2) towards (T.D.C.) and
compresses the enclosed fuel air mixture drawn in the engine cylinder during suction. The pres-
sure of the mixture rises in the cylinder to a value of about 8 bar. Just before the end of this stroke
the operating-plug initiates a spark which ignites the mixture and combustion takes place at
constant volume (line 2—3) (Fig. 2.35). Both the inlet and exhaust valves remain closed during the
stroke.

Pressure —»

Exhaust +——
Suction ———»

Volume ————»
Fig. 2.35. Theoretical p-V diagram of a four stroke Otto cycle engine.

3. Expansion or working stroke. When the mixture is ignited by the spark plug the hot
gases are produced which drive or throw the piston from T.D.C. to B.D.C. and thus the work is
obtained in this stroke. It is during this stroke when we get work from the engine ; the other three
strokes namely suction, compression and exhaust being idle. The flywheel mounted on the engine
shaft stores energy during this stroke and supplies it during the idle strokes. The expansion of the
gases is shown by 3-4. (Fig. 2.35). Both the valves remain closed during the start of this stroke but
when the piston just reaches the B.D.C. the exhaust valve opens.

4. Exhaust stroke. This is the last stroke of the cycle. Here the gases from which the work
has been collected become useless after the completion of the expansion stroke and are made to
escape through exhaust valve to the atmosphere. This removal of gas is accomplished during this
stroke. The piston moves from B.D.C. to T.D.C. and the exhaust gases are driven ocut of the engine
cylinder ; this is also called scavenging. This operation is represented by the line (1-5) (Fig. 2.35).

Fig. 2.36 shows the actual indicator diagram of four stroke Otto cycle engine. It may be
noted that line 5-1 is below the atmospheric pressure line. This is due to the fact that owing to
restricted area of the inlet passages the entering fuel air mixture cannot cope with the speed of the
piston. The exhaust line 4-5 is slightly above the atmospheric pressure line. This iz due to re-
stricted exhaust passages which do not allow the exhaust gases to leave the engine-cylinder quickly.
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The loop which has area 4-5-1 is called negative loop ; it gives the pumping loss due to
admission of fuel air mixture and removal of exhaust gases. The area 1-2-3-4 is the total or gross

work obtained from the piston and network can be obtained by subtracting area 451 from the area
1-2-3-4.

Exhaust

4  Atmospheric
5 _._@z/,{//t/ ........... Mg e s ki S .

Suction

Velume ——»
Fig. 2.36. Actual p-V diagram of a four stroke Otto eycle engine.

Diesel engines (four stroke cycle). As is the case of Otto four stroke ; this cycle too is
completed in four strokes as follows. (Refer Fig. 2.37).

Fl. = Fusl injector, L.V. = Inlet valve, E.V. = Exhausl valve
Fig. 2.37. Four stroke Diesel cycle engine.
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1. Suction stroke. With the movement of the piston from T.D.C. to B.D.C. during this

stroke, the inlet valve opens and the air at atmospheric pressure is drawn inside the engine
cylinder ; the exhaust valve however remains closed. Thia operation is represented by the line 5-1
(Fig. 2.38).

2. Compression stroke. The air drawn at atmospheric pressure during the suction stroke
is compressed to high pressure and temperature (to the value of 35 bar and 600°C respectively) as
the piston moves from B.D.C. to T.D.C. This operation is represented by 1-2 (Fig. 2.38). Both the
inlet and exhaust valves do not open during any part of this stroke.

3. Expansion or working stroke. As the piston starts moving from T.D.C. a matered
quantity of fuel is injected into the hot compressed air in fine sprays by the fuel injector and it (fuel)
starts burning at constant pressure shown by the line 2-3. At the point 3 fuel supply is cut off. The
fuel is injected at the end of compression stroke but in actual practice the ignition of the fuel starts
before the end of the compression stroke. The hot gases of the cylinder expand adiabatically to point
4, thus doing work on the piston. The expansion is shown by 3-4 (Fig. 2.38).

Prassure ——»
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Fig. 2.38. Theoretical p-V diagram of a four streke Diesel cycle.

4. Exhaust stroke. The piston moves from the B.D.C. to T.D.C. and the exhaust gases
escape to the atmosphere through the exhaust valve. When the piston reaches the T.D.C. the

exhaust valve closes and the cycle is completed. This stroke is represented by the line 1-5
(Fig. 2.38). -

Fig. 2.39 shows the actual indicator diagram for a four-stroke Diesel cycle engine, It may be
noted that line 5-1 is below the atmospheric pressure line. This is due to the fact that owing to the
restricted area of the inlet passages the entering air can't cope with the speed of the piston. The
exhaust line 4-b is slightly above the atmospheric line. This is because of the restricted exhaust
passafres which do not allow the exhaust gasea to leave the engine cylinder quickly.

The loop of area 4-5-1 is called negative loop ; it gives the pumping loas due to admission of
air and removal of exhaust gases. The area 1-2-3-4 is the total or gross work obtained from the
piston and net work can be obtained by subtracting area 4-5-1 from area 1-2-3-4.
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Pressurg ——#

Fig. 2.39. Actual p-V diagram of four stroke Diesel cycle.

Valve Timing Diagrams (Otto and Diesel engines)
1. Otto engine. Fig. 2.40 shows a theoretical valve timing diagram for four stroke “Otto
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Fig. 2.40. Theoretical valve timing diagram (four stroke Otto cycle engine).
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cycle” engines which is self-explanatory.In actual practice, it is difficult to open and close the valve
instantaneously ; 80 as to get better performance of the engine the valve timings are modified. In
Fig. 2.41 is shown an actual valve timing diagram. The inlet valve is opened 10° to 30° in advance
of the T.D.C. position to enable the fresh charge to enter the cylinder and to help the burnt pases
at the same time, to escape to the atmosphere. The suction of the mixture continues up to 30°-40°
or even 60° after B.D.C. position. The inlet valve closes and the compression of the entrapped

mixture starts.

gexhausg;

Ggmpfﬂ'ﬂﬂun
"n;gugdf&

Fig. 2.41. Actual valve timing diagram (four Stroke Otto cycle engines).

The sparking plug produces a spark 30° to 40° before the T.D.C. position ; thus fuel gets
more time to burn. The pressure becomes maximum nearly 10° past the T.D.C. position. The
exhaust valve opens 30° to 60° before the B.D.C. position and the gases are driven out of the
cylinder by piston during its upward movement. The exhaust valve closes when piston is nearly
10° past T.D.C. position.

2. Diesel engines. Fig. 2.42 shows the valve timing diagram of a four stroke “Diesel cyele”
engine (theoretical valve timing diagram, is however the same as Fig. 2.40). Inlet valve opena 10°
to 25° in advance of T.D.C. position and closes 25° to 50° after the B.D.C. position. Exhaust valve
opens 30° to 50° in advance of B.D.C. position and closes 10° to 15° after the T.D.C. position. The
fuel injection takes place 5° to 10° before T.D.C. position and continues up to 15° to 25° near
T.D.C. position.
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Fig. 2.42. Actual valve timing diagram (four stroke Diesel cycle engines).

2.12, TWO STROEKE CYCLE ENGINES

In 1878, Dugald-clerk, a British engineer introduced a cycle which could be completed in
two strokes of piston rather than four strokss as is the case with the four stroke cycle engines. The
engines using this cycle were called two stroke cycle engines. In this engine suction and exhaust
strokes are eliminated. Here instead of valves, ports are used. The exhaust gases are driven out
from engine cylinder by the fresh charge of fuel entering the cylinder nearly at the end of the
working stroke.

Fig. 2.43 shows a two stroke petrol engine (used in scooters, motor cycles etc.). The cylinder
L is connected to a closed crank chamber C.C. During the upward stroke of the piston M, the gases
in L are compressed and at the same time fresh air and fuel (petrol) mixture enters the crank
chamber through the valve V. When the piston moves downwards, V closes and the mixture in the
crank chamber is compressed. Refer Fig. 2.43 (i), the piston is moving upwards and is compressing
an explosive change which has previously been supplied to L. Ignition takes place at the end of the
stroke. The piston then travels downwards due to expansion of the gases (Fig. 2.43 (if)) and near
the end of this stroke the piston uncovers the exhaust port (E.P.) and the burnt exhaust gases
escape through this port (Fig. 2.43 (iii)). The transfer port (T.P.) then is uncovered immediately,
and the compressed charge from the crank chamber flows into the cylinder and is deflected up-
wards by the hump provided on the head of the piston. It may be noted that the incoming air petrol
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mixture helps the removal of gases from the engine-cylinder ; if, in case these exhaust gases do not
leave the cylinder, the fresh charge gets diluted and efficiency of the engine will decrease. The
piston then again starts moving from B.D.C. to T.D.C. and the charge gets compressed when E.P.
(exhaust port) and T.P. are covered by the piston ; thus the cycle is repeated.

Fig. 2.43. Two stroke cycle engine.
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Volume ——»
Fig. 2.44. p-V diagram fora two stroke cycle engine.
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Fig. 2.44 shows the p-V diagram for a two stroke cycle engine, It is only for the main
cylinder or the top side of the piston. Fig. 2.45 shows self-explanatory port timing diagram for a
two stroke cycle engine.
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Fig. 2.45. Port timing diagram.

In a two stroke Diesel cycle engine all the operations are the same as in the spark ignition
(Otto cycle) engine with the differences ; firstly in this case, only air is admitted into cylinder
instead of air fuel mixture and secondly fuel injector is fitted to supply the fuel instead of a
sparking plug.

2.13. INTAKE FOR COMPRESSION IGNITION ENGINES

@ The compression ignition (C.I.) engines are operated unthrottled with engine speed
and power controlled by the amount of fuel injected during each cycle. This allows for
high volumetric efficiency at all speeds, with the intake system designed for very little
flow restriction of the incoming air. Further reiging the volumetric efficiency is the
fact that no fuel is added until late in compression stroke, after air intake is fully

completed. In addition many C.I. engines are turbocharged, which enhances air intake
even more,

.
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The addition of fuel is made late in the compression stroke, starting somewhere around
20° before T.D.C. Injectors mounted in the cylinder head inject directly into the com-
bustion chamber, where self ignition occcurs due to the high temperature of the air
caused by compression heating.

It is important that fuel with the correct cetane number be used in an engine so that
self-ignition initiates the start of combustion at the proper cycle position.

For C.I. engines, the injection pressure must be much higher than that required for
S.1. engines. The cylinder pressure into which the fuel is first injected is very high near
the end of the compression stroke, due to high compression ratio of C.I. engines. By the
time the final fuel is injected, peak pressure during combustion is being experienced.
Pressure must be high enough so that fuel spray will penetrate across the entire com-
bustion chamber. Injection pressures of 200 bar to 2000 bar are common with average
fuel droplet size generally decreasing with increasing pressure. Orifice hole size of
injectors is typically in the range of 0.2 to 1.0 mm diameter.

The mass flow rate of fuel {ﬂ"lf]' through an injector, during injection, is given by the

relation :
H"I}, =CphA, ,fﬂpfdp «(2.1)
The total mass of fuel [m.‘J injected into one cylinder during one cycle is given as :
m.=CpA, r'2pfﬂp (AB/360 N) o 2,2)

where, (= Discharge co-efficient of injector,
A_ = Flow area of nozzle orifice(s),
Pr = Density of fuel,
Ap = Pressure differential across injector,
A8 = Crank angle through which injection takes place (in degrees), and
N = Engine speed.
Again, P, = AP ..(2.3)
and, Py = VP .(2.4)
(To ensure that the crank angle of rotation through
which injection takes place is almost constant for all speeds)
-— Large engines must have very high injection pressure and high spray velocity.
— For optimum fuel viscosity and spary penetration, it is important to have fuel at
the correct temperature.

Often engines are equipped with temperature sensors and means of heating or
cooling the incoming fuel. Many large truck engines are equipped with heated fuel
filters. This allows the use of cheaper fuel that has less viscosity control.

— In small engines more costly, lower viscosity fuel is required.

2.14. COMPARISON OF FOUR STROEKE AND TWO STROEKE CYCLE ENGINES

Aspects Four Stroke Cycle Engines Two Stroke Cycle Engines

Completion of cycle | The cycle is completed in four | The cycle iz completed in two
strokes of the piston or in fwo revo- | sirokes of the piston or in one revo-
lutions of the crankshaft. Thus one | lIution of the crankshaft. Thus cne
power stroke is obtained in every | power stroke is obtained in each
two revolutions of the crankshaft. | revolution of the crankshaft.
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Aspects

Four Stroke Cycle Engines

Two Stroke Cycle Engines

Flywheel required
-heavier or lighter

Power produced for
same size of engine '

Cooling and lubrica-
tion requirements

Value and valve mecha-
nism

Initial cost

Volumetric efficiency

Thermal and part-load
efficiencies

Applications

Because of the above turning-move-

ment is net so uniform and hence
heavier flywheel is needed.

Again because of one power stroke
for two revolutions, power produced

for same size of engine is small or for
the same power the engine iz heavy
and bulky.

Because of one power stroke in two
revolutions lesser cooling and lubri-

cation requirements. Lesser rate of
wear and tear.

The four stroke engine contains valve
and valve mechanism.

Because of the heavy weight and com-
plication of valve mechanism, higher
is the initial cost.

Volumetric efficiency more due to more
time of induction.

Thermal efficiency higher, part load
effitiency better than two stroke cy-

{cle engine.

L
Used where efficiency is important ;
:in{!ﬁh; bm: fﬁlﬂh; mﬂ?‘h Mﬂ'

trial engines, aeroplane, power gen-
erators etc,

More uniform turning movement and
hence lighter flywheel is needed.

Because of one power stroke for one
revolution, power produced for same
size of engine is more (theoretically
twice, actually about 1.3 times) or for
the same power the engine is light
and compact.

Because of one power stroke in one
revolution greafer cocling and lubri-
cation requirement. Great rate of
wear and tear.

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

Because of light weight and simplic-
ity due to absence of valve mecha-
nism, cheaper in initial cost.
Volumetric efficiency less due to lesser
time for induction.

Thermal efficiency lower, part load
efficiency lesser than four stroke cy-
cle engine.

In two stroke petrol engine some fuel
is exhausted during scavenging.
Used where (a) low cost, and (b) com-
pactness and light weight important.
Two stroke (air cooled) petrol engines
used in very small gizes only, lawn
movers, scooters motor cycles (lubri-
cating oil mixed with petrol).

Two stroke diesel engines used invery
large sizes more than 60 cm bore, for
ship propulsion because of low
weight and compactness.

2.15. COMPARISON OF SPARK IGNITION (S8.1.) AND COMPRESSION IGNITION (C.1.)

ENGINES
S.No. Aspects 8.1 engines C.I engines
1 Thermodynamiccycle | Ottocycle Diesel cycle ...... For slow speed
> engines
Dhal cycle ...... For high speed engines
2, Fuel used Petrol Diesael.
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Aspecis 8.1 engines C.L engines
1. Air-fuel ratio 10:1to20:1 18:11t0100: 1.
4. Compression ratio upto 11 ; 12t0 24,
Averagevalue Tto 9; Average value 15t0 18;
Upper limit of compression ratio | Upper limit of compression ratio is
fixed by anti-knock quality of fuel. | limited by thermal and mechanical
stresses,
5. Combustion Spark ignition Compression ignition.
6. Fuel supply By carburettor ...... cheap method By injection ...... expensive method.
7. Operating pressure
(i) Compression 7 bar to 15 bar 30 bar to 50 bar
pressure 45 bar to 60 bar 60 bar to 120 bar
(#) Maximum pressure
B. Operating speed High speed : 2000 to 6000 r.p.m. Low speed : 400 r.p.m.
Medium speed : 400 to 1200 r.p.m.
High speed : 1200 to 3500 r.p.m.
9. Control of poier Quantity governing ...... by throttle | Quality governing ...... by rack.

10. Calorific value 44 MJ/kg 42 M.J/kg.

1L Cost of running high low.

12, Maintenance cost Minor maintenance required Major overall required but less fre-

13. Supercharging Limited bydetonation. Used onlyin | Limited by blower power and me-

aircraft engines. chanical and thermal stresses, Widely
used.

14, Two stroke operation | Less suitable, fuel loss in scaveng- | No fuel loss in scavenging. More

ing. But small two stroke engines | suitable.
are used in mopeds, scooters and
motorcycles due to theirsimplicity

and low cost.

15. High powers No Yes.

16. Distribution of fuel A/F ratio is not optimum in multi- | Excellent distribution of fuel in multi-

cylinder engines, cylinder engines.

17. Starting Easy, low cranking effort. Difficult, high cranking effort.

18. Exhoust gas tempera- | High, due to low thermal efficiency. | Low, due to high thermal efficiency.

ture

19. Weight per unit power | Low (0.5 to 4.5 kg/kW). High (3.3 to 13.5 kg/kW).

20. Initial capital cost Low High due to heavy weight and study
construction, costly construction,
1.25-1.5 times.

21. Noise and vibration Less More idle noise problem.

22. Uses Mopeds, scooters, motorcycles, sim- | Buses, trucks locomotives, tractors,

ple engine passenger cars, aircrafts | earth moving machinery and station-

ete.

ary generating plants.
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2.16. COMPARISON BETWEEN A PETROL ENGINE AND A DIESEL ENGINE

S.No. Peirolengine Diesel engine
1 Air petrol mixture is sucked in the engine cylin- | Only air is sucked during suction stroke.
der during suction stroke.
2. Spark plug is used. Employs an injector.
3. Power is prndun:e& by spark ignition. Power is produced by compression ignition.
4, Thermal efficiency up to 25%. Thermal efficiency up to 40%.
5. Occupies less space. Occupies more space.
6. More running cost. Less running cost.
7. Light in weight. Heavy in weight.
8. Fuel (Petrol) costlier. Fuel (Diesel) cheaper.
9. Petrol being volatile is dangerous. Diesel is non-dangerous es it is non-volatile.
10. Pre-ignition possible. Pre-ignition not possible.
11. Works on Otto eycle. Works on Diesel cycle,
12, Less dependable, More dependable.
13. Used in cars and motor cycles. Used in heavy duty vehicles like trucks, buses
and heavy machinery.

2.17. HOW TO TELL A TWO STROKE CYCLE ENGINE FROM A FOUR STROKE

CYCLE ENGINE ?

S.No.

Distinguishing features

Four stroke cycle engine

Two stroke cycle engine

4l sump and oil-filter plug

Oil drains ete.

Location of muffler
{exhaust silencer)

Name plate

It has an oil sump and cil-filter
plug.

It requires oil drains and refills
periodically, just an automobile
do. '

It is installed at the head end of
the cylinder at the exhaust valve
location.

If the name plate mentions the
type of oil and the erankcase ca-

pacity, or similar data, it is a four
stroke cycle engine.

It does not have oil sump and oil-
filter plug.

In this type of engine, the oil is
added to the gasoline so that a
mixture of gasoline and oil passes
through the carburettor and en-
ters the crankease with the air.

It is installed towards the middle
of the cylinder, at the exhaust port
location.

If the name plate tells to mix o1l
with the gasoline, it is a two stroke
cycle engine,
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HIGHLIGHTS

Any type of engine or machine which derives heat energy from the combustion of fuel or any other source
and converts this energy into mechanical work is termed as a heat engine.

The function of a carburettor is to atomise and meter the liquid fuel and mix it with air as it enters the
injection system of the engine maintaining under all conditions of operation fuel air proportion approxi-
mate to those conditions.

The two basic ignition systems in current use are :

(i) Battery or coil ignition system

(it) Magneto ignition system.

Following are the methods of governing 1.C. engines :

(i) Hit and miss method (ii) Quality governing
(iii) Quantity governing.

Pre-ignition is the premature comhustion which starts before the application of spark. Overheated spark
plugs and exhaust valves which are the main causes of pre-ignition should be carefully avoided in engines.
A very sudden rise to pressure during combustion accompanied by metallic hammer like sound is called
detonation. The region in which detonation vccurs is farthest removed from the sparking plug, and is
named the ‘detonation zone' and even with severe detonation this zone is rarely more than that one
quarter the clearance volume,

The octane number is the percentage of octane in the mixture [of iso-octane (high rating) and normal
heptane (low rating), by volume] which knocks under the same conditions as the fuel.

Delay period or ignition lag is the time immediately following injection of fuel during which the ignition
process is being initiated and the pressure does not rise beyond the value it would have due to compression
of air.

Higher the cetane rating of the fuel lesser is the propensity for diesel knock. In general a high octane value
implies a low cetane value.

The purpose of supercharging is to raise the volumetric efficiency above that value that which can be
obtained by normal aspiration. Supercharging of petrol engines, because of its poor fuel economy, is not
very popular and is used only when a large amount of power is needed or when more power is needed to
compensate altitude loss.

Dissociation refers to disintegration of burnt gases at high temperatures. It is a reversible process and
increases with temperature. Dissociation, in general, causes a loas of power and efficiency.
Performance of I.C. engines. Some important relations :

k x10
) Intcatod power 12 PaANAXI0
(W -8)x(D, +dN ——— [ 2nNT kw]

(if) Brake Power (B.P.) = 60 % 1000 ~ 60 x 1000

(#ii) Mechanical efficiency,n__, = -?—g—

LP.

My xC
P

(iv) Thermal efficiency (indicated),n,, ., =

and thermal efficiency (brake), T, o = —B-L-
My x L

where M, = mass of fuel used in kg/sec.

_MNthermal _

Npir-standard

(V) Myasive =
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10.

(vi) Measurement of air consumption by alr box method :

h
Volume of air passing through the orifice, V, = 840 AC, 1‘ 3
and mass of air passing through the orifice,

m, =0.066C, xd* .Jhmpn kg/min
where, A = Area of orifice, m?®
d = Diameter of orifice, cm
h_ = Head of water in 'cm’ causing the flow
p, =Density of air in kg/m® under atmospheric conditions.

OBJECTIVE TYPE QUESTIONS

Choose the correct answer :

In a four stroke cycle engine, the four operations namely suction, compression, expansion and exhaust are
completed in the number of revolutions of crank shaft equal to

{a) four {b) three
{c) two {d) one.

In a two stroke cycle engine, the operations namely suction, compression, expansion and exhaust are
completed in the number of revolutions of crank shaft equal to

(a) four (&) three

(c) two (d) one.

In a four stroke cycle 5.1. engine the cam shaft runs

(a) at the same speed as crank shaft (&) at half the speed of crank shaft
(c) at twice the speed of crank shaft (d} at any speed irrespective of crank shaft speed.
The following is an 8.1. engine

(a) Diesel engine (b) Petrol engine

(c) Gas engine (d) none of the above.

The following is C.1. engine

(a) Diesel engine (b) Petrol engine

(c) Gas engine (d) none of the above.

In a four stroke cycle petrol engine, during suction stroke

(a) only air is sucked in (b) only petrol is sucked in

(¢) mixture of petrol and air is sucked in (d) none of the above.

In a four stroke cycle diesel engine, during suction stroke

(c) only air is sucked in (b) only fuel is sucked in

(c) mixture of fuel and air is sucked in (d) none on the above.

The two stroke cycle engine has !

(a) one suction valve and one exhaust valve operated by one cam

(b) one suction valve and one exhaust valve operated by two cams

(c) only ports covered and uncovered by piston to effect charging and exhausting
(d) none of the above.

For same output, same speed and same compression ratio the thermal efficiency of a two stroke cycle petrol
engine as compared to that for four stroke cycle petrol engine is

(a) more (b)less

{c) same as long as compression ratio is same (d) same as long as output is same.
The ratio of brake power to indicated power of an I.C. engine is called

(a) mechanical efficiency (b) thermal efficiency

(c) volumetric efficiency (d) relative efficiency.
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ANSWERS

L () 2. (d) 3 (B 4. (b) & (a) 8. (c) 7. (@)
B (c) 8, (b) 10. (a).

o o

SO L

~

10.
11.

14,

15.

THEORETICAL QUESTIONS

Name the two general classes of combustion engines and state how do they basically differ in principle ?
Discuss the relative advantages and disadvantages ofinternal combustion and external combustion engines.
What are the two basic types of internal combustion engines ? What are the fundamental differences
between the two ?

What is the function of a governor ? Enumerate the types of governors and discuss with a neat sketch the
Porter governor.
Differentiate between a flywheel and a governor.
(@) State the function of a carburettor in a petrol engine.
(b) Describe a simple carburettor with a neat sketch and also state its limitations.
Explain with neat sketches the construction and working of the following :
(i) Fuel pump (ii) Injector.
Explain the following terms as applied to I.C. engines :
Bore, stroke, T.D.C., B.D.C., clearance volume, swept volume, compression ratio and piston speed.
Explain with suitable sketches the working of a four stroke otto engine,
Discuss the difference between ideal and actual valve timing diagrams of a petrol engine.
In what respects four stroke diesel cycle (compression ignition) engine differs from four stroke cycle spark
ignition engine 7
Discuss the difference between theoretical and actual valve timing diagrams of a diesel engine ?
What promotes the development of two stroke engines 7 What are the two main types of two stoke
engines 7
Describe with a suitable sketch the two stroke cycle spark ignition (SI) engine. How its indicator diagram
differs from that of four stroke cycle engine ?
Compare the relative advantages and disadvantages of four stroke and two stroke cycle engines.
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Air Standard Cycles

3.1. Definition of a cycle. 3.2. Air standard efficiency. 3.3. The Carnot cycle. 3.4. Constant
volume or Otto cycle. 3.5. Constant pressure or Diesel cycle. 3.6. Dual combustion cycle.
3.7. Comparison of Otto, Diesel and Dual combustion cycles—Efficiency versus compression
ratic—For the same compression ratic and the same heat input—For constant maximuam
pressure and heat supplied. 3.8, Atkinson cycle. 3.9. Ericsson cycle. 3.10. Brayten cycle,

3.11. Stirling cycle. 3.12. Miller cycle. 3.13. Lenoir cycle—Highlights—Objective Type Questions—
Theoretical Questions—Unsolved Examples.

3.1. DEFINITION OF A CYCLE

A cycle is defined as a repeated series of operations occuring in a certain order. 1t may be
repeated by repeating the processes in the same order. The cycle may be of imaginary perfect
engine or actual engine. The former is called ideal cycle and the latter actual cycle. In ideal

cycle all accidental heat losses are prevented and the working substance is assumed to behave like
a perfect working substance.

3.2. AIR STANDARD EFFICIENCY

To compare the effects of different cycles, it is of paramount importance that the effect of the
calorific value of the fuel is altogether eliminated and this can be achieved by considering air
(which is assumed to behave as a perfect gas) as the working substance in the engine cylinder. The
efficiency of engine using air as the working medium is known as an “Air standard efficiency”.
This efficiency is oftenly called ideal efficiency.

The actual efficiency of a cycle is always less than the air-standard efficiency of that cycle
under ideal conditions., This is taken into account by introducing a new term “Relative effi-
ciency” which is defined as :

_ Actual thermal efficiency
Mrelative = 277 standard efficiency
The analysis of all air standard cycles is based upon the following assumptions :
Assumptions :

1. The gas in the engine cylinder is a perfect gas i.e., it obeys the gas laws and has con-
stant specific heats.

2. The physical constants of the gas in the cylinder are the same as those of air at moder-
ate temperatures i.e., the molecular weight of cylinder gas is 29,
¢, = 1.005 kJ/kg-K, ¢, = 0.718 kl/kg-K.
3. The compression and expansion processes are adiabatic and they take place without
internal friction, i.e., these processes are isentropic.

4. No chemical reaction takes place in the cylinder, Heat is supplied or rejected by bring-
ing a hot body or a cold body in contact with cylinder at appropriate points during the
process. '

k3.1)

BS
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5. The cycle is considered closed with the same ‘air’ always remaining in the cylinder to
repeat the cycle.

3.3. THE CARNOT CYCLE

This cycle has the highest possible efficiency and consists of four simple operations namely,

(@) Isothermal expansion

(b} Adiabatic expansion

(¢) Isothermal compression

(d) Adiabatic compression.

The condition of the Carnot cycle may be imagined to occur in the following way :

One kg of a air is enclosed in the cylinder which {except at the end) is made of perfect non-
conducting material. A source of heat ‘H’ is supposed to provide unlimited quantity of heat, non-
conducting cover ‘C’ and a sump S’ which is of infinite capacity so that its temperature remains
unchanged irrespective of the fact how much heat is supplied to it. The temperature of source H is
T, and the same is of the working substance. The working substance while rejecting heat to sump
‘3" has the temperature T, i.e., the same as that of sump S.

Following are the four stages of the Carnot cycle. Refer Fig. 3.1 (a).

P4
T
e Va -| t
1
ht— v, 1 Typ==mmmmmem- b 2
: Isothermals
E A Y
; Adiabatics
]
P4 2 o . 3
= _ ‘
i E TE \ 3
i >
. 4 . >V : »s
— v
H |
\
C \ H : ]
N b
S
—_— Non-Conducting
walls and piston
(a} Four stages of carnot cycle (b) T-s diagram

Fig.3.1
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Stage (1). Line 1-2 [Fig. 3.1 (a)] represents the isothermal expansion which takes place at
temperature T, when source of heat H is applied to the end of cylinder. Heat supplied in this case
is given by RT, log, r and where r is the ratio of expansion.

Stage (2). Line 2-3 represents the application of non-conducting cover to the end of the
cylinder. This is followed by the adiabatic expansion and the temperature falls from T, to T,

Stage (3). Line 3-4 represents the isothermal compression which takes place when sump
‘S’ is applied to the end of cylinder. Heat is rejected during this operation whose value is given by
RT, log, r where r is the ratio of compression.

Stage (4). Line 4-1 represents repeated application of non-conducting cover and adiabatic
compression due to which temperature increases from T, to 7.

It may be noted that ratio of expansion during isothermal 1-2 and ratio of compression
during isothermal 3-4 must be equal to get a closed cycle.

Fig. 3.1 (b) represents the Carnot cycle on T-s coordinates.

Now according to law of conservation of energy,

Heat supplied = Work done + Heat rejected

Work done = Heat supplied — Heat rejected

=RT, .log, r— RT, log, r

" Work done " Rlog, r(Ty -Ta)
Heat supplied RT; .log,r

Efficiency of cycle

_h-T; .(3.2)
f4]

From this equation, it is quite cbvious that if temperature T, decreases, efficiency increases
and it becomes 100% if T, becomes absolute zero which, of course is impossible to attain. Further
more it is not possible to produce an engine that should work on Carnot’s cycle as it would
necessitate the piston to travel very slowly during first portion of the forward stroke (isothermal
expansion) and to travel more guickly during the remainder of the stroke (adiabatic expansion)
which however is not practicable.

Example 3.1. A Carnot engine working between 400°C and 40°C produces 130 kJ of work.
Determine
(i) The engine thermal efficiency.
(ii) The heat added.
(iii) The entropy changes during heat rejection process.
Solution. Temperature, T, =T7T,=400+273=673K

Temperature, T, =T,=40+273=813K
Work produced, W = 130 kJ,
(i) Engine thermal efficiency, n,,, :
= T 5ot o 5555, (hna)
(ii) Heat added :
_ Work done
" Heat added
. 130
£, 0. =
Hen AEe ‘Heat added
130
Heat added = —— = 248 kJ. (Ans.)

0.535
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(iii) Entropy change during the heat rejection process, (S, - 8,) :
Heat rejected = Heat added — Work done
=243 -130 =113 kJ

Isentropics

673 K|----- ; /-\ 2

Isothermals i
33Kp----- . 4 3
%
8
Fig. 3.2
Heat rejected =T, (S,—-8,) =113
113 113
{SS—S‘:I— TE —E = 0.3681 kJ/K. {Anl‘:l

Example 3.2. 0.5 kg of air (ideal gas) executes a Carnot power cycle having a thermal
efficiency of 50 per cent. The heat transfer to the air during the isothermal expansion is 40 kJ. At

the beginning of the isothermal expansion the pressure is 7 bar and the volume is 0.12 m?.
Determine :

(i) The maximum and minimum temperatures for the cycle in K ;
(i) The volume at the end of isothermal expansion in m3 ;
(tii) The heat transfer for each of the four processes in kdJ.
For air c, = 0.721 kJ/kg K, and c, = 1.008 kJ/ ke K. (U.P.S.C. 1993)

Solution. Refer Fig. 3.3. Given : m = 0.5 kg ; n, = 50% ; Heat transfered during isother-
mal expansion =40 kJ ; p, =7 bar, V, =0.12 m® ; ¢, = 0.721 kJ/kg K ; ¢, = 1.008 kd/kg K.
(i) The maximum and minimum temperatures, T,, T, :

p,V, = mRT,
7Tx10°x 012 =05 x 287 x T,
: 7x10° x 012
Maximum temperature, T, = 05x287 = 585.4 K. Ans.
_ T]._Tﬂ _ EBEA_TE
Mo = — 7 = 08=—pr7

Minimum temperature, T, = 585.4 — 0.5 x 585.4 = 22.7 K. (Ans.)
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(iZ) The volume at the end of isothermal expansion V, :
Heat transferred during isothermal expansion

PA kb
1 2
------ =
L 2
F s
""" 4 R '3
: : »S
T-S diagram
p-V diagram
Fig. 3.3. Carnot cycle.
Vy 2 ;
=p,V, In{r) = mRT, In v.|= 40 x 10 ceeens{ Given)
1
or 0.5 x 287 x 585.4 In [—EL) = 40 x 10°
0.12
v, }_ _ 40x10®
o In [n.m] = 05x287x5864 ~ )AT0
or V, = 0.12 x (e)°47¢ = 0,193 m3. (Ans.)
(¢ii) The heat transfer for each of the four processes :
Process Classification Heat transfer
1—2 Isothermal expansion 40 kJ
2—3 Adiabatic reversible expansion ZEero
3—4 Isothermal compression ~ 40 kJ
4—1 Adiabatic reversible compression zero. (Ans.)

e Example 3.3. In a Carnot cycle, the maximum pressure and temperature are limited to

18 bar and 410°C. The ratio of isentropic compression is 6 and isothermal expansion is 1.5.
Assuming the volume of the air at the beginning of isothermal expansion as 0.18 m3, determine :

(i) The temperature and pressures at main points in the cycle.
(ii) Change in entropy during isothermal expansion.
(itf) Mean thermal efficiency of the cycle.
(iv) Mean effective pressure of the cycle.
(v) The theoretical potwer if there are 210 working cycles per minute.
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Solution. Refer Fig. 3.4.
Maximum pressure,
Maximum temperature,

INTERNAL COMBUSTION ENGINES

p, = 18 bar
T,=(T)=410+ 273 =683 K

V
Ratio of isentropic (or adiabatic) compression, —* =6

Ratio of isothermal expansion,

Volume of the air at the beginning of isothermal expansion, V, = 0.18 m?.
(i) Temperatures and pressures at the main points in the cycle :

For the isentropic process 4-1

Vi

\£
v, = 1.5.

-1
Ty Yy > 14-1 4 '
T,I = [Fl) = {'E] = {ﬁ]ﬂ = 2“5
T, = 683
T,= 5o = o5 =3832K=T;
Pa T4
1 Isotherms 1
, -
i Adiabatics or
! Isentropics +
[]
L4
.
P i 3 4 )
P i : — ]
v
Fig. 3.4
v. Y
Also, a . [—“- = (6)M4 = 12.29
Py Vi
k18 46
Pa= 1220~ 12 e
For the isothermal process 1-2
Vi =pV,
oy A8
Py = vy T = 12 bar

For isentropic process 2-3, we have
PyVy' = pgVy!

av
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' ¥ T
= vﬂ- A Vl Eie F._‘!.:EH._
roerex (2] <12 (1] B

14
= 12 x [E) = 0.97 bar. (Ans.)

Hence = 18 bar Tl = Tg =683 K
Po =12 bar )
p;=087bar T;=T,=3332K | .
py = 1.48 bar
(ii) Change in entropy :
Change in entropy during isothermal expansion,
V., pV V, v pV=mRT
S,-8, = mRlog (—E]=L log (—-)
& i Ty * W or mR=2Y
T
_18x10°x018 | 5 0192 KJ/K. (Ans)
EREET" TN :
(iti) Mean thermal efficiency of the cycle :
Heat supplied, Q, = p,V, log, [%}
1
=T, (S,- S,
=683 x 0.192 = 131.1 kJ
Heat rejected, Q =p,V, log, [gﬁ-)
4

=T, (§; — 8,) because increase in entropy during heat addition
is equal to decrease in entropy during heat rejection.
Q. =333.2 x 0.192 = 63.97 kJ

. ], -Q Q
Efficiency, =L s1- -
Q, Q,
63.97
= 1 s e e . . .
1311 0.5612 or b51.2%. (Ans.)

(iv) Mean effective pressure of the cycle, p_ :
The mean effective pressure of the cycle is given by

¥

_ Work done per cycle
Pm Stroke volume
' V.
-3
v, =b6x15=9
Stroke volume, V,=V,-V, =9V, -V, =8V, =8x 018 = 1.44 m®
(@, -Q )IxJ (& —-Q.)Ix1
Bp= =" = (v J=1)
m V. v,

_ (131.1-6397) x 10°
1.44 x 10°

= 0.466 bar. (Ans.)
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(v) Power of the engine, P :
Power of the engine working on this cycle is given by
P =(131.1 - 63.97) x (210/60) = 234.9 kW. (Ans.)

Example 3.4. A reversible engine converts one-sixth of the heat input into work. When the
temperature of the sink is reduced by 70°C, its efficiency is doubled. Find the temperature of the
source and the sink.

Solution. Let T, = Temperature of the source (K), and
T, = Temperature of the sink (K).
First case :

n-7, 1
T, ~ 6
I‘-E+, ETl L E‘Tﬂ = Tl
or 5T, = 6T, or T,=12T, 0)
Second case :
T, - (T, -(10+273) _ 1
T 3
Tl _Tﬂ + 343 = 1
T, -3
3T, - 3T, + 1029 = T,
2T, = 3T, — 1029
2 x (1.2T,) = 3T, — 1029 (v Ty=12T,)
2.4T, = 3T, - 1029
or 0.6T, = 1029
T, = % =1715K or 1442°C. (Ans.)
and T,=12x 1715 = 2068 K or 1785°C. (Ans.)

Example 3.5. An inventor claims that a new heat cycle will develop 0.4 kW for a heat
addition of 32.5 kJ{min. The temperature of heat source is 1990 K and that of sink is 850 K. Is
his claim possible ?

Solution. Temperature of heat source, T, =1990 K

Temperature of sink, T,=80K
Heat supplied, = 32.56 kJ/min
Power developed by the engine, P=04kW

The most efficient engine is one that works on Carnot cycle
* T, -T, 1990 -850
Newrnot =~ 7y = ™ 1980
Also, thermal efficiency of the engine,
o Workdone _ 04 = 04x60
th " Heat supplied (32.5/60) 325
= 0.738 or 73.8%

which is not feasible as no engine can be more efficient than that working on Carnot cycle.
Hence claims of the inventor is not true. (Ans.)

= 0.573 or 57.3%
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Example 3.6. An ideal engine operates on the Carnot cycle using a perfects gas as the
working fluid. The ratio of the greatest to the least volume is fixed and is x : 1, the lower tempera-
ture of the cycle is also fixed, but the volume compression ratio v’ of the reversible adiabatic
compression is variable. The ratio of the specific heats is v.

¢ Show that if the work done in the cycle is a maximum then,

x 1
(y- 1) log, ' + -1 -1=0.
Solution. Refer Fig. 3.1.
Vs \
v, " B V, " r
During isotherms, since compression ratio = expansion ratio
L/
i v‘ B Vl
1?3 ﬁ V‘.l 1 x
Also v‘-lev‘I_:xF_F
Work done per kg of the gas
= Heat supplied - Heat rejected =RT log, = - RT, log, =
I x
=R(T,-T,) Iuge = = RT, [ 1] log, —
Tﬂ r
¥-1
T V.
21 - | =4 P |
But T, (Fl ] (r)

Work done per kg of the gas,
W = RT, (rr-1-1) log, %
Differentiating W w.r.t. ¥ and eguating to zero

——=RT [(" 1. {i“‘ xr” }+1ug,—{c~; ~1)rT" “}] =

or (rT'l—l}(“l) +(y=1 % ,7-2 log, Z=0
r r

or ; —~~a'-""2+1'~+4r-""2 [1'-1]!ug,£=ﬂ
r r

or PT_E{—1+ —5 +(y -1} log, i} =0
r.r _ r

log, — =
or -1+r.r7"2 +(y-1) ng':-ﬂ

{T-lllug.—f+ - -1=0. Proved.

rf-
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3.4. CONSTANT VOLUME OR OTTO CYCLE

This cycle is so named as it was conceived by ‘Otto’. On this cycle, petrol, gas and many
types of oil engines work. It is the standard of comparison for internal combustion engines.

Fig. 3.5 (a) and (b) shows the theoretical p-V diagram and T-s diagrams of this cycle respec-
tively.

The point 1 represents that cylinder is full of air with voelume V,, pressure p, and absolute
temperature T,.

Line 1-2 represents the adiabatic compression of air due to which p,, V, and T, change to p,,
V, and T, respectively.

Line 2-3 shows the supply of heat to the air at constant volume so that p, and T, change to
py and Ty (V, being the same as V,).

Line 3-4 represents the adiabatic expansion of the air. During expansion p,, V; and T,
change to a final value of p,, V, or V, and T, respectively.

Line 4-1 shows the rejection of heat by air at constant volume till original state (paint 1)
reaches. '

Consider I kg of air (working substance) :

Heat supplied at constant volume = ¢ (T, - T,).

Heat rejected at constant volume =¢ (T, - T,).

But, work done = heat supplied - heat rejected

=¢, (Ty~Ty—c, (T,-T,)

Efficiency = Work done ey (T3 -Tp)—¢, (Ty - T)

Heat supplied - ¢, (Tyg = T5)
T, -T,
P S 1 .
- 1 Ta _.TE- -il{l}
P4 T4

|
yClearance volume i
; 4 v >S5
Swept volume
l——— Total volume —
;
iy - jy

(a) (b}
Fig. 3.5
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Let compression ratio, r, (= r) = b}

Vg
and expansion ratio, r.(=r)= Us
(These two ratios are same in this cycle)
¥-1
As - 88 [ﬂ]
Tl Ua
Then, Ty=T,. ("
-1
Similarly, — | =
¥ Ty \v
or Tﬂ- = T-l L) =
Inserting the values of T, and T in equation (i), we get
T, -T, T, -T
= ] - 1 o Lo 4 1
Notto I L S L o ¢ P
1
=1- ..(3.3)

(r)7 !
This expression is known as the air standard efficiency of the Otto cycle.

It is clear from the above expression that efficiency increases with the increase in the value
of r, which means we can have maximum efficiency by increasing r to a considerable extent, but

due to practical difficulties its value is limited to about 9.
The net work done per kg in the Otto cycle can also be expressed in terms of p, v. If p is
expressed in bar i.e. 10° N/m?2, then work done

W (BB PP i B4
Also Bs_ 4 P2
Py Py
Pz P4
= =r
P2 pp F
where r, stands for pressure ratio.
s ... W
and Uy = TUp = Uy = T4 [ uz_u,,—}
1 Py Pg¥y
W= ——|pg —1]— [ —1]
T—l[ “(mv; P oy

i T-1_y3_ ¥-1_
THI[P*{" 1)-pp(r'~ 1}]
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= —u‘—_r 3 [{r 1X Py pﬂ]

- Tﬂ*hl- [Ilim-"'1 -1Xr, - 1]]

..[3.4 ()]
Mean effective pressure (p_) is given by :
r' — —
P = Lﬂ%:{f’* ™ ﬂ%ﬁf"ﬂ] + (v - vzl] bar ..(8.5)

%[r" IR V(S —1]

Also p_= = !
™ (v —vy)
v -
Tﬂ_—il-[(r" L1, - D]
) 4
Uy =

P pey-1_ =
-1 [(r 1)(r, - 1)]

“a r
_ prir T -1, - 1)]
£== I:T =t I'Kr & 1] ll-i{a'lﬁ]

Example 3.7. The efficiency of an Otto cycle is 60% and v = 1.5. What is the compression

i.e., Pe

ratio ¢
Solution. Efficiency of Otto cycle, n = 60%
Ratio of specific heats, ¥y=15
Compression ratio, a7

Efficiency of Otto cycle is given by

Mows = 1= -
(ry’~1
1
06~ 1= i
1 1
or )05 =04 or (r)06= vl 25 or r=6.256
Hence, compression ratio = 6.25. (Ans.)

Example 3.8. An engine of 250 mm bore and 375 mm stroke works on Otto cycle, "The

clearance volume is 0.00263 m® The initial pressure and temperature are 1 bar and 50°C. If the
maximum pressure is limited to 25 bar, find the following :

(i) The air standard efficiency of the cycle.
(£) The mean effective pressure for the cycle.
Assume the ideal conditions.
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Solution. Bore of the engine, D = 250 mm = 0.256 m

Stroke of the engine, L=37T5 mm = 0375 m
Clearance volume, V, = 0.00263 m®
Initial pressure, p,=1bar
Initial temperature, T,=60+273=323K
p (bar)
A
25} ----3

—
Fig.3.6
Maximum pressure, Py = 25 bar
Swept volume, V, = 74 DL = n/4 x 0.25% x 0.375 = 0.0184 m?
V. +V. 00184 + 0.00263
. * Pl | £ = -
Compression ratio, r=—yg 0.00263 = 8.

&

(i) Air standard efficiency :
The air standard efficiency of Otto cycle is given by
1 1 1:
Mowa = 1= Goy=1 = 1= (ga=1 =1- e
=1-~0435 = 0.566 or b56.5%. (Ans.)
(ii) Mean effective pressure, p_ :
For adiabatic (or isentropic) process 1-2

PV = paVyt
v, Y
or Py=Dp, [1—’:-] =1 x(r)4=1x(814=18.38 bar
3 &:ﬁ —_—
Pressure ratio, r, = P, 1838 - 1.36

The mean effective pressure is given by

_ priC? ! 1), ~ D) _1x8[(8) "1 -1)(1.86 - 1))

Pm =D -1 L4-D(B-1) sl CL0

-



98 INTERNAL COMBUSTION ENGINES

_ 8(2.297-1X036)
- 04x7
Hence mean effective pressure = 1.334 bar. (Ans.)

Example 3.9. The minimum pressure and temperature in an Otto cycle are 100 kPa and
27°C. The amount of heat added to the air per cycle is 1500 kJ/kg.

(i) Determine the pressures and temperatures at all points of the air standard Otto cycle.

(i) Also calculate the specific work and thermal efficiency of the cycle for a compression
ratio of 8 : 1.

Take for air : ¢, = 0.72 kJ/kg K, and v = 1.4. (GATE, 1998)
Solution. Refer Fig. 3.7. Given : p, = 100 kPa = 10° N/m? or 1 bar ;
Ty = 27 + 273 = 300 K ; Heat added = 1500 kJ/kg ;
r=8:1;¢,=072klkg; y=14.
Consider 1 kg of air.

= 1.334 bar

>

Fig. 3.7

(i} Pressures and temperatures at all points :
Adiabatic Compression process 1-2 ;

T, Yk
= [il] =(r)7 " =(8)"* "1 =2297
T, = 300 x 2.297 = 689.1 K. (Ans.)

Also Py = patiy!

,
or fi:[i‘l) = (8)** = 18379
Py \w

R p; =1 x18.379 = 18.379 bar. (Ans.)
Constant volume process 2-3 !

Heat added during the process,
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or 0.72 (T - 689.1) = 1500
or Ty = % +689.1 = 27724 K. (Ans.)
Py _Ps poly  18.379x 27724 _
Also, T, " T, = pg= T, = 6891 = 73.94 bar. (Ans.)

Adiabatic Expansion process 34 ;

T e
_s=(ﬂ] =(r)7"1=(8)"*"1 = 2.207

T, \v
Ty 27724
T, = T T 1206.9 K. (Ans.)

¥ 14

1

Also, pavs’ =pu,T = Py=DPgX [E-—a—) = T73.94 x [E) = 4,023 bar. (Ans.)
4

(i£) Specific work and thermal efficiency :
Specfic work = Heat added — Heat rejected
= ¢, (Ty- T — Ty = T =c, (Ty—Ty) = (T, T,)]
= 0.72 [(2772.4 - 689.1) - (1206.9 - 300)] = 847 kJ/kg. (Ans.)

Thermal efficiency, n,=1- . -
(r)¥~

_

(8-t

Example 3.10. An air standard Otto cycle has a volumetric compression ratio of 6, the
lowest cycle pressure of 0.1 MPa and operates between temperature limits of 27°C and 1569°C.

(i) Calculate the temperature and pressure after the isentropic expansion (ratio of specific
heats = 1.4),

(ii) Since it is observed that values in (i) are well above the lowest cycle operating condi-
tions, the expansion process was allowed to continue down to a pressure of 0.1 MPa. Which
process is required to complete the cycle # Name the cyele so obtained.

(iii) Determine by what percentage the cycle efficiency has been improved. (GATE, 1994)

=1 = 0.6647 or b56.47%. (Ans.)

P
Solution. Refer Fig. 3.8. Given : f‘ﬂf=;ﬂi =r=6;p,=01MPa=1bar; T, =27 + 273

=300 K; T;=1668+ 273 =1842K; y= 14.
(i) Temperature and pressure after the isentropic expansion, T, p, :
Consider 1 kg of air :
For the compression process 1-2 :

Y
Dy = pauy’ = p2=p1}:(-5—1-] =1x(6)4 =12.3 bar
2

T o
Also 22 . [ﬂ] =641 = 2,048
N \v

T,=300 x 2.048 = 6144 K
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For the constant volume process 2-3 :
Pr_Bs p,=-*‘-’£i=12.3x 1842 369 bar

L T T; 614.4
P&

3

Adiabatics
2

4

1

')
Fig.3.8

For the expansion process 3-4 :

¥-1
ﬁ=[p_,‘] ={E}1""l= 2 048
Ty \v )

T, _ 1842
T 2048 2048

=900 K. (Ans.)

1 4
Also pvy' =py’ = py=pyx [E"]
L

1\
or p, =369 x [E] = 3 bar. (Ans.)
(fi) Process required to complete the cycle :
Procesa required to complete the cycle is the constant pressure ut:avengmg.
The cycle is called Atkinson cyele (Refer Fig. 3.9).
(iii) Percentage improvement/inerease in efficiency :

1 1
Mo = 1 — ey =1~ @n1 =0.5116 or 51.186%. (Ans.)

Workdone _ Heat supplied — Heat rejected
M Atkinson = Heat supplied Heat supplied

_aB-B)-eT-T) . - . (-7

&, (T3 - 13) ¢,(Ty = Tp) (T3 - Tp)
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Ph
3
Adiabatics
&
2
4
L 5
Y
Fig. 3.9. Atkinson cycle,
iy Y 1.0
Now, =5 | Ps or T, = 1842 x [
Ty (Px) : 369
1.4(657 — 300)

il
Tatkinson (1842 — 614.4)

14
] =657 K

= 0,6928 or b59.29%.

s. Improvement in efficiency = 59.29 — 51.16 = 8.13%. (Ans.)
Example 3.11. A certain quantity of air at a pressure of 1 bar and temperature of 70°C is

compressed adiabatically until the pressure is 7 bar in Otto cycle engine. 465 kJ of heat per kg of

air is now added at constant volume. Determine :

(1) Compression ratio of the engine.
(ii) Temperature at the end of compression.
(iii) Temperature at the end of hect addition.
Take for air c, = 1.0 kJikg K, ¢, = 0.706 kJikg K.
Show each operation on p-V and T-s disgrams.
Solution. Refer Fig 3.10.
Initial pressure, py=1bar
Initial temperature, T,=T70+273=343 K
Pressure after adiabatic compression, p, = 7 bar
Heat addition at constant volume, @, = 465 kJ/kg of air
Specific heat at constant pressure, c, =10 kdkg K
Specific heat at constant volume, c, = 0.706 kJ/kg K

¢ 1.0
b= _E. -
Y & = 0.708 1.41

(i) Compression ratio of engine, r :
According to adiabatic compression 1-2
PV = pVy!
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- - e e e

Heat addition at 1262.3
constant volume

- -- 603.7 f---
| s 1 343 |---1y compression
b
p-V diagram wma} T-S diagram s(kJ/kgK)
Fig. 3.10
@) -5
Vy P
V,
vy o 22 [ ._L=,-]
(r) 0 1 Vs
= 1
re [i’-T = GJ"“ = (7070 = 3.97

Hence compression ratio of the engine = 3.97. (Ans.)
(ii) Temperature at the end of compression, T, :
In case of adiabatic compression 1-2,

T, (v,¥?
= _ |11 — 141 -1 _
T, = [Vg] = (3.97) = 1.76

: T,= 176 T, = 1.76 x 343 = 603.7 K or 330.7°C
I-Ienm temperature at the end of compression = 330.7°C. (Ans.)
(iii) Temperature at the end of heat addition, T, :
According to constant volume heating operation 2-3
@, =c,(T;-T,) = 465
0.706 (T, — 603.7) = 465

465
T EﬂET-m
T.= =85 | 603.7 = 1262.3 K or 989.3°C
3 0.706 aiadaaias

Hence temperature at the end of heat addition = 989.3°C. (Ans.)
Example 3.12. In a constant volume ‘Otto cycle’, the pressure at the end of compression is

15 times that at the start, the temperature of air at the beginning of compression is 38°C and
maximum temperature attained in the cycle is 1950°C. Determine :

i
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(£) Compression ratio.
(ii}) Thermal efficiency of the cycle.
(iii) Work done.
Take ¥ for air = 1.4.
Solution. Refer Fig. 3.11.

T

lllll

1 311}

103

-y '-*-1-.-""‘_“---

-
V(m)

b

— Total volume

Fig.3.11
Initial temperature, T,=38+273=311K
Maximum temperature, Ty = 1950 + 273 = 2223 K.
(i) Compression ratio, r :

For adiabatic compression 1-2,

V' = paVy!
: o
Vy P
But 2, 15 (Given)
o
(r)' =15
or (r)'4 =15
1
or r= (15014 =(15*"14 =69
Hence compression ratio = 6.9. (Ans.)

(i) Thermal efficlency :
1

. 1
Thermal efficiency, ﬂu=l-w=l—m‘=mammp (Ans.)

( 69
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{iii) Work done :
Again, for adiabatic compression 1-2,
¥-1
V. e
—T-l!- = (—1] = (r)Y 1 = (6.914-1=(6.9%4=216
7 V2
or T,=T,x 216 =311 x 2.16 = 671.7 K or 398.7°C
For adiabatic expansion process 3-4,
T il
=3 _ [E‘L] = (N1 =(6.9)°4 =216
Vs
Ty 2223 ]
or T, = 2‘15.. 216 = 1029 K or 756°C

Heat supplied per kg of air
=¢ (T - T,) = 0.717(2223 - 671.7)

. R _o0287 |
= 1112.3 kJd/kg of air *~y-1 14-- |

=077k kg K |

Heat rejected per kg of air
=¢, (T, - T,) =0.717(1029 - 311)
= 514.8 kl/kg of air
Work done = Heat supplied — Heat rejected
=1112.3 - 514.8
= 597.5 kJ or 5975600 N-m. (Ans.)

& Example 3.13. An engine working on Otto cycle has a volume of 0.45 in®, pressure 1 bar

and temperature 30°C at the beginning of compression stroke. At the end of compression stroke,
the pressure is 11 bar. 210 kJ of heat is added at constant volume. Determine :

(1) Pressures, temperatures and volumes ot salient points in the cycle.
(ii) Percentage clearance.
(i) Efficiency.
(iv) Net work per cycle.

(v) Mean effective pressure,
(vi) Ideal power developed by the engine if Hw number of working cycles per minute is 210.
Assume the cycle is reversible.

Solution. Refer Fig. 3.12

Volume, V, = 0.45 m?

Initial pressure, p, = 1 bar

Initial temperature, T, = 30 + 273 =303 K

Pressure at the end of compresgion stroke, p, = 11 bar

Heat added at constant volume = 210 kJ

Number of working cycles/min. = 210,

(i) Pressures, temperatures and volumes at salient points ;.
For adiabatic compression 1-2,

) P, Vy' = paVy!
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1 o o T . 0 O
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_1
)
]
' >V (m)
|¢ V,=045m" .|
Fig. 3.12
1 1
£2 rfl]T () or (ﬂ); (ll]ﬁ (11074 = 5.5
—i] — r= — e — i o
B \Ve P 1
7, (vY '
Also 2 5 —1'] = {F}T-l = {5.5]1"#1 = 1.9077=1.88
T, ~ \V,
T;=T,x198=303x 198 =600 K. (Ans.)
A.pplymg gas laws to points 1 and 2, we have
Py pVy
noOT
T. 600 x 1x 045
= _i;qfl. - 3
Vo= X ob x Vy= =g = 0081 m’. (Ans)
The heat supplied during the process 2-3 is given by :
Ql =mec, tTa = TE}
pVy  1x10° x 045

m=

RT, = “2a7xs0es - 0017 ke

210 = 0.517 x 0.71 (T; — 600)

210

For the constant volume process 2-3,

P3

T3

= P2

Ty

Pa= i‘: X pg = Fy x 11 = 23148 bar. (Ans.)
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For the adiabatic (or isentropic) process 3-4,
paVy' = p V7

Y T

V 1

= = ._.1. == » —
A (vl] 2 (r)

14
~ 2148 x [&J = 1.97 bar. (Ans.)
-1 y-1 14-1
L, _ |V }.) (_.1...)
rec T, [V,‘] = (r =155 = U500

T,=0505 Ty = 0505 x 1172 = 591.8 K. (Ans.)
V‘ = Vl = 0.45 m3., (Ans.)

(i) Percentage clearance :

Percentage clearance

V., Y 0.081
= = 1
V. v-v, < 1%= 540081 < 1%

y = 21.95%. (Ans.)
(iii) Efficiency :
The heat rejected per cycle is given by
Q, = me(T,- Ty
= 0.517 x 0.71 (5691.8 — 303) = 106 kJ
The air-standard efficiency of the cycle is given by
Q. -Q 210 - 106
s = ~'0~" = T 310

= 0.495 or 49.5%. (Ans.)

Alternatively :
- {r}:'l =1_———1 = 0.495 or 49.5%. (Ans.)

(655141
(iv) Mean :atﬁeﬂtiva pressure, p,_ :
The mean effective pressure is given by

W (work done) . Q! -Q,
P = V,(swept volume) (V; -V3)

Motto = 1

_ (210-106)x10°
. T 2.818 bar. (Ans.)

(v} Power developed, P :

Power developed, P = Work dene per second
= Work done per cycle x Number of cycles per second
= (210 - 106) x (210/60) = 364 kW. (Ans.)

Example 3.14. (a) Show that the compression ratio for the maximum work to be done
per kg of air in an Otto cycle between upper and lower limits of absolute temperatures Tq and T,

is given by
H2(y-1)
[
T
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(b) Determine the air-standard efficiency of the cycle when the cycle develops maximum

work with the temperature limits of 310 K and 1220 K and working fluid is air. What will be the
percentage change in efficiency if helium is used as working fluid instead of air 2 The cycle
operates between the same temperature limits for maximum work development.

when

Consider that all conditions are ideal.
Solution. Refer Fig. 3.13.

Pa

R

e
45

=
1

Fig. 3.13

(a) The work done per kg of fluid in the cycle is given by
W=@,-Q.=¢,(T;-Ty)-¢c, (T, -T,)

. T -1
But ﬁ: [E] = (r)7-?
- Ty=Ty. (""" ()
Similarly, Ty=T,. (")} ..(id)
s -1 T
W=e¢, |:T3 -T . - PR +T1] ..(EE)
This expression is a function of r when T'; and T are fixed. The value of W will be maximum
av _o.
dr
dd_w e T, =D 2 oy (1-y) (T =0
r

TS (ryY = Tl {F:’T_E
__T_'E' 2 {r}'z{'f—l}

. \W20r-D
r= (J) Pl‘ﬂ?ﬁd-
T
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(b) Change in efficiency :

For air y= 1.4
) T_a_ V2{1L4-1) 1220 VOB "
r= Tl = *“—'-'*‘310 = 5.04

The air-standard efficiency is given by

1 ;
=]~ {5.54}1.4_1 =ﬂ.495ur4ﬂ.ﬁﬁ- {m‘j

Mot = 1= =1
If helium is used, then the values of
c,=522kJ/keK and ¢,=3.13 kikgK 2
cp, 522 |
=L=—— =186
Y= T3 - M

The compression ratio for maximum work for the temperature limits T, and T, is given by
V2iy-1) /2 {167 -1)
T. 1220
— ...i 2| — = TT
’ [n ] ( ) >
The air-standard efficiency is given by

1 1
=1- =1-
b O LR X k) iy

Hence change in efficiency is nil. (Ans.)
Example 3.15. (a) An engine working on Otto cycle, in which the salient points are 1, 2, 3

= 0.485 or 48.5%.

and 4, has upper and lower temperature limits Ty and T,. If the maximum work per kg of air is to
be done, show that the intermediate temperature is given by

T.H' = T‘ = 1ﬁ]iT3 .

(b} If an engine works on Otto cycle between temperature limits 1450 K and 310 K, find the

maximum power developed by the engine assuming the circulation of air per minute as 0.38 kg.

Solution. (z) Refer Fig. 3.13 (Example 3.14).
Using the equation (i) of example 3.14.

" T
W= c, [Ta -Tl.[r}*" s _i}'fra:T +T1]

and differentiating W w.r.t. r and equating to zero

i El.-'Evl:'r-ll
r= T,

Ty= T,V and T, = Ty (r)' !}
Substituting the value of r in the above equation

7 V2D 7\
3 —_ e
= Ty [[ﬁ] ] -5(3) -/

T __T

Similarly, T, =
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9= Ty= T, . Proved.
(5) Power developed, P :
T;=3810K
T, =1450K} ....(Given)
m=038kg
Work done W=e, (Ty— Ty - (T, - Tl

Ty=T,= TiT3 =/310x 1450 = 6704 K

W =0.71 [(1450 — 670.4) — (670.4 — 310)]
= 0.71 (779.6 — 360.4) = 297.6 kJ/kg
Work done per second = 297.6 = (0.38/60) = 1.88 kJ/s.
Hence power developed, P = 1.88 kW. (Ans.)
. Example 3.18. For the same compression ratio, show that the efficiency of Otto cycle is
greater than that of Diesel cycle.
Solution. Refer Fig. 3.14.

Pa P4
2 3
3
2
4
4’
1 1
p '
Otto cycle ¥ Diesel cycle i
Fig.3.14
We know that
1
“ﬂh'l {r}'l'-*l
1 1]p"-1
and Ny I=]__ W o—
()1 T{P-l}
Ag the compression ratio is same,
T
Vo W

v,/ Va'
If'-’-—rl.thcutnﬁ'ratin, p= VB,=L
Va 2 A
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Putting the value of p in n,,,, we get

-
o1l
)y Y| L4
4 J

From above equation, we observe

r
- B |
n

Let ry = r — §, where & is a small quantity.

r r _r 8\ 5 & &
Then q—r_a—r( _E)-(_;J -1+F+F+F+ ......
r
T rY 3Y7 ¥ yiy+1) &
d _J"_ = =[1-——] =1 % + . +
an [.J 1[1-§]T . r 2t 2
2
y.8 y(y+D &
=1- 1 1 r 21 r2
Tiaiosel ety 5 &°
—t — + .,
| A
§ v+1 & -
- 1 1 r+ 2 2,IP3+
¥ -
(r) Bl b
r

Therahummdathebracketmgreatarthanlmmthﬂmfﬁmﬂutsnft&rmaﬁ%’mgrmm
than 1 in the numerator. It means that something more is subtracted in case of diesel cycle than

in Otto cycle.
Hence, for same compression ralio W,u, > Wgipse -

3.5. CONSTANT PRESSURE OR DIESEL CYCLE

This cycle was introduced by Dr. R. Diesel in 1897. It differs fi'm Otto cycle, in, that heat
is supplied at constant pressure instead of at constant volume. Fig. 3.15 (a and b) shows the p-V

and T-g diagrams of this cycle respectively.
This cycle comprises of the following operations :
(@) 1-2......Adiabatic compression.
(i) 2-3......Addition of heat at constant pressure.
(iii) 3-4...... Adiabatic expansion.

(iv) 4-1..... Rejection of heat at constant volume.

Point 1 represents that the cylinder is full of air. Let p,, V, and T, be the corresponding
pressure, volume and absolute temperature. The piston then compresses the air adiabatically (i.e.
pV71 = constant) till the values become p,, V, and T, respectively (at the end of the stroke) at point
2. Heat is then added from a hot body at a constant pressure. During this addition of heat let
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Pa

-y - 5
Fig.3.15

volume increases from V, to V; and temperature T, to T, corresponding to point 3. This point (3)
is called the point of cut off. The air then expands adiabatically to the conditions p,, V, and T,
respectively corresponding to point 4. Finally, the air rejects the heat to the cold body at constant
volume till the point 1 where it returns to its original state.

Consider 1 kg of air.
Heat supplied at constant pressure = ¢ ,(T; — T)
Heat rejected at constant volume =¢(T,-T,)
Work done = Heat supplied — Heat rejected
=¢,(Ty—TY)-¢c,T-T))
_ Work done
"ldiese! = Feat supplied

ﬂF{Tg = TE]' oy C,{T..l p T:[}

—

ﬂp[Ta = Tg]
(Ty -Ty) _ o
= 1 = i moy g N i —]
YTy -T3) (&) [ e, T]
Let compression ratio, r= ~L and cut off ratio, o= L 37 Volume at cut -off
Vg g Clearance volume

Now, during adiabatic compression 1-2,

TE T-l = -1
ﬁ=[ﬂ) =(ryt or Ty=Ty. ()

U2
During constant pressure process 2-3,
._Ti o ﬂ . P o r=1
T ve =p or Tg=p.Ty=p.T,. ()

During adiabatic expansion 3-4,

Ty _ [ﬂ_:l]"l
Ty U
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[i] ('.' E‘-=ﬂ=ﬂxh=£}
p Us U9 U3 Uz P
T __p BT gy

Gl

Hi

By inserting values of T, T, and T, in equation (i), we get

Ty=

1 =1- (T;. F"lIr 1) it (p! -1)
e ¥o.Ty. ()" -Ti ) 1) " p-1)
1 p' -1
or Naiosat = 1 — ‘;’(r}f'l{ﬂ-l] (3.7}

It may be observed that equation (3.7) for efficiency of diesel cycle is different from that of
the Otto cycle only in bracketed factor. This factor is always greater than unity, because p > 1.
Hence for a given compression ratio, the Otto cycle is more efficient.

The net work for diesel cycle can be expressed in terms of pv as follows :

W = p,(vg - v,) + Pa¥s — Pd% _ P¥z — PiY

Y-1 T-1
” 2 PaPls — PyVa  Palp — iy
= p, (pvy - v,) + y_1 v
T N T [
s P Us =Plyg Oy Uy =Tvg
Butvy=v, .. v,=ruy
=P2u2[p_1]+ Mﬁi&iﬂi_fﬂﬁlﬂz
= [P0 =DG =D+ psp— pgr — (P — pyr)}
y-1
P-Dly-D+ -Ji} [1-ﬂ)
ﬂPzP Y PE[P Py Py e
y-1

y-1

por -y =D+p-p'rl-T-a-ri-T)

Y-1
T
v P28 o =p,.riand L =r or vy=uvr-}
[ Py [ug] P2=P vy Upg =ty
¥-1 —D =1~ (aY -
i Ptyr [ﬂp 1)-r {F" 1)i (3.8

(y-1)
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Mean effective pressure p_ is given by :
_ P e -1 -7 (" 1))

P
m r-1
{T—be( 2 ]
_ ' p-1)-r T (p" -1)]
or Py = -1 -1 ..(3.9)

Example 3.17. A diesel engine has a compression ratio of 15 and heat addition at constant
pressure takes place at 6% of stroke. Find the air standard efficiency of the engine.

Take ¥ for air as 1.4.

Solution. Refer Fig. 3.16.

P[
vV,

2

§ ]

Compression ratio, r [=5—] =15

L£}
']’ﬁ!l'airn 1.4
Air standard efficiency of diegel cycle is given hy

¥
PR [” 1] kD

V.
where p = cut-off ratio = F:—

But f", -Vy= % V, (V, = stroke volume)
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= 0.06 (V, - V) = 0.06 (15 V, - V)
=084V, or V,=184V,

pn ﬂ“% =1_B4

V. V;
Putting the value in eqn. (i), we get
i 1 (1844 -1}
Taieset = ©= 74 (1574-1| 1.84-1

=1 -0.2417 x 1.605 = 0.612 or 61.2%. (Ans.)
Example 3.18. The stroke and cylinder diameter of a compression ignition engine are 250
mm and 150 mm respectively. If the clearance volume is 0.0004 m® and fuel injection takes place
at constant pressure for 5 per cent of the stroke determine the efficiency of the engine. Assume the
engine working on the diesel cycle.

Solution. Refer Fig. 3.16.

Length of stroke, L=250mm=025m
Diameter of cylinder, D=150 mm =015 m
Clearance volume, V, = 0.0004 m3
Swept volume, V, = n/4 D’L = w4 x 0.15% x 0.25 = 0.004418 m*®
Total cylinder volume = Swept volume + Clearance volume
= 0.004418 + 0.0004 = 0.004818 m?
Volume at point of cut-off, V,=V,+ 1:& v,
= 0.0004 + l—g-a x 0.004418 = 0.000621 m?
V3 0.000621
= —l=—_ = 1.
Cut-off raﬁ?. V, -~ 0.0004 1.55
- V, V,+V, 0.004418 + 0.0004
- . ke 2 el
Compression ratio, r= V, v, 0.0004 = 12.04
— ' | y 1 |p"-1|_, 1 (1554 -1
5 = skt == s
’ Tidiesel Y1 p-1 14 x(12.04)-1| 155-1

=1-0.264 x 1.54 = 0.593 or 59.3%. (Ans.)

Erample 3.19. Calculate the percentage loss in the ideal efficiency of a diesel engme uuth
compression ratio 14 if the fuel cut-off is delayed from 5% to 8%.

Solution. Let the clearance volume (V,) be unity.
Then, compression ratio, r=14
Now, when the fuel is cut-off at 5%, we have

E:% or ﬂ't:muﬁ or p—1=13x 0.05 = 0.65

p =165
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Me=lo 1 107=1 . 1 |aest-1
. ()1 p-1 14x (14T 165-1
=1-0.248 x 1.563 = 0.612 or 61.2%
When the fuel is cut-eff at 8%, we have
p-1 8 p-1 8
r1-100 % 14-1 100 - 008

p=1+104=204

1 {pT-1 1 (2.04)* -1
Mdiseat = 1= ()™ ’[ p-1 ] = 1.4 x 14y [ 2.04 -1 ]

=1-0.248 x 1.647 = 0.591 or 659.1%. (Ans.)
Hence percentage loss in efficiency due to delay in fuel cut-off

= 61.2 - 59.1 = 2.1%. (Ans.)
Example 3.20. The mean effective pressure of a Diesel cycle is 7.5 bar and compression

ratio is 12.5. Find the percentage cut-off of the cycle if its initial pressure is 1 bar.

Solution. Mean effective pressure, p_ = 7.5 bar

Compression ratio, r=125
Initial pressure, p;=1bar
Refer Fig. 3.15.

The mean effective pressure is given by

_ prlly(p-1-r'"(p" -1)]
™ (y-1(r-1)

1x(125)*(14 (p-1-(125y " (p'* ~1)]
(14-1X125-1)

34.33[1.4 p - 14 - 0.364p"* + 0.364)
7.6 = -
7.5 = 7.46 (1.4 p — 1.036 - 0.364 pl4)
1.005 = 1.4 p — 1.036 — 0.364 pl4
or 204=14p-0364p* or 0346 pl4-14p+204=0
Solving by trial and error method, we get
p=224

...[Eqn. (3.9)]

15 =

224 -1

wrExample 3.21. An engine with 200 mm cylinder diameter and 300 mm stroke works on

mmmmmﬂemudMWMMMHufwmadmlbﬂrdeTﬂ The
cut-off iz 8% of the stroke. Determine :

(i) Pressures and temperatures at all salient pmut.!.

(ii) Theoretical air standard efficiency.
(iii) Mean effective pressure.
(iv) Power of the engine if the working cycles per minute are 380.
Assume that compression ratio is I5 and working fluid is air.
Consider all conditions to be ideal,

% cut-off = E—E% x 100 =
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Solution. Refer Fig. 3.17.

SR e e Tt e e

4.
L] e L L : 11 (27°C)
[
E
4 hv{m’)
—Hh“nlq v, gl
Fig.3.17
Cylinder diameter, D=200 mmor 0.2 m
Stroke length, L = 300 mm or 0.3 m
Initial pressure, Py = 1.0 bar
Initial temperature, T,=27+273=300K
8
Cut-off —ﬁFnﬂﬂﬁ?
(i) Pressures and temperatures at salient points :
Now, stroke volume, V, =4 DL = n/4 x 0.2% x 0.3 = 0.00942 m*
v, v V.= Vv
Vi=V. +V = V+r T [ € r-l]
1 ro
= [1+r-1]=rv~1 & 'V_
V:l V,= muﬂ.ﬂﬂﬂlﬂ-ﬂ.ﬂlﬂlu‘ {(Ans.)
15-1 * 14
Mass of the air in the cylinder can be calculated by using the gas equation,
p;V; = mRT,

iV, =1:“:10Ii x 00101
m= —1-RT1 a0 " 0.0117 kg/cycle
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For the adiabatic (or isentropic) process 1-2,

p,V'= p, V! or L

P

[V

117

T
] = (r)Y

Py =P, . (r)Y=1 % (15)14* = 44.31 bar. (Ans.)

Also, T,

|

¥~-1
] = ()" 1=(15M4"! = 2954

T, = T, x 2.954 = 300 x 2.954 = 8862 K. (Ans.)

'\i’: = Vc

= —i-=
r-1 15-1

0.00842

Py = p; = 4431 bar. (Ans.)

= 0.0006728 m?, (Ans.)

% cut-off ratio =
E =
100
ie., p=008x14+1=212
V3= p V, = 2,12 x 0,0006728 = 0.001428 m®. (Ans.)
V3 can also be calculated as follows:
Vg = 0.08V, + V, = 0.08 x 0.00942 + 0:0006728 = 0.001426 m"
For the constant pressure process 2-3,
Ve V1
Ty, T
0.001426 -
- et E .
Tyg=T, x v, = 886.2 x 0.0006728 = 18783 K. (Ans.)
For the isentropic process 3-4
psV3' = p V! o i
V ¥ ] L E:EHE:.&]{E&
F4=M[-1] =PyX 3 Vi V, V3 % Vg
LA (7.07) 15
44.31 =Z, v Vy=Vy=——=707
=——r"=2868 bar. (Ans.) | P 2.12 4
(7.07)

me()

14-1
) = 0.457

T, = T; x 0.457 = 1878.3 x 0.457 = 858.38 K. (Ans.)
V=V, = 00101 m’. (Ans.)
(i) Theoretical air standard efficiency :

p’ -1

: =1
o YT p-1

]= Y TaamT

(212)H -1
212-1

=1-0.2418 = 1.663 = 0.598 or 58.8%. (Ans.)
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(iif) Mean effective pressure, p_, :
Me: n effective pressure of Diesel cycle is given by

p = RO -D-r Y (" 1)

(y-1Xr-1)
_ 1x(15)*[14(212- D - (15~ M4 (2.12M - 1)
(14-1¥15-1)
. 44.31{1.568 - 0.338 x 1.863] = 7.424 bar. )
0.4x14

(iv) Power of the engine, P :
Work done per cycle =p,V, = L xlgﬁ 0: 3 = 6.99 kJ/cycle
Woerk done per second = Work done per cycle x No. of cycles per second

= 6.99 x 380/60 = 44.27 kJ/s = 44.27 kW
Hence power of the engine = 44.27 kW. (Ans.)

Example 3.22. The volume ratios of compression and expansion for a diesel engine as
measured from an indicator diagram are 15.3 and 7.5 respectively. The pressure and tempera-
ture at the beginning of the compression are 1 bar and 27°C.

Assuming an ideal engine, determine the mean effiective pressure, the ratio of maximum
pressure to mean effective pressure and cycle efficiency.

-Also find the fuel comsumption per kRWh if the indicated thermal efficiency is 0.5 of ideal
efficiency, mechanical efficiency is 0.8 and the calorific value of oil 42000 kJ/kg.

Assume for air : ¢, = 1.005 kJ/kg K ; ¢, = 0.718 kJ/ kg K, ¥ = 1.4. (U.P.B.C. 1998)

Solution. Refer Fig. 3.18. Given : n =153 ; Yy = 1.0
Vs Vs
py=1bar; T, =27+ 273=300K; Ny = 0.5 x Ny siandard 5 Mmecn, = 0-8 5 C = 42000 kJ/kg.

The cycle is shown in the Fig. 3.18, the subscripts denote the respective points in the cycle.

P4

>V
' Fig. 3.18. Diesel cycle.
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Mean effective pressure, p_ :
- Work done by the cycle

Prm Swept volume
Work done = Heat added — Heat rejected
Heat added =me, (Tg - Ty), and
Heat rejected =me, (T, - T,)

Now assume air aa a perfect gas and mass of oil in the air-fuel mixture is negligible and is
not taken into account.

Process 1-2 is an adiabatic compression process, thus

-1 14-1
T .[El] ar Ty=T,x [EL] (since y = 1.4)

T \Ve Va
or T, =300 x (16.3)°4 = 893.3 K
Y
Also, oV =pVs' = p,=p, [:—:1-) =1 x (15.3)14 = 45,56 bar
2
Process 2-3 is a constant pressure process, hence
V VT,
—2=_3 = —ib =
T, = T, = T, v, 2.04 » 893.3 = 18223 K
Assume that the volume at point 2 (V,) is 1 m?. Thus the mass of air involved in the precess,
_ PV _4656x10°x1 ..., s V3 Vo Vg
™ RT, T 28Tx8933 kg or 3N Vs _163_,.,
V% V%V, 15 i
Process 3-4 is an adiabatic expansion process, thus
y-1 14-1
I _ [ﬁ) =[i) = 0.4466
Ty \V, 75
or T,=1822.3 x 0.4466 = 8138 K
= 17.77 [1.005 (1822.3 — 893.3) - 0.718 (813.8 - 300)] = 10035 kJ
Work done 10035 10035 10035

Prm = Swept volume  (V,-Vy) (163Vy-Vy) 143
= 701.7 kN/m? = 7.017 bar. (Ans.)

(+ V, =1m® assumed)
Ratio of maximum pressure to mean effective pressure

- P2 4006
o= 7017 = 849 (Ans)

Cycle efficiency, Neyele ©
= Work done
Tleyels = Heat supplied
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100635 _ 10035 5 &
= e, (T,-T,) 1777 1005 (1822.3 - 897.3) ~ 06048 or 60.48%. (Ans.)
Fuel consumption per kWh ; m,

Ny = 05 Ny, = 0.5 % 0.6048 = 0.3024 or 30.24%
Nemy = 0-3024 x 0.8 = 0.242

— it B 1 _ 3600
’ thiB) = = =
mIHC myp mf:{42{]ﬂ]
3600  $2000
3600
ar 0.242 = m; < 4200
3600
or My s 49000 0.3564 kg/kWh. (Ans.)

3.6. DUAL COMBUSTION CYCLE

This cycle (also called the limited pressure cycle or mixed cycle) is a combination of Otto
and Diesel cycles, in a way, that heat is added partly at constant volume and parily at constant
pressure ; the advantage of which is that more time is available to fuel (which is injected into the
engine cylinder before the end of compression stroke) for combustion. Because of lagging charac-
teristics of fuel this eycle is invariably used for diesel and hot spot ignition engines.

The dual combustion cycle (Fig. 3.19) consists of the following operations :
(i) 1-2—Adiabatic compression

(if) 2-3—Addition of heat at constant volume

(iif) 3-4—Addition of heat at constant pressure

(iv) 4-5—Adiabatic expansion

(v) 5-1—Rejection of heat at constant volume.

T4




AIR STANDARD CYCLES ' 121

Consider 1 kg of air.
Total heat supplied = Heat supplied during the operation 2-3
+ Heat supplied during the operation 3-4

=¢,(Ty— To) + c(Ty - Ty) .
Heat rejected during operation 5-1 = ¢, (T, - T,)
Work done = Heat supplied — Heat rejected

=Ty~ Ty) + ¢ (Ty = Ty) —c (T~ Ty

Workdone c,(li-Tp)+¢,(Ty-T3) -, (Tz -T7)

“"““uHaatsuppliad_ ¢, (Ty - Ty) + ¢, (Ty - Ty)
. 6 (T5 ~T))
T o Ty -Ta)+c, (Ty - Ts)
A ¢, (Ts —T}) Tl SR
: (Ty =T+ ¥ (T, -T3) ) [ Y Co
Compression ratio, re %
During adiabatic compression process 1-2,
| Ty s | 1-1- ¥-1 i
Tl = [l?g] —{l“} (i)
During constant volume heating process,
Py _R2
Iy, Ty
or %-?nﬂ, where B is known as pressure or explosion ratio.
2 7
o T, = Tﬁi i)

During ediabatic expansion process 4-5,
22"

Ts  \uy

= [5]1-1 (iv)
= p ‘ e &)

( Lﬂ:ﬂxﬂ:ﬂm::,mngmmt-uﬂuﬁu]
W W B oy wn oy p
During constant pressure heating process 3-4,
Vs _ Yy
T; T,
Vg _
T,=T, i =pT, wU)

Putting the value of T, in the equation (iv), we get

7-1 v-1
Tﬁ 5 or 5 p- g Y
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Putting the value of T, in equation (if), we get
T:
23

L, 1
B ! )
Now inserting the values of T, T,, T, and T in equation (f), we get

y-1

p) 5 _1 1 1
p'TE[r] B (! (ry~! [PT B

Tlulltln]:l_ [ =1~

Tﬂ'%]""f{PTH'TH] (1"‘%)'!“?{'3-1}

pi B.p" -1
(M~ [B-D+pylp-

T, =

Nduyal = .{3.10)

Work done is given by,

- - PgPy — PsV% _ PoVz — Pith
W= pglu, —vg) + v-1 ¥o1

= pyuglp ~ 1) + P4P% = Pﬂi‘:mﬂ

Pva(p-1Xy~-1)+ peg (P-ﬁr)-m[l-ﬂr]
Py P

Y-1

¥ T Y
Also P =[£4_] " (E) and 22 =[£1] Y
Py Ug r A Uy
P3=PpUy=Ug =1,

we BlEsP-D@-D+ps(p-p'r' N-p A-r'"")

-0
_ paglBo-D(y - +B(p~p'r! - -r"")]
(y-1
_ n()uyiBy(p-1)+(B-D-r' "7 (Bp" - 1))
Y-1
¥-1 i | D L ¥
_ oy IBr(p 1};{131 1)-r""1(Bp" - 1)) )
Mean effective pressure (p_) is given by,
. .. _pwlr' TRy (p~ )+ (B -1 -r*"7 (Bp” —1)]
™ -u r-1 RTT et
NS EEENG
_ ) Be-D+E-D-r "7 (Bp" -1)]
pll o {1. s 1xr o 1} ---{3-12}
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Example 3.28. The swept volume of a diesel engine working on dual cycle is 0.0053 m?® and
clearance volume is 0.00035 m?®. The maximum pressure is 65 bar. Fuel injection ends at 5 per
cent of the stroke. The temperature and pressure at the start of the compression are 80°C and 0.9
bar. Determine the air standard efficiency of the cycle. Take ¥ for air = 1.4,

Solution. Refer Fig. 3.20.

4 p (bar)

Swept volume, V, = 0.0063 m®

Clearance volume, V,= V=V, = 0.000356 m?
Maximum pressure, p, = p, = 65 bar

Initial temperature, T, =80+ 273 =3853K

Initial pressure, p; = 0.9 bar
Ngom = 7
The efficiency of a dual combustion cycle is given by
' 1 B.p" -1 _
: =1~
il (ry? [{ﬁ -1+ ﬁﬂp-l)] v
Vi V. +V,  0.0053+ 000035
: k L L | £ = = 18,
Compression ratio, r v, V. 000036 16.14
[: V4=V, =Clearance volume]
5
—V,+Vy  gosv
Cut-off ratio, p= Vi _100° = /] (v Va=V3=V,)
V, Vs LA
_ 0.05x 0.0053 + 0.00035 _ 1.757 say 1.76

0.00035
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Also during the compression operation 1-2

PV =PV,
"
p2_(Wh] _ 1.4
or Y [vi] = (16.14)'4 = 49.14
or Py=p; x 49.14 = 0.9 x 49.14 = 44.22 bar
Lo o Py 65 _
Pressure or explosion ratio, p = Py 4422 1.47

Putting the value of r, p and B in equation (7), waget

i 1 147 x (1716 -1
Mdual (1611 | (147-1D+147x14(176 -1

3.243 -1
0.47 + 1.564

Example 3.24. An oil engine working on the dual combustion cycle has a compression
ratio 14 and the explosion ratio obtained from an indicator card is 1.4. If the cut-off occurs at 6
per cent of stroke, find the ideal efficiency. Take ¥ for air = 1.4,

Solution. Refer Fig. 3.19.

='?-l1323|: }:ﬂ.ﬂaﬂﬂmﬂﬂﬂﬁ (Ans.)

Com,..ession ratio, r= 14
Explosion ratio, p=14
- - p-1 '8 -1
If p is the cut-off ratio, then r—1 100 141 = 0-06
p=178

Ideal efficiency is given by

o 1 (Bp”
Mideal or dual = (- (B-1)+Pyip-1)

=1 1 14 x (178 -1
=T GO T | T4-D+14x14(L78-1)
3138-1
=1-0.348 1:'14 2 1523] = 0.614 or 61.4%. (Ans.)

Example 3.25. The compression ratio for a single-cylinder engine operating on dual cycle
is 9. The maximum pressure in the cylinder is limited to 60 bar. The pressure and temperature of
the air at the beginning of the cycle are 1 bar and 30°C. Heat is added during constant pressure
process upto 4 per cent of the stroke. Assuming the cylinder diameter and stroke length as 250
mm and 300 mm respectively, determine :

(i) The air standard efficiency of the cycle.

(i£) The power developed if the number of working cycles are 3 per second.
Take for air c, = 0.71 kJ/kg K and : ¢, = IﬂkakgK

Solution. Refer Fig. 3.21.

Cylinder diameter, D =250 mm =0.25m

Compression ratio, r=9

Stroke length, * L=300mm=03m
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ilcl ¥

Initial pressure, P, =1bar
Initial temperature, T, =30+273=303 K
Maximum pressure, p,=p, = 60 bar

Cut-off = 4% of stroke volume
Number of working cycles/sec. = 3.
p (bar}
80 | 3 4

L L B L & N L L L L R L S

) SRR SREURRPET—S——..—————— 1(30°C)

H.f{ms)

o

o e
o

i 2 -

(i) Air standard efficiency :
Now, swept volume, V, = w4 D2L = n/4 x 0.26 x 0.3
= 0.0147 m?

Also, compreasion ratio, r = E'Vlﬂ-

c

i 00147+ V. -

V,

e

0.0147

v = = 0.0018 m’

o Vy=V +V_=0.0147 + 0.0018 = 0.0165 m*®
For the adiabatic (or mnm:lpm}pm 1-2,
PLVy! = pgVy!

{

¥
Py =Py X EL) =1x (7' = 1 x (94 = 21.67 bar

V3

, (wm)" i
Also, 2 [——L =(r)¥ "1 =(9)"1 _ (9)04 = 2.408
Tl ?EJ

125
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T, =T, x 2.408 = 303 x 2.408 = 729.6 K
For the constant volume process 2-3,

L.
Ps Py

Ty=T,. 'E:‘ = T29.6 x 2167

=2020 K

p~+1= 4

—1-706 o 0.04

Also,
P=) _004 or p=132

9-1
For the constant pressure process 3-4,

V., V T, V
-4 .73 28 _ 4
T, HT: = Ty, Vs 4

T,= Tyx p=2020 x 1.32 = 26664 K

“. 5.2 .h . h 1 ” .
Also expansion ratio, v, ?gxﬂ_Vng; z [ Vg=V; and V, =V3]
For adiabatic process 4-5,

y-1 ¥-1
T _(Va ,{E]
T,‘ VE r

¥-1 i idi-1
Ty = T, x (E] = 2666.4 x (-lE—EJ = 1237 K

r 9
Also I AALY (Y
Y 14
Pg=P,.- (%]1 = 60 x [ﬁ] =60 x (—]'?i-) = 4.08 bar
Heat supplied, Q,=c(Ty—Ty) + ¢c(Ty— Ty
= 0.71 (2020 - 729.6) + 1.0 (2666.4 — 2020) = 1562.58 kJ/kg
Heat rejected, Q =c, (Ty-T,

= 0.71 (1237 — 308) = 663.14 ki/kg
Q. -Q, _1562.85— 66314

Nair-standard = Q. 1562.58 = 0.57568 or 57.68%. (Ans.)
(i{) Power developed by the engine, P :
Mass of air in the cycle is given by
_ Vi _ 1x10°x 00165 _
me B T awTxas ks

Work done per cycle =m(Q, -@Q)
= 0.0189 (1562.58 — 663.14) = 16,999 kJ

Power developed = Work done per cycle x No. of cycles per second
= 16.999 x 3 = 50.99 say 51 kW. (Ans.)
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= Example 3.26. In an engine working on Dual cycle, the temperature and pressure at the
beginning of the cycle are 90°C and 1 bar respectively. The compression ratio is 9. The maximum
pressure is limited to 68 bar and total heat supplied per kg of air is 1750 kJ. Determine ;
(£} Pressure and temperatures at all salient points
(ki) Air standard efficiency
(iii) Mean effective pressure.
Solution. Refer Fig. 3.22.

4 p (bar)

1(90°C)
V(M)
Fig. 3.22
Initial pressure, p,=1bar
Initial temperature, T,=90+273 =363 K
Compression ratio, r=9
Maximum pressure, p3 = p, = 68 bar
Total heat supplied = 1750 kJ/kg
(i) Pressures and temperatures at salient points :
For the isentropic process 1-2,
PiVy" = pVy!
v. Y
Py = Py % [F;] =1x(r)¥ =1 x (9)'4 = 21.67 bar. (Ans.)
y-1
--Also, E={E) =[r}T'.1 =[9)1‘-1 = 2.408
n \Vq

Ty=T, x 2.408 = 363 x 2408 = 874.1 K. (Ans.)
Py = p, = 68 bar. (Ans.)
For the constant volume process 2-3,



128

INTERNAL COMBUSTION ENGINES

Py _Py
T, Ty

T,=Tyx 2 - 8741 x —2

Pg 2167
Heat added at constant volume
=c, (Tg—T,) =0.71 (2742.9 — 874.1) = 1326.8 kJ/kg
. Heat added at constant pressure '
= Total heat added — Heat added at constant volume
= 1750 - 1326.8 = 423.2 kJ/kg
cp{Ti - Tﬂ} = 423.2
LT, - 2742.9) = 423.2
= T,= 31668 K. (Ans.)
For constant pressure process 3-4,

Vo _T, 38168

= 27429 K. (Ans.)

P=V, T, - 27429 - 18

For adiabatic (or isentropic) process 4-5,
Vﬁ EE.. 'V: ﬁ Va; r VvV
—— T — W o = LA =-—j-
Vi Va Vo V3 Vi p P* ¥

| 4 14
Dy =P, X %] =EE:(‘E‘] =sa£[%] =3.81 bar. (Ans.)
"B

7, (V.Y ' (eY! fris)M?
el 2] @ (57 -
Tg =T, x 0.439 = 3166 x 0.439 = 13898 K. (Ans.)
(ii) Air standard efficiency :
Heat rejected during constant volume process 5-1,
Q@ =C/(T;—-T,) =0.71(1389.8 - 363) = 729 kl/kg
Workdone _Q,-Q,
Neir-standard = Fect cupplied . @
17560 - 729
= 1750
(iif) Mean effective pressure, p_ :
Mean effective pressure is given by
Work done per cycle
Stroke volume

= 0.5834 or 58.34%. (Ans.)

Py =

Vi=Ve=rVoVu=Vo=V,Vi=pV,, | ,=Yet% . Y%

Vio=(r=-1V, Ve Ve
“ Vo=lr-1V,
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I:pg (pV,-V,)+ 24

pV. —pg XrV.  poV. - pyrV,
Pm= oDV, y-1 Y-1 ]
r=9p=115 v=14

Py = 1 bar, p, = 21.67 bar, p; = p, = 68 bar, p; = 3.81 bar

Substituting the above values in the above equation, we get

1 68x115-3.81x9 21.67-9
= ——|68(115-1 5
Pm {9-11[ 151+ 14-1 14-1 ]

= 3 (10.2 + 109.77 - 81.67) = 11.04 bar

Hence, mean effective pressure = 11.04 bar. (Ans.)

Example 3.27. An I.C. engine operating on the dual cycle (limited pressure cycle) the
temperature of the working fluid (air) at the beginning of compression is 27°C. The ratio of the
maximum and minimum pressures of the cycle is 70 and compression ratio is 15. The amounts of
heat added at constant volume and at constant pressure are equal. Compute the air standard
thermal efficiency of the cycle. State three main reasons why the actual thermal efficiency is
different from the theoretical value,

Take ¥ for air = 1.4. (U.P.S.C. 1997)
Solution. Refer Fig. .23. Given : T, = 27 + 273 = 300 K ; ii = 70, "ﬂ:% =15
P4
3 4
2
5
1
ey
Fig. 3.23. Dual cycle.
Air standard efficiency, N, ;ondard *
Consider 1 kg of air.

Adiabatic compression process I-2 :

T Ligk
-2 =(.'ﬂ.] =(1ﬁ.}1"‘ 1 _ 2 954
/4 Ug
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3. Effect of variable specific heat, heat loss through cylinder walls, inlet and exhaust veloci-

ties of air/gas etc. have not been taken into account.

¥ Example 3.28. A Diesel engine working on a dual combustion cycle has a stroke volume
of 0.0085 m?® and a compression ratio 15 : 1. The fuel has a calorific value of 43890 kJikg. At the
end of suction, the air is at 1 bar and 100°C. The maximum pressure in the cycle is 65 bar
and air fuel ratio is 21 : 1. Find for ideal cycle the thermal efficiency. Assumcp = 1.0 kJ/ kg K and

c, = 0.71 kJ kg K.

Solution. Refer Fig. 3.24.

p (bar)

--J-'-'-'-"-"-'-'hﬂ-F -

5
L = 11(100°C)
: l-‘u'{ma)
L V, =0.0085 m’ hl
Fig. 3.24
Initial temperature, T,=100+273 =373 K
Initial pressure, Py = 1 bar
Maximum pressure in the cycle, py = p, = 65 bar
Stroke volume, V, = 0.0085 m®
Air-fuel ratio =21:1
Compression ratio, r=15:1
Calorific value of fuel, C = 43890 kJ/kg

Thermal efficiency :

and as

&

¢, = 1.0 kikg K, ¢, = 0.71 kJ/kg K

V’ = Vl =i VE ] D,mﬂﬁ mﬂ

Vi
r= v—z = 15, then V, = 15V,
151@ - VE = 0.0085
14V, = 0.0085
0.0085

v==V3= vﬂ: _14 =ﬂﬂﬂﬂﬁ mﬂ
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For adiabatic compression process 1-2,

PV = pVy'
- (W) . 1 _% 10 _
Py =Py (?ﬂ] 1 x (15)14 [T Y 141
= 45.56 bar
T, (v,
Also, —h{—l) = (- 1=(15)141-1 23,04
n \V,

= T,=T, % 3.04 = 373 x 3.04 = 1134 K or 861°C
For constant volume process 2-3,

P2 _Py
T, T
To=Tox 22 L1134 x 2 - 1620 K or 1347°C
| 2 Pa 455
According to characteristic equation of gas,
p,V, = mRT,

pVy _1x10° x 0,009
RT,  287xa73
Heat added during constant volume process 2-3,
=mxc, (Ty=Ty
= 0.0084 x 0.71 (1620 — 1134)

m= = 0.0084 kg (air)

= 2.808 kJ
Amount of fuel added during the constant volume process 2-3,
i 2.898
= 43890 - 0.000086 kg
Also as air-fuel ratio is 21: 1.
0.0084

Total amount of fuel added = 21 = 0.0004 kg

Quantity of fuel added during the process 3-4,
= 0.0004 - 0.000066 = 0.000334 kg
Heat added during the constant pressure operation 3-4
= 0.000334 x 43890 = 14.66 kJ
But (0.0084 + 0.0004) c, (T,- Ty = 14.66
0.0088 x 1.0 (T, — 1620) = 14.66
T = 14.66
4 00088

+ 1620 = 3286 K or 3013°C
Again for operation 3-4,

El=v..t - v-?QZ!:ﬂ.ﬂWExEEHE
Ty, T, A X 1620
For adiabatic expansion operation 4-5,

¥-1 141-1
Ty = Y =(_m.n_ﬂ._) =297
Ty \V, 0.001217 ’

= 0.001217 m?
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or Ty = % - % = 1447.5 K or 1174.5°C

Heat rejected during constant volume process 5-1,
=me, (Tg-T)
= (0.00854 + 0.0004) x 0.71 (14475 - 373) = 6.T13 kJ
Work done = Heat supplied — Heat rejected
= (2.898 + 14.66) - 6.713 = 10.845 kJ
. Thermal efficiency,

Workdone 10.845
"eh = Heat supplied  (2.898 + 14.66)

wrExample 3.28. The compression ratio and expansion ratio of an oil engine working on
the dual cycle are 9 and § respectively. The initial pressure and temperature of the air are 1 bar
and 30°C. The heat liberated at constant pressure is twice the heat liberated at constant volume.
The expansion and compression follow the law pV!35 = constant. Determine :

() Pressures and temperatures at all salient points.

(if) Mean effective pressure of the cycle.

(iid) Efficiency of the cycle.

(iv) Power of the engine if working cycles per second are 8.

Assume : Cylinder bore = 250 mm and stroke length = 400 mm.

Solution. Refer Fig. 3.25.

=0.8176 or 61.76%. (Ans.)

4p (bar)

11(30°C)
——\(m")
Ve o Vs 'I
Fig. 3.25
Initial temperature, T,=30+273=303K
Initial pressure, Py = 1bar
Compreasion and expansion law,

pV1-3 = constant
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A 1 _ 81 _
pﬁ-pix{vﬂ] =p, % oy (5% = 4.77 bar. (Ans.)

-1 |
Ty [vl]" 1 1

MEI} _—= | — - = - = = DEEE
T, \Vy (r,) =1 (gp-*-1

Ty=T,» 0.668 = 2163.4 x 0.668 = 1445 K or 1172°C. (Ans.)
{u}Mﬂnnﬁcﬂwmp_.

Mean effective pressure is given by
Pp = %[F\Q{V,‘ —V3}+ M_ PEFE - PIVI]

PP — Py _ P2~ P,
= -1 £ L Ug A8 AL
(r, —I}I:Fa e n-1 n-1 ]

Now, r.=p,p=18,n=125 p, =1 bar, p, = 156.59 bar, p; = 35.7 bar,
p, = 36.7 bar, p, = 4.77 bar

1 357x18-477%x9 1559 - 1:9]

= ——|357(18 -1+ x
Pm [9 1 ( b 125-1 125-1

= E [28.56 + 85.32 — 26.36] = 10.94 bar

Hence mean effective pressure = 10.94 bar. (Ans.)
(iii) Efficiency of the cycle :
Work done per cycle is given by W=p_V,
here 'V, = n/4DL = w/4 x 0.25% x 0.4 = 0.0196 m®
1094 x 10° x 0.0196
1000

W=

Heat supplied per cycle = m@Q,
where m is the mass of air per cycle which is given by

kJ/cycle = 21.44 kJ/cycle

J2\4% ":.-..-
me= RT, where V, = V+F'= 11!
- V.+V V Vv 1
_.I......_.JF.. i .
. = =1+ or V_ = -1

= g7 * 0.0196 = 0.02205 m®

- 1x10° x 0.02205 = 0.02636 kg/eycle

287 % 303
Heat supplied per cycle
= m@, = 0.02535[c,(Ty — T,) + (T, — Tyl
= 0.02535[0.71(1201.9 — 524.8) + 1.0{2163.4 — 1201.9}]
= 36.56 kJ/cycle
; _ Workdonepercycle 2144

Efficiency = Heat supplied per cycle — 36.56

= 0.6884 or b58.84%. (Ans.)
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3.72. For the Same Compression Ratio and the Same Heat Input

A comparison of the cycles (Otto, Diesel and Dual) on the p-v and T-s diagrams for the same
compression ratio and heat supplied is shown in the Fig. 3.27.

Pa

Otio=1,2, 3", 4 Tf
a3~ Diesel=1,2, 3, 4
Dual=1",2', 3, 4

S S ]
- . .

>V 5
(a) (b)
Fig. 3.27. (a) p-v diagram, (b) T-s diagram.
Heat rejected
We know that, 1- - L P
e know tha ns= Heat supplied (8.13)

Since all the cycles reject their heat at the same specific volume, process line from state 4 to
1, the quantity of heat rejected from each cycle is represented by the appropriate area under the
line 4 to 1 on the T-s diagram. As is evident from the eqn. (3.13) the cycle which has the least heat
rejected will have the highest efficiency. Thus, Otto cycle is the most efficient and Diesel cycle is
the least efficient of the three cycles.
ie., Notto = Ndual = Ndiegel -

3.7.3. For Constant Maximum Pressure and Heat Supplied

Fig. 3.28 shows the Otto and Diesel cycles on p-v and T-g diagrams for constant maximum
presgure and heat input respectively.

Pa Th

-
SRl b o 1 Sl ]

>y !
(2) (b)
Fig. 3.28. (a) p-v diagram, (b) T-s diagram.

8
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(i) 1-2—Heat rejection at constant pressure
(ii) 2-3—Adiabatic compression
(7if) 3-4—Addition of heat at constant volume
(iv) 4-1—Adiabatic expansion.

Pa
>V

Fig. .30
Consider 1 kg of air
Compression ra% - -:“; =0
Expansion ratio = % =

4

Heat supplied at constant volume = ¢ (T, — T)
Heat rejected =c (T, - T,)
Work done = Heat supplied — Heat rejected

- Work done ¢, (T -T3)—c,(Ty - Tp)
Heat supplied e, (Ty = T3)

L @1
T (T =Ty

=1

During adiabatic compression 2-3,
¥-1
L_(w) . _(pr-?
= = (o)
L \u
During constant pressure operation 1-2

bt WL :
no I o

i)
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..(iii)

%)

[ﬁ:ﬂxﬂ-ﬂﬂ-x
T Uy ¥ Uy

5 S
4 |R

During adiabatic expansion 4-1,
T=1
T (.':'1] = ()7

T] = ﬂ,‘
T.
. S
f= oy
Putting the value of T', in equation (iif), we get
23 T, «
; Y
2 (o LAt o
ofy

T
Substituting the value of T, in equation (i), we get

(1))

vel0)

Finally putting the values of T, T, and T in equation (i), we get
(T, o, )
-1 ¥ -0
neloy| L =1_T(: ?]
oL rF =0
r (&) m
\ r J

Hence, air standard efficiency =1-1. [r:::,] (3.14)

. Example 3.31. A perfect gas undergoes a cycle which consists of the following processes
taken in order :

(a) Heat rejection at constant pressure.

(b) Adiabatic compression from 1 bar and 27°C to 4 bar.

(c) Heat addition at constant volume to a final pressure of 16 bar.

(d) Adiabatic expansion to 1 bar.

Calculate : (i) Work donelkg of gas.

(if) Efficiency of the cycle.

Take :c, = 0.92 kJ/kg K, ¢, = 0.75 kJ / kg K.

Solution. Refer Fig. 3.31.

Pressure, Py=py=1bar

Temperature, T,=2T+2713 =300 K

Pressure after adiabatic compression, p; = 4 bar

Final pressure after heat addition, p, =16 bar

For adiabatic compression 2-3,

g ¥-1 122-1
¥ 43 1
-Ti=[ﬂ] =(—) Y2 1084 [1'
2

I
ke
]
;lp
o8
]!
=t
3
| IR
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The various operations are as follows :
Operation 1-2. The air is compressed isentropically from the lower pressure p, to the
upper pressure p,, the temperature rising from T, to T,. No heat flow occurs.

Operation 2-3. Heat flows into the system increasing the volume from V, to V, and tem-
perature from T, to T; whilst the pressure remains constant at p,. Heat received = me, (T — T).

Operation 3-4. The air is expanded isentropically from p, to p,, the temperature falling
from T3 to T,. No heat flow occurs.

Operation 4-1. Heat is rejected from the system as the volume decreases from V| to V, and

the temperature from T, to T, whilst the pressure remains constant at p,. Heat rejected =me,

_ _ Work done
Mairstandard = Frooe e ceived
- Heat received/cycle — Heat rejected/cycle

Heat received/cycle
- .I'H-I‘.‘F {Tﬂ —Tg}—ﬂl'ﬂp {T'l —Tl} =1- T! = T]
ﬂ'il:'p {TE-TE} TE_TE
_Heater

T q] Work

T1 HE-2
— AW -
Cooler
C = Compressor T = Turbine

(a)

P4 T4

pV'=C
1 4
® =

Fig. 3.33. Brayton cycle : (a) Basic components of a gas turbine power plant
(b) p-Vdiagram (¢) T-S diagram.
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Now, from isentropic expansion

Ty= Ty (ry) T , where r, = Pressure ratio.

¥=1

1-1
Similarly Eﬁ:[.p_ﬂ) T or Ty=T, (r) ¥
T, F4
T, -T 1
Tl-‘l]l."!ltﬂ.ﬂdﬂ.lﬂ -1_ :&: 1 T-l =1_ 1'_-1 +--{3-16}
Ty(r,)) ¥ -Tyr,) " (r,) 7
100~
T 751
£
=
® 50
25_
] ] 1 ]

0 4 8 12 16
Pressure ratio, r, —»

Fig. 3.34. Effect of pressure ratio on the efficiency of Brayton cycle.

The eqn. (3.16) shows that the efficiency of the ideal joule cycle increases with the pressure
ratio. The absolute limit of upper pressure is determined by the limiting temperature of the
material of the turbine at the point at which this temperature is reached by the compression
process alone, no further heating of the gas in the combustion chamber would be permissible and

the work of expansion would ideally just balance the work of compression so that no excess work
would be available for external use. )

Pressure ratio for maximum work :

Now we shall prove that the pressure ratio for maximum work is a fum:tmn of the limiting
temperature ratio,

Work output during the cycle
= Heat received/cycle — Heat rejected/cycle -
= me, (Ty ~ Ty) - me, {T - Ty
=me, (Ty— T - - Ty

T
- R %
" Tﬂ[ Ta] Tl(’ﬁ ]
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Solution. Pressure of intake air, p, = 101.325 kPa
Temperature of intake air, T, =27 + 273 = 300 K
The pressure ratio in the cycle, r, = 6

(i) Maximum temperature in the cycle, T, :

Refer Fig 3.35.

5

Fig. 3.35

13 ~1 Ld-1

TE Ilr'pﬂ ".;"--. T_.H_ e
22227 () Y =(6) 14 =1668
n \py

T,= 1668 T, = 1.668 x 300 = 500.4 K

1-1 14-1

Also, E = [rp} ¥ ={E]_1_4_ = 1.668
Ty
T.
T = d
1 1668
But W,.=25W, (Given)
' me, (Tg— Ty =25 me,, (Ty —Ty)
T, 1
g — — 4 M — = l-——| =
T, pr 2.5 (500.4 — 300} = 501 or T, [ LEEBJ 501
201
Ty = 7y = 1251 Kor 978°C. (Ans.)
{ i EE_E]
i1iy Cvcle efficiency, 1 L
T, 1251
Now, T, = = =
= += 1668 1668 - 0K
_ _Network _mc, (T3 = T4) - mc, (T, - T7)
s = Heat added me,(Ty - Tp)
(1251 - 750) - (500.4 - 300)
= (1251-500.4) =04 or 40%. {(Ans.)

g 1 1

I Chﬂﬂkfﬂﬂde= 1—'TT=1—'—'E:I=ﬂ14 or 40%. (Ans.)

!_ (r ][_T'_.-; (6)y 14

P
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Example 3.33. A gas turbine is supplied with gas at 5 bar and 1000 K and expands it

adiabatially to 1 bar. The mean specific heat at constant pressure and constant volume are 1.0425
kJ/ kg K and 0.7662 kJ/kg K respectively,

(i) Draw the temperature-entropy diagram to represent the processes of the simple gas
turbine system,

(ii) Calculate the power developed in kW per kg of gas per second and the exhaust gas
temperature. (ATE, 1995)
Solution. Given : p, = 1 bar; p, =5 bar; Ty = 1000 K ; ¢, = 1.0425 kJ/kg K ;
¢, = 0.7662 kJ/kg K.
c 1.0425
L 'cf 0.7662 - 38
(f) Temperature-entropy diagram :

Temperature-entropy diagram representing the processes of the simple gas turbine system
is shown in Fig. 2.36.

T4 p, =5 bar

Expansion
in turbine

p,=1ba.r

=

-
Air - o 4

compression e

- — -
1
> 5
Fig. 3.36
(ii) Power required :
y-1 136 -1

Te (p)Y _(1\188
7= (2] (3™ osss

T = 1000 x 0.653 = 663 K
PﬂWer developed per kg of gas per second
=c, (Tg— T
= 1.0425 (1000 - 653) = 361.7 kW. (Ans.)

Example 3.34. An isentropic atr turbine is used to supply 0.1 kg/s of air at 0.1 MN/m*
and at 285 K to a cabin. The pressure at inlet to the turbine is 0.4 MN/m2, Determine the
temperature at turbine inlet and the power developed by the turbine. Assume c,= 1.0 kJ/kg K.

(GATE, 1999)



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



AIR STANDARD CYCLES 151

Example 3.38. In a gas turbine plant working on Brayton cycle, the air at inlet is 27°C, 0.1
MP,. The pressure ratio is 6.25 and the maximum temperature is 800°C. The turbine and com-
pressor efficiencies are each 80%. Find compressor work, turbine work, heat supplied, cycle effi-

eiency and turbine exhaust temperature. Mass of air may be considered as 1 kg. Draw T-s dia-
gram.

(AMIE Summer, 2000)
Solution. Refer Fig. 3.40.

T4

5
T-s diagram

Fig. 3.40

Given : Ty =27 +273=300K ;p, =01 MP, ;r, =625, Ty =800 + 273 = 1073 K
“ﬂ:mp. - nhl.‘l'hl!ll = 0.8.
For the compression process 1-2, we have

7 (p %’ 1-1 14 -1
2
—£=| =& =(r,) ¥ =(625) 4 = 1688
T [P:] 4
or T, =300 x 1.688 = 5064 K
_T,-T 506.4 - 300
Also, Neomp. = T, - T, or 0.8 = T, — 300
or Ty w 2064300 | 300858 K
Gump_rﬂuunr work, wmmp. =1 x €, % (T, = T,)
=1 = 1,005 (658 — 300) = 259.29 kd/kg. (Ans.)
For expansion process 3-4, we have
m "; 2 y-1 14-1
2 (&] =(r,) ¥ =(6.25 4 =1688
T Py
or To= 2 108 _easesx
7 1688 1688

Also, ! e Y POl |

- Meurbine = 1 "7 1073 - 635.66
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= 287 » 310 In (5.33) = 148878 J/kg = 148.88 kJ/kg
Process 2-3 : g.q = W, 4 = 0 (since volume is constant)
Process 3-4 : Heat supplied, @, , = W, , = RT}, In(r}

= 287 x 930 In (5.33) = 446634 J/kg or 446.63 kJ/kg
Process 4-1 : Q=-c¢, T, ~Ty) or c(T, -T;)
Heat supplied during the process 2-3 = Heat rejected during the process 4-1.

Work done = Net heat exchange during the isotherms
= 446,63 — 148.88 = 297.75 kl/kg

Thermal efficiency, n,;, = Hz:?ui{;; 7= iﬁ;;g = 0.6676 or 66.7%.

Since Stirling cycle is completely reversible, its efficiency is also given as,
Ty -T; 930-310
Ty 930

n = = ﬂ,E'E? or EE-?%* {ME!}

3.12. MILLER CYCLE

The Miller eycle (named after R. H. Miller) is a modern modification of the Atkinson cycle
and has an expansion ratio greater than the compression ratio, which is accomplished, however,
in much a different way. Whereas a complicated mechanical linkage system of some kind is
required for an engine designed to operate on the Atkinson cvele, a Miller cyele engine uses
unigue valve timing to obtain the same desired results.

P4

The closing cycles for :
Early intake valve ;: 6-7-1-7-2-3-4-5-7-6
Late intake valve : 6-7-5-7-2-3-4-5-7-6

= .

Paim.

-
[T SRS TR

A i '-“-
T.D.C B.D.C.

Fig. 3.43. Air-standard Miller cycle for unthrottled a naturally aspirated four-stroke cycle 8.1. engine.
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2

I RN

P

The air standard efficiency of Otto cycle iz given by

1
@adn=1+ TS Bin=1- 1
1 1
=1l —= din=2- :
(e)m (r)Y+1 Gl (-t

The thermal efficiency of theoretical Otto cycle

(a) increases with increase in compression ratio

(b) increases with increase in isentropic indexy

(c) does not depend upon the pressure ratio

(d) follows all the above.
The work output of theoretical Otto cycle

(a) increases with increase in compression ratio

{b) increases with increase in pressure ratio

(c) increases with increase in adiabatic indexy

{d) follows all the above.
For same compression ratio

(a) thermal efficiency of Otto cycle is greater than ths of Diesel cycle

(6) thermal efficiency of Otto cycle is less than that of liesel cycle

{¢) thermal efficiency of Otto cycle is same as that fo: iesel cycle

{d) thermal efficiency of Otto cycle cannot be predict .

In air standard Diesel cycle, at fixed compression rat and fixed value of adiabatic index (y)
{a) thermal efficiency increases with increase in he: ¢ addition cut off ratio

(b) thermal efficiency decreases with increase in heat addition cut off ratio

(¢) thermal efficiency remains same with increase in heat addition cut off ratio
(d) none of the above.

ANSWERS

(b) 2 (b) 3. (d) 4. (d) B (a) & (b).

THEORETICAL QUESTIONS

What is a cycle ? What is the difference between an ideal and actual eycle ?
What is an air-standard efficiency ?

What is relative efficiency ?
Derive expressions of efficiency in the following cases :
(i) Carnot cycle (ii) Diesel cycle (iiZ) Dual combustion cycle.

Explain “Air standard analysis” which has heen adopted for I.C. engine cycles. State the assumptions made
for air standard cycles.
Derive an expression for ‘Atkinson cycli .
Derive an expression for the thermal efhicioncy of Stirling cycle.
Explain the following cycles briefly and derive expressions of efficiency.
(¢} Miller cycle
(i) Lenoir cycle.
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4, The variation in the number of molecules present in the cylinder as the temperature and
pressure change,

4.1.3. Assumptions made for Fuel-Air Cycle Analysis

Beside considering above factors, the following assumptions are made for the analysis of

fuel-air cycle :

1. Prior to combustion there is no chemical change in either fuel or air.

2. Subsequent to combustion, the change is always in chemical equilibrium.

3. The processes are adiabatic (i.e., there is no exchange of heat between the gases and
cylinder walls in any process). In addition, the expansion and compression processes
are frictionless.

4. The velocities are negligibly small in case of reciprocating engines.

Furthermore, in case of a consant volume fuel-air cycle the following assumptions are

made :

e The fuel is completely vaporised and perfectly mixed with the air ;

® The burning takes place instantaneously at T.D.C. (at constant volume).

4.1.4. Importance of Fuel-Air Cycle

@ Whereas the air standard cycle exhibits the general effect of compression ratio on
efficiency of the engine, the fuel-air cycle may be calculated for various fuel-air ratios,
inlet temperatures and pressures (It is worth noting that fuel-air ratio and compression
ratio are much more important parameters in comparison to inlet conditions).

® With the help of fuel-air cycle analysis a very good estimate of power to be expected

from the actual engine can be made. Furthermore, it is possible o approximate very
closely peak pressures and exhaust temperatures on which design and engine structure
depend.

4.1.5. Variable Specific Heats
4,1.5.1. General aspects

The specific heat of any substance is the ratio of the heat required to raise the temperature
of @ unit mass of the substance through one degree centigrade. Different substances have differ-
ent values of specific heat. In case of gases, the temperature can be raised in two ways, e.g. either
at constant pressure or constant volume. Accordingly we have two specific heats ¢, and ¢,. It is
often convenient to use specific heats for the mol of a substance. A mol is M kilograms, called
kilogram-mol abbreviated as kg mol. Here M is the molecular weight of the substance.

Thus molar specific heat

C =M ¢ kd/mol K

Similarly, C,=M. c, kd/mol K
and C,=M c, ki/mol K

In general, the specific heats are not constant. The specific heat varies largely with tem-
perature but not very significantly with pressure except at very high pressure. Thus in simple
calculations, the variation in specific heat with pressure is neglected.

The specific heats of gases increase with the rise in temperature since the vibrational

energy of the molecules increases with temperature. The effect of variable specific heats on the

engine performance at higher temperature is considerable and it is, therefore, necessary to study
these effects.

It is generally assumed that the specific heat is a linear function of temperature and the
following relations hold good.
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L
b
s G
b ¢ ~-KT
dQ 1 ( dp) 'rf( dp)
&~ -0 ") oo PTG i)
If the expansion or compression is polytropic, then
pu" = constant, wheren < v'.
Differentiating the above equation,
p.nv*l dv+vt.dp=0
dp __
u*du =—-p.R
Inserting this value in eqn. (4.9), the heat exchange in a polytropic process is given by
d@ 1 ; KT :
d " r-n VPPt Ty Popen)
(¥ —n) - Y-n (n-1)
1 a - 4 — KT'
4-0 Pt - 1P [1r'~1 @-b) ]"
(Y-n) _(n-1)
= - KT
Q= | D @-» ]pd"'
b Y-n| [n-1
= IT’-I) (ﬂ_b]ﬂ'] dW ..(4.10)
If K=0
= T’_n
dQ -1 . dW.

4.1.5.4. Isentropic expansion with variable specific heats
The heat transfer to a system is expressed as :

d@ = du + dW
or d@ = ¢, dT + pdv (considering one kg of air)
For isentropic process, d@ =0
¢,dT+ pdv =0 or c,ﬂ ; B =0

T T
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The reversible adiabatic expansion from 3’ would be 3'-4", but the expansion taking
variable specific heat into account is above 3'-4” and is represented by 3"-4’. The point 4’
will be below point 4 (the ideal expansion process starting from point 3 being along 3-4).

Thus, it is seen that the effect of variation of specific heats is to lower temperatures

and pressures at point 2 and 3 and hence to deliver less work than the corresponding
cycle with constant specific heats.

4.1.%7. Dissociation

Dissociation (or chemical equilibrium loss) refers to disintegration of burnt gases
at high temperature. It is a reversible process and increases with temperature,
During dissociation a considerable amount of heat is absorbed ; this heat will be liber-
ated when the elements recombine as the temperature falls. Thus the general effect of
dissociation is suppression of a part of the heat during the combustion period and lib-
eration of it as expansion proceeds, a condition which is really identical with the effects
produced by the change in specific heat. However, the effect of dissociation is much
smaller than that of change of specific heat.

The dissociation, in general, lowers the temperature and, consequently, the pressures
at the beginning of the stroke, this causes a loss of power and efficiency.

The dissociation is mainly of CO, into CO and O, ;
2C0 + 0, —= 2CO0, + heat

The dissociation of CO, commences at about 1000°C and at 1500°C it amounts to
1 per cent.

There is very little dissociation of H,O ;

2H, + 0y —= 2H,0 + heat
Dissociation is more severe in the chemically correct mixture. If the mixture is weaker,
it gives temperatures lower than those required for dissociation to take place while if

it is richer, during combustion it will give out CO and O, both of which suppress the
dissociation of CO,.

0 | !
NF dissociation
3000 — e 3
y N
J‘I ""'\
2800 oo
/ /’-— N’\
2600
J With dissociation
O ,_.* E
e 2400 ‘f g
& / £
[
S 2200 ’ B
E ;
= ; 8
2000
1800

-06 -04 =02 0 0.2 0.4 0.6
Degrea of richness ——

Fig. 4.4. Effect of dissociation on temperature at different mixture strength.|
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In view of the above, the air standard cycle concept for predicting the performance of S.1.
engines is misleading, whereas the fuel-air cycle concept seems to be very reliable,

2. Fuel-air ratio :
(i) Efficiency
® It has been experimentally evaluated

that the n, ., is highest at lean fuel- =

air mixtures of the order of F, = 0.85 E: Air standard

( concept

1
ig—Fp =1
|

mixture

(As the mixture is made lean, due to
less energy input the temperature rise
during the combustion will be less
which results in lower specific heat and
eventually lower chemical equilib-
rium losses. This results in higher ef- Actual curve
ficiency and as the fuel-air ratio is
reduced, it approaches the air-cycle
efficiency as illustrated in Fig. 4.10).

e As shown in Fig, 4.10, in the range of

the mixture ratios of operation, for S.1. : 1
engines, usually Fp = 0.6 to 1.4, the Fig. 4.10. Effect of mixture strength of 7, , at a

fuel-air cycle very closely resembles the given compression ratio.

actual curve (experimental). The air-standard cycle concept miserably fails, not influ-
enced by the fuel-air ratio.

Mgy ——»

Fuel-air-cycle
concept

Lean -l—-l;i—l-Ftlch

Relative fuel-air ratio, F, —

(ii) Maximum power :
Fig. 4.11 shows the effect of mixture : I
strength on cycle power. ‘ — Fo=1
® According to air-standard theory Air-standard-
maximum power is at chemically
correct mixture whereas by fuel-
air theory maximum power is ob-
tained when the mixture is about
10 per cent rich. The efficiency
drops rapidly as the mixture be-
comes enriched : this is due to

Fuel-air-cycie

concepl

Cycle power ———p
i
1
[|
[]
i
x
\(
i
|
\\
1
i
R 11 1] B, —
[}
|
}J

the following reasons : Actual curve
— Losses due to higher specific : -
heats ; Lean <—— Rich
—  Chemical equilibrium losses ; 0.7 0.8 0.9 1.0 1.2 14 1.8
— Insufficient air which will Relative fuel-air ratio, F;, —

result in formation of CO
and H, in combustion, rep-
resenting direct fuel wast-
age.

Fig. 4.11. Effect of mixture strength on cycle power.

(iii) Maximum temperature :

Fig. 4.12 shows the effect of Fp on maximum cycle temperature T,(K) at different compres-
sion ratios.

— The maximum temperature at a given compression ratio is reached when the mixture
is slightly rich, 6% or so as shown in Fig. 4.12,
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are constructed assuming enthalpy and internal energy to be zero at absolute zero

temperature and integrating zero pressure specific heat equations from O(K) to the
given temperature T (K).

— The most important assumption is the validity of the eqguation pv = RT, where p,v, B
and T dencte pressure, specific volume, the characteristic gas constant and the abso-
lute thermodynamic temperature respectively. This is true when the gas has a critical

temperature very low as compared to the range of temperature met with in engineer-
ing applications. For air at 0°C and 20 bar the deviation is only 1 per cent ; and at 0°C
and 1 bar, the deviation is 0.1 per cent.

— The enthalpy and internal energy are function of temperature and, therefore, their
values can be computed with single variable property, i.e., temperature.

Thus enthalpy A and internal energy u at any temperature T (K), are given by :
T
h = J.n EF dT

i = .[:c,, dT

The entropy change involves both variables namely pressure and temperature.
In gas tables, h, p, u, v, and ¢ are recorded for different values of temperature T' (K).
Relative pressure, p,_ :
Tds=dh-vdp=c,dT-vdp ...(4.20)
(v dh=c,dT)
For isentropic process, ds = 0, we get
ﬂ=cpdT—udp or vdp =:’:pdT
Dividing by pv = RT, we get

vdp ¢, dT or dp ¢, dT
pv RT - p R T
1 ¢ dT
o T L . o I ..(4.21)

where T, is selected as a base temperature. It is seen that ratio i is a function of temperature
only, and is independent of the value of entropy. |

— From eqn. (4.21) p_can be calculated in terms of temperature.
On an isentropic path, for two states 1 and 2, we have

Pr _PBo _ P2

P, plpp P2

Thus, the ratio of relative pressure for two states having the same entropy is equal to the

ratio of the absolute pressures for the same two states ; p, is chosen as unity for computed values.

Relative volume, v, :

.(4.22)

T ds =du + pdv o(4.23)
For an isentropic process, we have
0 = du + pdu

or pdv = —-du = - ¢ dT
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Example 4.2. Determine the effect of percentage change in the efficiency of Otto cycle
having a compression ratio of 8, if the specific heat at constant volume increases by 1.1 percent.

Solution. Given . Compression ratio, r=8 ;

Increase in specific heat at constant volume, acy = 1.1%

Pérnentaae change in Otto cycle efficiency, %:—1 :

The Otto cycle efficiency (n) is given by :

1
=1e —
¢ (71
Now, EP—E”=H, T—l:E

Cu

n=1-@yr-v=1- @ ¥
a-mn= oy *e

In(l1-n)= 28 In (r)
c,

Differentiating both sides, we have

1 R
——— .dn=—3 In (") xdec,
1_‘"' mn cui I\r) x
dn=- A=MRIG) ;o
Sy
i [l—n}{Twlgcnxln[r]_dﬂ“
' Gy
dn__(-my-DIn() de,
n 7 Cy
1
Now ﬂ=1—W=ﬂ.555

dn__(1-056514-1In(8) 11

n 0.565
= — 0.704% (decreased).

100
(Ans.)

Example 4.3. Find the percentage change in efficiency of an Otto cycle for a compression
ratio of 7 to 1 if the specific heat at constant volume increases by 3%.

Solution. The change in efficiency with variation in specific heat is given by :

dn 1-7 de,

— =— — (y-DI

n n Y el Sy
Also, n=1 1 1

i ke (741

= 0.541 or 54.1%

okT)
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And

or

or

and

Mean specific heat during constant volume heat addition

Cop e = 0.7T117 + 2.1 x 104 (IE%TEJ

Thus heat added at constant volume/kg of charge
48000

= =3¢~ = 3000 kd/kg of charge

3000 = |0.7117 +21x107* [ﬁ;;ﬁﬁ]] x (T - 756)

4 -
3000 = 0.7117 T, + 21me T2 4 21%107 X756 o _ 07117 x 756

2
-4 -4
B 2.1><1ﬂ2 » 756 T, - 21x10 « TEG x T56
= 0.7117 T, + 0.000105 Tf - 598
= 0.000105 ’fi"'a2 + 0.7117 T, - 598
0.000105 Tf +07117T, - 3598 =0
Solving for T, T,=33T0 K
Maximum pressure in the cycle,
Ty 3370

= - = 22;91 el 102!1 hﬂ.‘lﬂ. s.

Pa=Ps* 7 * 756 b)

When ¢, remains constant at 0.7117 kd/kg K ;
3000 = 0.7117 (T'y — 756)

3000
T =
57 07117

+ 756 = 4971 K

e = 1606 bar. (Ans)

T
P3= Py F: = 2291 x

Example 4.7. Combustion in a diesel engine is assumed to begin at inner dead centre and

to be at constant pressure. The air-fuel ratio is 27 : 1, the calorific value of the fuel is 43000 kJ/ kg,
and the specific heat of the products of combustion is given by :

¢, = 0.71 + 20 x 10 T ; R for the products = 0.287 kJ/kg K.
If the compression ratio is 15 : 1, and the temperature at the end of compression 870 K,

find at what percentage of the stroke combustion is completed,

Solution. Given : Air-fuel ratio =27:1

Calorific value of fuel, ¢ = 43000 kJ/kg
Specific heat of product of combustion : ¢, =0.71+20x 10° T
R for products = 0.287 kd/kg K
Compression ratio, r=15:1

Temperature at the end of compression, T, = 870 K
Percentage of the siroke when combustion is completed :
For 1 kg of fuel the charge is 28 kg and the heating value is 43000 kJ/kg
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The actual mixture strength (F/A ratio) ex-

pressed in terms of the chemically correct value is P4

i.e. the mixture used ig 11.4% rich in fuel. The com-
bustion is, therefore, incomplete and hence CO will be

15.37
138 " 100 = 111.4%

formed. <
1.114 CH,, + 9.50, = aCO, + bCO + cH,0 4
Equating atoms of the same element before and 1
after combustion, we get iy

ar

or

1114 x6=a+b ;1114 x 14 = 2¢;
965 x2=2a+b+c
ﬂ+*ﬁﬂﬁ.ﬁﬁ4; c=7.798,2a+b+c=19
Solving, we have : a=452 b=216,¢c ~ 7.8
By adding nitrogen on both sides we get the actual combustion equation as given below :
1.114 CgH,, + 9.5 O + 9.5 x (T921) N, = 4.52 CO, + 2.16 CO + 7.8 H,0 + 9.5 x (79/21) N,

Moles before combustion = 1.114 + 9.5 + 35.74 = 46.354 say 46.35
Moles after combustion = 4.52 + 2.16 + 7.8 + 35.74 = 50.22

Fig. 4.20

[ Molecular expansion = 50*242&—'3-;5.35 =10.0835 or 3.35%]
From compression process 1-2, we have :
-1
T _ [E.l.]
L \n
—;J""E = (8)135-1 = 2,07 W Tp=TI0K
Also Q,_q = ¢, (T3 - T,) for 1 kg of mixture
44 x 10°
g~ = 0716 (Ty—710) or Ty=4862K
Ignoring molecular expansion,
Py _ Pavs
L T
v, T 4862
Ps = P, X a}ﬂ-ﬁ:lxﬂx 343~ 1134 bar. (Ans)

(if) Considering molecular contraction :
Since mass of the reactants and products is same and specific heats are assumed same, the

temperature of the products with molecular expansion will remain same as without molecular
expansion ; only the pressure will change

pv = nRT, where n is the number of moles
pPe=n

50.22
46.35

Pressure with molecular expansion = 113.4 x = 122.87 bar. (Ans.)
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13.
14.

15,
18.

HEB RS

B 3 8 RRER

Explain clearly the effect of compression ratio and mixture strength on thermal efficiency.

What is the effect of mixture strength on thermal efficiency at a given compression ratio.

What is the effect of mixture strength on cycle power ?

State the effect of F;, on maximum cycle temperature and pressure at different compression ratios.
State the characteristics of constant volume fuel-air cycle.

Discuss briefly “combustion charts”.

What are combustion charts 7 Where these are used and why 7

Write a short note on gas tables.

Discuss the effect of the following variables on pressure and temperature at salient points of Otto cycle on
the basis of fuel-air cycle.

(i) Compression ratio {(ii) Fuel-air ratio,
What is the difference between air cycle and fuel-air cycle ? What are the assumptions in fuel-air cycle 7
What is the use of fuel-air cycle 7
What is the difference between air standard cycles and fuel-air cycles.
Make a comparative statement of operations and working media for air cycle, fuel-air cycle and actual cycle
of 5.I1. engines.
Explain why a 5.1. engine fails to operate if the air-fuel ratio is more than 20 : 1 while a C.1. engine can
operate on an air-fuel ratio of even 50 : 1.
Explain how (i) time losses and (if) incomplete combustion losgses are accounted for in the real-cycle
analysis,
“Air-fuel ratio in a 5.1. engine varies fr »m B to 16 approximately while such variation in a C.1. engine is from
100 at no-load to 20 at full load”. Explain.

UNSOLVED EXAMPLES

Find the change in efficiency of an Otto cycle for a compression ratio of 7, if the specific heat at constant
volume increases by 1 percent. [Ans. - 0.663%]
The following data relate to a petrol engine :

Compression ratio= 6

Calorific value of fuel nsed = 44000 kJ/kg

The air-fuel ratio=15:1

The temperature and pressure of the charge at the end of the stroke = 60°C, 1 bar
Index of compression = 1.32

The specific heat at constant volume,c, = 0.71 + 20 x 10~ T'kJ/kg K where T'is in K.

Determine the maximum pressure in the cylinder. Compare this value with that of constant specific heat
e, =071 kl/kg K. [Ans. 56.6 bar ; 80.5 bar)

The combustion in a diesel engine is assumed to begin at inner dead centre and to be at constant pressure.

The air-fuel ratic is 28 : 1, the calorific value of the fuel is 42 M.J/kg, and the specific heat of the products of
combustion is given by :

¢, = 0.71 + 20 x 10~ T'; R for the products = 0.287 kl/kg K.

If the compression ratio is 14 ; 1, and the temperature at the end of compression is B0{) K, find at what
percentage of the stroke combustion is completed. [Ans. 10.96% stroke]

In an oil engine working on dual combustion cycle the temperature and pressure at the beginning of
compression are 30°C and 1 bar respectively. The compression ratio is 13 : 1. The heat supplied per kg of air
is 1675 J, half of which is supplied at constant volume and half at constant pressure. Calculate :
() The maximum pressureé in the eyele ;
(£i) The percentage of stroke at which cut-off occurs.
Take : y for compression = 1.4 ; R = 0.287 kJ/kg K and ¢, for products of combustion = 0.71 + 20 x 10— T.
{Ans. 66.2 bar ; 2.64% of stroke]
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LNQM assumes compression curve having no ignition.

@ First stage of combustion, the ignition lag, starts from this point and no pressure rise
is noticeable. '

® @ is the point where the pressure rise can be detected. From this point it deviates from
the simple compression (motoring) curve,

@ The time lag between first igniting of fuel and the commencement of the main phase of
combustion is called the period of incubation or is also known as ignition lag. The
time is normally about 0.0015 seconds. The maximum pressure is reached at about 12°
after top dead centre point. Although the point of maximum pressure marks the
completion of flame travel, it does not mean that at this point the whole of the heat of
fuel has been liberated, for even after the passage of the flame, some further chemical
adjustments due to reassociation, etc., will continue to a greater or less degree throughout
the expansion stroke. This is known as after burning.

Effect of engine variables on flame propagation :

1. Fuel-air ratio. When the mixture is made leaner or is enriched and still more, the
velocity of flame diminishes.

2. Compression ratio. The speed of combustion increases with increuse of compression

ratio. The increase in compression ratio results in increase in temperature which increases the
tendency of the engine to detonate.

3. Intake temperature and pressure. Increase in intake temperature and pressure in-
creases the flame speed.

4, Engine load. As the Ipad on the engine increases, the cycle pressures increase and
hence the flame speed increases,

5. Turbulence. The flame speed is very low in non-turbulent mixture. A turbulent motion
of the mixture intensifies the processes of heat transfer and mixing of the burned and unburned

portions in the flame front. These two factors cause the velocity of turbulent flame to increase
practically in proportion to the turbulent velocity.

6. Engine speed. The flame speed increases almost linearly with engine speed. The crank
angle required for flame propagation, which is the main phase of combustion, will remain almost
constant at all speeds.

7. Engine size. The number of crank degrees required for flame travel will be about the
same irrespective of engine size, provided the engines are similar.

5.2.1.1. Factors affecting normal combustions in S.1. engines.

The factors which affect normal combustion in 5.1. engines are briefly discussed below :

1. Induction pressure. As the pressure falls delay period increases and the ignition
must be earlier at low pressures. A vacuum control may be incorporated.

2. Engine speed. As speed increases the constant time delay period needs more crank
angle and ignition must be earlier. A centrifugal control may be employed.

3. Ignition timing. If ignition is too early the peak pressure will occur too early and
work transfer falls. If ignition is too late the peak pressure will be low and work trans-

fer falls. Combustion may not be complete by the time the exhaust valve opens and the
valve may burn,

4. Mixture strength. Although the stoichiometric ratio should give the best results, the
effect of dissociation shown in Fig. 5.3 is to make a slightly rich mixture necessary for
maximum work transfer.

5. Compression ratio. An increase in compression ratio jpcreases the maximum pres-
sure and the work transfer. '
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® The early ignition created by pre-ignition extends the total time and the burnt gases
remain in the cylinder and therefore increases the heat transfer on the chamber walls,
as a result, the self-ignition temperature will occur earlier and earlier on each successive
compression stroke. Consequently, the peak cylinder pressure (which normally occurs
at its optimum position of 10°-15° after T.D.C.) will progressively advance its position

to T.ID.C. where the cylinder pressure and temperature will be maximised.
— The accumnlated effects of an extended combustion time and rising peak cylinder
pressure and temperature cause the self-ignition temperature to creep further and
further ahead of T.D.C., and with it, peak cylinder pressure, which will now take

place before T.D.C. so that negative work will be done in compressing the com-
bustion products (Fig. 5.5).

I I 1 | | | L
1 |
i i I
[ i |
| i '
60 | i Pre-ignition | "
1 combustion i
1 i
E 50 - |:' ': Normal I ]
S 14 combustion |
E LY
I -
1 Fl LY i
o 1 "'u‘
a ! : Yo !
E 30 i : "-.__‘- I .
= i [ . i
g Ly oy |
] L] ]
© 20+ | ‘w_ diagram o |
| Pre-ignition=--,¢t  igniion N\ TTTTeeal
10 ! point =7 0 TTeellllC
P e T 1 QRN g, L Y

B.T.D.C. T.D.C. ATD.C.

. B.7.D.C. = Before top dead centre;
A.T.D.C. = After top dead centre.

Fig. 5.5. Cylinder pressure variation when pre-ignition occurs.

Effects of pre-ignition :
1. It increases the tendency of detonation in the engines.

2. Pre-ignition is a serious type of abnormal combustion. It increases the heat transfer to
the cylinder walls because high temperature gases remain in contact with the cylinder for a longer

period. The load on the crankshaft during compression is abnormally high. This may cause crank
failure.

3. Pre-ignition in a single-cylinder engine will result in a steady reduction in speed and
power oulput.

4, The real undesirable effects of pre-ignition are when it occurs only in one or more
evlinders in a multi-cylinder engine. Under these conditions, when the engine is driven hard, the
unaffected cylinders will continue to develop their full power and speed, and so will drag the other
piston or pistons, which are experiencing pre-ignition and are producing negative work, to and fro

until eventually the increased heat generated makes the pre-igniting cylinders’ pistons and rings
sieze.
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4. Ignition timing. Advanced ignition timing increases peak pressures and promotes
knock.

5. Mixture strength. Optimum mixture strength gives high pressures and promotes
knock.

6. Compression ratio. High compression ratios increase the cylinder pressures and pro-
motes knock.

7. Combustion chamber design. Poor design gives long flame paths, poor turbulence
and insufficient cooling all of which promote knock.

8. Cylinder cooling. Poor cooling raises the mixture temperature and promotes knock.

5.7. PERFORMANCE NUMBER (PN)

Performance number is a usefiull measure of detonation tendency. It has been developed
from the conception of knock limited indicated mean effective pressure (klimep), when inlet pres-
sure is used as the dependent variable.

klimep of test fuel

Performance number (PN) = Hinen ot o =

The performance number is obtained on specified engine, under specified set of conditions
by varying the inlet pressure.

5.8. HIGHEST USEFUL COMPRESSION RATIO (HUCR)

The highest useful compression ratio is the highest compression ratio employed at
which a fuel can be used in a specified engine under specified set of operating conditions, at which
detonation first becomes audible with both the ignition and mixture strength adjusted to give the
highest efficiency.

5.9. COMBUSTION CHAMEER DESIGN—S.1. ENGINES

Engine torque, power output and fuel consumption are profoundly influenced by the follow-

ing :
(i) Engine compression ratio ;

(zf) Combustion chamber and piston crown shape ;

(1ii) The number and size of the inlet and exhaust valves ;

(iv) The position of the sparking plug.

The following are the objects of good combustion chamber design :

1. To optimize the filling und emptying of the cylinder with fresh unburnt charge respec-
tively over the engine’s operating speed range ; and

2. To create the condition in the cylinder for the air and fuel to be thoroughly mixed and
then excited into a highly turbulent state so that the burning of the charge will be completed in
the shortest possible time.

3. To prevent the possibility of detonation at all times, as far as posgible in order to achieve
these fundamental requirements it is imperative to be aware of the factors that contribute to-
wards inducing the charge to enter the cylinder, to mix intimately, to burn both rapidly and
smoothly and to expel the burnt gases.
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2. The increase of flame epeed due to turbulence reduces the combustion time and hence

minimises the tendency to detonate.

3. Turbulence increase the heat flow to the cylinder wall and in the limit excessive turbu-

lence may extinguish the flame.

4, Excesgive turbulence results in the more rapid pressure rise (though maximum pres-

sure may be lowered) and the high pressure rise causes the crankshaft to spring and
rest of the engine to vibrate with high periodicity, resulting in rough and noisy running
of the engine.

5.9.5. Flame Propagation

Typical flame propagation velocities range from something like 15 to 70 m/s. This
would relate to the combuston flame velocity increasing from about 15 m/s at an idle
speed of about 1000 r.p.m. to roughly 70 m/s at a maximum speed of 6000 r.p.m.
When ignition occurs the nucleus of the flame spreads with the whirling or rotating
vortices in the form of ragged burning crust from the initial spark plug ignition site.
The speed of the flame propagation is roughly proportional to the velocity at the
periphery of the vortices.

6.9.6. Swirl Ratio

Induction swirl can be generated by tangentially directing the air movement into the

cylinder either by creating a preswirl in the induection port or by combining the tangential-

directed flows with a preswirl helical port. “Cylinder air swirl” is defined as the angular

rotational speed about the cylinder axis.

Swirl ratio is defined as the ratio of air rotational speed to crankshaft rotational

speed.

— Helical ports can achieve swirl ratio of 3 to 5 at T.D.C. with a flat piston crown.
However, if a bowl in the piston chamber is used, the swirl ratio can be increased
to about 15 at T.D.C.

5.9.7. Surface-to-Volume Ratio
® Inorder tominimise the heat losses and formation of hydrocarbons within the combustion

e00 | | T |

400 |- -

Hydrocarbons (ppm) —»
s
i I

0 -
1 | i |
4 5 6 7 8 8
Surface/volume ratio —»
Fig.5.13

~hamber, the chamber volume should be maximised relative to its surface area, that is,

the chamber’s surface area should be as small as possible relative to the volume occupied
by the combustion chamber (Fig. 5.13). The surface-to-volume ratio ie the ratio of the
combustion surface area to that of its volume.

@ The surface-to-volume ratio increases linearly with rising compression ratio,
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— Also, because of heterogeneous mixture, lean mixture is used.
These factors make the engine heavier,

— The incomplete combustion of heterogeneous mixture, and droplet combustion
result in the smoke and odour,

e C.I engines are manufactured in the following range of speeds, speeds and power out-

puts :
Particulars Range
1. Piston diameters 50 mm to 900 mm
2. Speeds 100 r.p.m. to 4400 r.p.m
3. Power output 2 B.P. to 40000 B.P.

6.2. COMBUSTION PHENOMENON IN C.I. ENGINES

@ The process of combustion in the compression ignition (C.I.) engine is fundamentally
different from that in a spark-ignition engine. In C.I. engine combustion occurs by the
high temperature produced by the compression of the air, i.e. it is an auto-ignition. For
this a minimum compression ratio of 12 is required. The efficiency of the cycle increases
with higher values of compression ratio but the maximum pressure reached in the cyl-
inder also increases. This requires heavier construction. The upper limit of compres-
sion ratio in a C.I. engine is due to mechanical factor and is a compromise between high
efficiency and low weight and cost. The normal compression ratios are in the range of 14
te 17, but may be upto 23, The air-fuel ratios used in the C.I. engine lie between 18 and

25 as against about 14 in-the S.I. engine, and hence C.I. engines are bigger and heavier
for the same power than S.I. engines,

@ Inthe C.I. engine, the intake is air alone and the fuel is injected at high pressure in the
form of fine droplets near the end of compression. This leads to delay period in the C.1.
engine, is greater than that in the S.I. engine. The exact phenomenon of combustion in
the C.I. engine is explained below.

— Each minute droplet of fuel as it enters the highly heated air of engine cylinder is
quickly surrounded by an envelope of its own vapour and this, in turn and at an
appreciable interval is inflamed at the surface of the envelope. To evaporate the
liquid, latent heat is abstracted from the surrounding air which reduces the tem-
perature of the thin layer of air surrounding the droplet, and some time must elapse
before this temperature can be raised again by abstracting heat from the main
bulk of air in this vicinity. As soon as this vapour and the air in actual contact with
it reach a certain temperature, ignition will take place. Once ignition has been
started and a flame established the heat required for further evaporation will be
supplied from that released by combustion. The vapour would be burning as fast as
it can find fresh oxygen, i.e., it will depend upon the rate at which it is moving
through the air or the air is moving past it.

— In the C.I engine, the fuel is not fed in at once but is spread over a definite period.
The first arrivals meet air whose temperature is only a little above their self-
ignition temperature and the delay is more or less prolonged. The later arrivals
find air already heated to a far higher temperature by the burning of their
predecessors and therefore light up much more quickly, almost as they issue from
the injector nozzle, but their subsequent progress is handicapped for there is less
oxygen to find.

— If the air within the cylinder were motionless, only a small proportion of the fuel
would find sufficient oxygen, for it is impossible to distribute the droplets uniformly
throughout the combustion space. Therefore some air movement is abzolutely
essential, as in the S.I. engine. But there is a fundamental difference between the
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(b) Narrow-spray large-droplet penetration
Fig. 6.2. Injected fuel spray characteristics.

The liquid core, now surrounded by layers of heated vapour, oxidises burns as fast as it
can ; that is it finds fresh oxygen to keep the chemical reaction going on.

When the physical delay to convert the fuel spray into tiny droplets and the chemi-
cal reaction delay to establish ignition from the initial oxidation process are over, the
rate of burning is dependent on the speed at which the droplets are moving through
the air or the air is moving past the droplets.

Compression Ratio (r) :

Increase in compression ratio exercises the following effects :

The cylinder compression pressure and temperature increase ; the ignition time lag
between the point of injection to the instant when ignition first commences reduces.
The density and turbulence of the charge increase, and this increases the rate of burning
and, accordingly the rate of pressure rise and the magnitude of the peak cylinder pres-
sure reached. The characteristics of the pressure rise relative to the piston stroke or
crank-angle movement is illustrated in Fig. 6.3 and Fig. 6.4.

Thermal efficiency and the specific fuel consumption are improved (Fig. 6.5)

Raising compression ratio results in reduction in the mechanical efficiencv as shown
in Fig. 6.6 (since the higher cylinder pressures increase the pumping losses, friction
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Effects of Various Factors on Delay Period :

Effects of various factors such as fuel properties, intake temperature, compression ratio,
engine speed, type of combustion chamber, and injection advance are discussed below :

1. Fuel properties :

@ The self-ignition temperature (5.1.T.) is the most important property of the fuel which
affects the delay period.

— A lower S.1.T. means a wide margin between it and the tempe}uture of compressed
air and hence lower delay period.

—  Higher cetane number means a lower delay period and smoother engine operation.
Cetane number depends on the chemical composition of fuel. The more paraffinic
hydrocarbons are contained in fuel, higher will be the cetane number.

@ The other fuel properties which affact delay period are :
(i) Volatility ;
(if) Latent heat ;
(itf) Viscosity ;
(iv) Surface tension.
—  Volatility and latent heat affect the time taken to form an envelope of vapour.
—  The viscosity and surface tension influence the fineness of atomisation.

2. Intake temperature :

® [ncrease in intake temperature would result in increase in compressed air temperature
which would reduce the delay period.

3. Compression ratio :

® Increase in compression ratio reduces delay period as it raises both temperature and
density.

—  With increase in compression ratio, temperature of air increases. At the same time
the minimum aute-ignition temperature decreases due to increased density of com-

pressed air resulting in closer contact of molecules which thereby reduces the time
of reaction when fuel is injected.

— As the difference between compressed air temperature and minimum autu-igni-
tion temperature increases, the delay period decreases.
4. Engine speed :

e Delay period can be given either in terms of absolute time (in milliseconds) or crank
angle rotation.
-~ At constant speed, delay period is proportional to the delay angle.
— In variable speed operation, delay period may decrease in terms of milliseconds
but increase in terms of crank angles.

9. Type of combustion chamber :

® A pre-combustion chamber gives shorter delay compared to an open type of combustion
chamber,

6. Injection advance :

@ Delay period increases with increase in injection advance angle. The reason for in-
crease in delay period with increase in injection advance angle is that pressures and
temperatures are lower when injection begins.
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Advantages of induction swirl :

1. Easier starting (due to low intensity of swirl),

2. High excess air (low temperature), low turbulence (less heat loss), therefore indicated
thermal efficiency is high.

3. Production of swirl requires no additional work.

4. Used with low speeds, therefore low quality of fuel can be used.

Disadvantages :

1. Shrouded valves, smaller valves, low volumetric efficiency.
2. Weak swirl, low air utilisation (60%), lower m.e.p. and large size (costly) engine.

3. Weak swirl, multi-orifice nozzle, high induction pressure, clogging of holes, high main-
tenance,

4. Swirl not proportional to speed ; efficiency not maintained at variable speed engine.
5. Influence minimum quantity of fuel. Complication at high loads and idling.

Compresssion swirl :

® The second method of generating swirl is by |

compression swirl in what is known as swirl : '
chamber. A swirl chamber is a divided cham-
ber. A divided combustion chamber is defined
as one in which combustion space is divided
into two or more distinct compartments, be-
tween which there are restrictions or throats
small enough so that considerable pressure
differences occur between them during com-
bustion process.

® This swirl is maximum at about 15° before
T.D.C. ie. close to the time of injection. The
fuel is injected into the swirl chamber and ig-
nition and bulk of combustion takes place
therein. A considerable amount of heat is lost
when products of combustion pass back
through the some threoat and this loss of heat
is reduced by employing a heat insulated cham-
ber. Thus, it serves as a thermal regenerator
receiving heat during combustion and expansion and returning the heat to air during
compression stroke. However the loss of heat to surface of combustion chamber is greater
than induction swirl.

¢ In combustion swirl, a very strong swirl which increases with speed is generated.

Fig. 6.9. Compression swirl.

Advantage of compression swirl :

1. Large valves, high volumetric efficiency.

2. Single injector, pintle type (self cleaning), less maintenance.

3. Smooth engine operation.

4. Greater air utilization due to strong swirl. Smaller (cheaper) engine.
5. Swirl proportional to speed, suitable for variable speed operation.
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progresses at a more rapid rate. The pressures built up in the minor cell, therefore, force the
burning gases out into the main combustion chamber, thereby creating added turbulence and
producing better combustion in this chamber. In the mean time, pressure is built up in the major

cell, which then prolongs the action of the jet stream entering the main chamber, thus continuing
to induce turbulence in the main chamber.

5 M. Combustion chamber :

e After twenty years of research in 1954, Dr. Meuner of

M.A.N., Germany developed M-process engine which ran
without typical diesel combustion noise and hence it was
named ‘whisper engine’.

Fig. 6.15 shows a combustion chamber developed for
small high speed engines. It differs from the other open
combustion chamber enpines in the respect that fiel
spray impinges tangentiolly on, and spreads over, the
surface of a spherical space in the piston. There is al-
ways some impingement of spray on the combustion
chamber walls in all successful diesel engine designs.
This impingement was not considered desirable till
M.A.N. combustion system was experimented.

The M.A.N. system’s theory is that enough of spray
will ignite before impingement so that delay period will
be normal while most of the fuel spray will evaporate
from the hemispherical combustion space in piston prior
to combustion. Thus the second stage of combustion is
slowed down avoiding excessive rate of pressure rise,

Shrouded inlet valve is used to give air swirl in direc-
tion of arrow,

Advantages :
‘M-chamber’ claims the following advantages :

(i) Low peak pressure.

(it} Low rate of pressure rise,
(iii} Low smoke level.
(fv) Ability to operate on a wide range of liguid fuels (multi-fuel capability).

Disadvantages :

({) Low volumetric efficiency.

Fig. 6.156. M.A.N. ‘M’ combustion
chamber.

(ii) Since fuel vaperisation depends upon the surface temperature of the combustion cham-

ber, cold starting requires certain aids.

(izi) At starting and idling conditions hydrocarbon emissions may ocecur.
Table 6.1 gives comparison between open combustion chambers and divided combustion

chambers.
S.No. | Aspecis Open Combustion Chamber Divided Combustion Chamber
L Fuel used Can consume fuels of good ignition Can consume fuels of poor ignition

Z Type of injection

nozzle used

quality, i.e. of shorter ignition delay
or higher cetane number.

Requires multiple hole injection
nozzles for proper mixing of fuel

il IS S S SIS I SIS T SEE S —

qualityi.e., larger ignition delay.
or lower cetane number.

It is able to use single hole injection
nozzles and moderate injection

I TS SIS SIS T S S IS T SN CErm—
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Explain briefly the phenomenon of “Diesel knock”,
State the differences in the knocking phenomena of 8.1, and C.I. engines.
Enlist varions methods of controlling diesel knock.
What should be the primary considerations in the design of combustion chambers for C.1. engines ?
Explain briefly basic methods of generating air swirl in C.I. engines combustion chambers.
Enlist the advantages and disadvantages of induction swirl.
State the advantages and disadvantages of compression swirl,
Explain briefly any two of the following combustion chambers :
(i) Open or direct combustion chamber (ii) Turbulent chamber
(iii) Pre-combustion chamber (iv) Energy cell.
Give the comparison between open combustion chambers and divided combustion chambers.
Write short note on cold starting of C.1. engines.
Explain briefly cold starting aids for C.I. engines.
Explain the phenomenon of knock in C.I. engines and compare it with 8.1. engine knock.
How does the mixture composition in combustion chamber of a C.1. engine differ from that of a 8.1. engine ?
“The factors that tend to increase detonation in 8.1. engine tend to reduce knocking in C.I. engine”.
Discuss the above statement with reference to the following influencing factors :

(i) Compression ratio; (if) Inlet temperature ; '
(i) Inlet pressure ; (iv) Self-ignition temperature of fuel ;
(v) Time lag of ignition of fuel ; (vi) r.p.m.;

(vii) Combustion chamber wall temperature.

Why does rate of pressure rise during combustion is limited to a certain value ?

Discuss the influence of ignition delay on combustion processes in 8.1. and C.I. engines. Explain how the
presence of a knock inhibitor in fuel oil helps to change the ignition delay in C.1. engines.

“The requirement of air motion and swirl in a C.L. engine combustion chamber is more strigent than in a
5.1 engine”. Justify the statement.

“The induction swril in a C.I. engine helps in increasing indicated thermal efficiency”. Justify the state-
ment.

How are C.I. engine combustion classified ? What type of swirl is used in these chambers ?

“In agriculture field, it is better to use C.I. engine than S.1. engine”. Justify the statement.

How can a diesel engine be converted to CNG engine 7

“The maximum substitution of diesel engine by CNG in a C.I. engine is limited by the cetane characteristics
of the available fuel”. Justify the statement.

Write a short note on aids for starting C.I. engines under extreme cold climate.
Describe the M-combustion system and discuss its relative merits with respect to D.I. chambers.
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Multipoint injectors which add fuel at the intake valve ports will have better efficiency

because the air is displaced until after the intake manifold. Fuel evaporation does not
occur until the flow is entering the cylinder at the intake valve.

Those engines that inject fuel directly into the cylinders after the intake valve is closed
will experience no volumetric efficiency loss due to fuel evaporation. Manifolds with late
fuel addition may be designed to further increase volumetric efficiency by having large
diameter runners. High velocity and turhulence to promote evaporation are not needed.
They can also be operated cooler, which results in a dense inlet air flow.

Fuels like alcohol which have a smaller air-fuel ratio will experience a greater loss in
volumetric efficiency. Fuels with high heat of vaporisation will regain some of this lost
efficiency due to the greater evaporation cooling that will occur with these fuels, This
cooling will create a denser air-fuel flow for a given pressure, allowing for more air to
enter the system. Alcohol has high heat of vaporisation, so some efficiency lost due to
air-fuel is gained back again.

Gaseous fuels like hydrogen and methane displace more incoming air than liquid fuels,
which are only partially evaporated at the intake system. This must be considered when
trying to modify engines made for gasoline fuel to operate on these gaseous fuels. It can
be assumed that fuel vapour pressure in the intake system is between 1 to 10 percent of
total pressure when gasoline-type liquid fuel is being used. When gaseous fuels or alco-
hol is being used, the fuel vapour pressure is often greater than 10 percent of the total.
Intake manifolds can be operated much cooler when gaseous fuel is used, as no
vapourisation is required. This will gain back some lost volumetric efficiency.

The later that fuel vaporises in the intake system, the better is the volumetric efficiency.
On the other hand, the earlier that fuel vaporises, the better are the mixing process and
cylinder-to-cylinder distribution consistency.

2. Heat transfer-High temperature :

All intake systems are hotter than the surrounding air temperature and will consequently
heat the incoming air. This lowers the density of the air, which reduces volumetric
efficiency.

Intake manifolds of carburetted systems or throttle body injection systems are pur-
posely heated fo enhance fuel evaporation. At lower engine speeds, the air flow rate is
slower and the air remains in the intake system for a longer time. It thus gets heated to

higher temperatures at low speeds, whichlowers the volumetric efficiency curve in Fig. 7.2
at the low-speed end.

Some systems have been tried which inject small amounts of water into the intake mani-

fold. This is to improve the volumetric efficiency by increasing the resulting evaporative
cooling that occurs.

3. Valve overlap :

At the top dead centre (T.D.C.) at the end of exhaust stroke and the beginning of the
intake stroke, both intake and exhaust valves are open simultaneously for a brief moment.
When this happens, some exhaust gas can get pushed through the open intake valve back
tnto the intake system. The exhaust then gets carried back into the cylinder with the
intake air-fuel charge, displacing some of the incoming air and lowering volumetric
effictency. This problem is greatest at low engine speeds, when real time of valve overlap
is greater. This effects lowers efficiency curve in Fig. 7.2 at the low engine speed end.

Other factors that affect the above problem are the intake and exhaust valve location
and compression ratio.
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Solution. Given : D =20.3cm =0.2083m ; L =30.5 cm = 0.305 m ; N = 300 r.p.m.
Ny = 18%, A/F ratio=4:1
Volume of gas used per minute :

Stroke volume = {:- x 0.2032 x 0.305 = 0.009871 m?

Volume inhaled = n,; x stroke volume
= 0.78 x 0.009871 = 0.007699 m*

(Gas inhaled = ijﬁﬂ = 0.00154 m?

(Gas inhaled per minute = 0.00154 x % = 0.231 m¥min. (Ans.)

Example 7.2. A four-stroke, eight-cvlinder engine is tested while running at 3600 r.p.m. The
inlet air temperature is 15°C and the pressure is 760 mm of Hg. The total piston displacement vol-

ume is 4066 cm®. The air-fuel ratio of the engine is 14 : I and b.s.f.c. is 0.38 kg/kRWh. Dynometer
reading shows a power output of 86 kW. Find the volumetric efficiency of the engine.

Solution. Given : N = 3600 r.p.m. ; Inlet temp. T'=15°C or 288K;
p =760 mm Hg = 1.013 bar
V. =4066 cm® or 4066 x 10°m?®; A/Fratio=14:1;
b.s.f.c. = 0.38 kg/kWh

B.P. = 86 kW
Volumetric efficiency, 1, :
Air consumption, m = RO ﬂ;}S * 14 = 7.625 kg/min
Also, pV =mRT
i Ve mRT _ 7625 x 287 HEEBE - 6.222 m%/min
P 1.013 x 10
Displacement or swept volume = 4066 x 1075 x 2000
= 7.319 m*min
6.222
vt = 7379 = 0.85 or 85%. (Ans.)

Example 7.3. The airflow to a four-cylinder, four-stroke oil engine is measured by a 5 em
diameter orifice having a coefficient of discharge of 0.6. The engine having bore 10 cm and stroke
12 em runs at 1200 r.p.m. Pressure drop across orifice is 4.6 cm of water and ambient temperature
and pressure are 17°C and 1 bar respectively. Calculate the volumetric efficiency based on free air
condition.

Solution. Given:n=4; d=5em =006 m;C;=06,D0=10cm=0.1m L=12em=0.12m:
N=1200rpm. ;h, =46cm=0046m;T=17+273=290K ; p = 1 bar.

Nyl *
_p _ 1x10°
" RT  287x290
Head causing flow, metre of air,
b - hup, _ 0046 %1000
*" p. 1.2015

= 1.2015 kg/m?

Pa

= 38.285m
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For change in inlet temperature :

Ny, Ti, uﬁﬂﬂ

For both change in inlet pressure and temperature,

h = 1.0125 x 1.054 = 1.067
Thl
The percentage increase in volumetric efficiency = 6.7%. (Ans.)
(ii) The percentage change in indicated output of the engine :
Qutput =< p x 1,

py__1013x10°

= Pl =1.176
P1 RT, 287x300
Pa _ 13x10° _aay is
= = —_—= . m
& RT, 287x333 ad
X
i R Bl L BT T

B pixm, 1176
or PFercentage increase tn power = 23.4%. (Ans.)

Example 7.8. A petrol engine operating at full throttle develops 32 kW with 80 percent me-
chanical efficiency at sea level where atmospheric conditions are 1.013 bar pressure and 35°C tem-
perature. The engine is moved to a hill station whose altitude is 2000 m and temperature is 5°C. A
drop of 10 mm of mercury barometer reading may be assumed for each 100 m of rise in altitude.

Determine the percentage change in volumetric efficiency of the engine and the brake power of
the engine if it runs at the same speed and full throttle.

Solution. Given : (LP.); =32kW;n__, =80%;p,=1013bar;T,=35+273=308K;
T,=5+273=278K
Percentage change in volumetric efficiency :

The ratio of p/p, in both cases is 1. Therefore there is no change in volumetric efficiency due
to inlet and exhaust pressure change.

For inlet temperature change,

T.
Dy o -i=JE3-B— = 0.95
n, |7, V308

1-095

Percentage decrease in 1, =

Brake power of the engine, (B.P.), :

x 100 = 5%. (Ans.)

Indicated power output (LP)=mn xp, or ﬂ}_—”:

i
Ny, Piq - m, x1.013
T 308
Drop in pressure at hill station = pgh N/m?

(LP.), = o Ty, x 0.003289

10 n 2000
1000 100

=(13.6 x 1000) x 9.81 x ( ] % 10 =% bar = 0.267 bar
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AIR CAPACITY OF FOUR STROKE ENGINES 263

Volume of 1 kg of petrol vapour = TT
1% 8567 % (273 +17)
= = 0. 3
098 x 10° 0.2535 m
Volume of 18.835 kg of air & ’“f‘ﬂ
. 18,835 x EET:: 290 - 15.996 m®
098 % 10

Volume of mixture per kg of petrol
= (0.2535 + 15,996 = 16.25 m®. (Ans.)
(££) Now, volumetric efficiency
_ Volume of air per min at intake condition
B Swept volume per min

16.25 x (31/60)
6 x 2(0.125}2 % 0.19 % Lﬁmﬂ

=0.75 or 75%. (Ans.)

Example 7.12. On testing a spark ignition engine it was observed that the volumetric effi-
ciency is maximum when inlet valve Mach Index is 0.55 and the indicated torque, and indicated
mean effective pressure occured at maximum volumetric efficiency.

The engine having a bore of 110 mm and stroke 140 mm produces maximum indicated torque
when running at 2400 r.p.m.

(£) Determine the nominal diameter of the inlet valve.

(ii) If the same engine is required to develop maximum indicated power at 2800 r.p.m., how
will the inlet valve size be modified ¢

(iit) If the same engine runs at 2800 r.p.m. without any inlet valve modifications, how will
volumetric efficiency get affected ?

Pressure at intake valve = 0.88 bar ; Temperatue at intake valve = 340 K ; Inlet valve flow
coefficient = 0.33.

Assume ; Fuel-air mixture as perfect gas withy= 1.4 and R = 287 J/kg K,

(tv) What would be volumetric efficiency at maximum power speed of 4800 r.p.m., for un-
modified engine,
Solution. Given : Z=0.55;D_=110mm =0.11m, L = 140 mm = 0.14 m ; N = 2400 r.p.m;
p=088bar, T=340K ;K. =033;y=14,R=287Jkg K
(i) Nominal diameter of inlet valve, D, :
For the properties of mixture given in the data, the local sonic velocity of mixture of air-fuel
at the inlet or suction valve is given bg .

U,= Jy RT = /1.4 x 287 x 340 = 369.6 m/s

2
) D U
Also, £ =| 5L =2 7.9
S0 7 [Dm] x—-"—Ki 7 [Eqn. (7.9)]

o DY (2LN/60) [ U, = piston spaed]
D;, KU, =2LN /60
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8

Two Stroke Engines

8.1, General aspects—Construction and working--Comparnison between two stroke cycle and
four stroke eyele engines—Disadvantages of two stroke 5.1, engine eompared to two stroke
C.l. engine—Reasons for use of two stroke engines for marine propulsion—Reasons for the
use of two stroke S.1. engines for low horze power two wheelers 8.2, Intake for two stroke
cycle engines. 8.3, Seavenging process, 8.4, Scavenging parameters. B.5. Scavenging systems.
8.6. Crankcase scavenging. B.7. Scavenging pumps and blowers—Highlights—Ohbjective Type
Questions—Theoretical Questions.

8.1. GENERAL ASPECTS

8.1.1. Construction and Working

e In 1878, Dugald-clerk, a British engineer introduced a cycle which could be completed
in two strokes of piston rather than four strokes as is the case with the four stroke cycle
engines. The engines using this cycle were called two stroke cycle engines. In this
engine suction and exhaust strokes are eliminated. Here instead of valves, ports are
used. The exhaust gases are driven out from engine cylinder by the fresh charge of
fuel entering the cylinder nearly at the end of the working stroke.

e Fig. 8.1 shows a two-stroke petrol engine (used in scooters, motor cycle etc.) Refer Art.
2.12 also.

Spark-plug Spark-plug

) — (i)
L = Cylinder ; M = Piston ; C.C. = Crankecase ; V = Valve ; E.P. = Exhaust port ; T.P. = Transfer port.
Fig. 8.1. Two stroke cycle engine (crankcase scavenged).

267
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TWO STROKE ENGINES 271

® There are open combustion chambers in the two stroke cycle engines. It would be
extremely difficult to get proper scavenging in a cylinder with a divided chamber.

e In some automobile engines standard-type superchargers are used and the air is input
through intake valves with no fuel added. The compressed air scavenges the cylinder
and leaves it filled with air and a small amount of exhaust residual. After the intake
valve is closed, fuel is injected directly into the combustion chamber by injectors mounted
in the cylinder head. This is done to aveid HC pollution from fuel passing into the
exhaust system, when both exhaust and intake valves are open. In some automobile
engines, air is injected with the fuel. This speeds evaporation and mixing, which is
required because of the very short time of the compression stroke.

— Fuel injection pressure is of order of 500 to 600 kPa, while air injection pressure is
slightly less at about 500 kPa.

— For “S.1. engine” fuel injection occurs early in the compression stroke, immedi-
ately after the exhaust valve closes. In “C.I. engines” the injection occurs late in
the compression stroke, a short time before combustion starts.

® - In just about all two stroke cycle engines, due to cost, crankcase compression is used
to force air into and scavenge the cylinders.

— In these engines, air is introduced at atmospheric pressure into the cylinder below
the piston through a one-way valve when the piston is near T.D.C. The power
stroke pushes the piston down and compresses the air in the crankcase, which has
been designed for this dual purpose. The compressed air then passes through an
input channel into the combustion chambers. In modern automobiles engines the
fuel is then added with injectors, as with supercharged engines the fuel is then
added with injectors, as with supercharged engines. In small engines the fuel is
usually with a carburettor to the air as it enters the crankcase. This is done to
keep the cost down on small engines, simple carburettors being cheap to build.
The fuel injectors will probably become more common as pollution laws become
more stringent.

® In case of two stroke cycle engines using crankcase compression, lubricating oil must
be added to the inlet air. The crankecase in these engines cannot be used as the oil
reservoir as with most other engines. Instead, the surfaces of the engine components
are lubricated by oil vapour carried by the intake air. In some engines, lubricating oil
is mixed directly with the fuel and is vaporised in the carburettor along with the fuel.

Other engines have a separate oil reservoir and feed lubricant directly into the intake

air flow. Two negative results occur beacuse of this method of lubrications : (i) Some oil

vapour gets into the exhaust flow during valve overlap and contributes directly to HC
exhaust emissions ; (ii) Combustion is less efficient due to the poorer fuel guality of the
oil.

— Engines which use superchargers or turbochargers generally use standard pres-
surised lubrication sgystems, with crankcase serving as the oil reservior.

® In order to avoid an excess of exhaust residual no pockets of stagnant flow or dead
zones can be allowed in the scavenging process. This is controlled by :

(£} The size and position of the intake and exhaust slots or valves ;
(if) The geometry of the slots in the wall ;
(iii) The contoured flow deflectors on the piston face.

8.3. SCAVENGING PROCESS

® In a two stroke engine because of non-availability of an exhaust stroke (unlike four-
stroke engine) at the end of an expression stroke, its combustion chamber is left full of
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TWO STROKE ENGINES 275

Pressure loss co-efficient. It is defined as the ratio between the main upstream and

downstream pressures during the scavenging period and represents the pressure loss to which
the scavenge air is subjected when it crosses the cylinder.

Excess air factor (AL). The value (R, ,-1) is called the excess air factor. Thus if the R,
(delivery ratio) is 1.3 the excess air factor is 0.3,

Measurement of Scavenging Efficiency.

The following procedure is adopted in diesel engines for measuring the scavenging efficiency :

® A small sample of the combustion products is drawn just before the exhaust valve
opens or during the earlier part of blowdown.

® The sample is analysed.

® The results obtained are compared with standard curves of exhaust products vs. FfA

ratio, This determines the F/A ratio that must have existed in the cylinder hefore
combustion.

¢ Knowing the quantity of fuel injected per cycle, the quantity of fresh air retained in the
cylinder per cycle is determined. Air present in the residual gas is not cpnsidered as it
represent a constant quantity which does not participate in combustion process.

8.5. SCAVENGING SYSTEMS

Different scavenging systems/arrangements based on charge flow are enumerated and de-
gcribed below :

1. Uniflow scavenging
2. Loop or reverse scavening
3. Cross scavenging.

1. Uniflow scavenging :

It is the most perfect method of scavenging.

® The fresh charge is admitted at one end of the cylinder and the exhaust escapes at the
other end. The air flow is from end to end, and little short-circuiting between the intake
and exhaust openings is possible.

@ The three available arrangements for uniflow scavenging are shown in Fig.8.5.
| «
== ER (
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CHEMICAL THERMODYNAMICS AND FUELS 283

has a molecule which consists of two atoms of hydrogen and one atom of oxygen. The atoms of
different elements have different masses and these values are important when a quantitative analysis

is required. The actual masses are infinitesimally small, and the ratios of the masses of atoms are
used. These ratios are indicated by atomic weight quoted on a scale which defines the atomic
weight of oxygen as 16.

The symbols and molecular weight of some important elements, compounds and gases are
given in the Table 8.1,

Table 9.1. Symbols and Molecular weights

Molecule Atom
Elements! Compounds / Gases
Symbol Molecular Symbol Molecular
weight weight
Hydrogen H, 2 H 1
Oxygen 0, 32 O 16
Nitrogen N, 28 N 14
Carbon C 12 C 12
Sulphur S 32 S 32
Water H.O 18 — —
Carbon monoxide CcO 28 — —
Carbondioxide CO, 44 — —
Sulphurdioxide S0, B4 — —_
Marsh gas (Methane) CH, 16 —_ —
Ethylene C,H, 28 — —
Ethane C.Hg 30 —_ —_
9.1.3. Fuels

Fuel may be chemical or nuclear. Here we shall consider briefly chemical fuels only.

A chemical fuel is a substance which releases heat energy on combustion. The principal com-
bustible elements of each fuel are carbon and hydrogen. Though sulphur is a combustible element
too but its presence in the fuel is considered to be undesirable,

Fuels can be classified according to whether :
(i) they occur in nature called primary fuels or are prepared called secondary fuels ;

(i) they are in solid, liquid or gaseous state, The detailed classification of fuels can be given
in a summary form as follows :

Tyvpe of fuel Natural (Primary) Prepared (secondary)
oolid Wood Coke
Peat Charcoal
Lignite coal Brigquettes
Liguid Petroleum Gasoline
Kerosene
Fuel oil
Aleohal
Benzol

Shale oil
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INTERNAL COMBUSTION ENGINES

® The relation between cetane number and delay period for a particular engine at a par-

ticular set of running conditiens is illustrated in Fig 9.20.

Delay period —»

Cetane number ———»
Fig. 9.20
® A.n approximate inverse relationship between cetane (CN) and octane (ON) number is
given as :
CN =60 - %ﬂ-
(accurate within + 5%)
9.2.10.2. Diesel Index (DI)

® The diesel index is a cheap method of predicting ignition quality.
@ This scale is made possible because ignition quality is sensitive to hydrocarbon compo-

gitions ; that is, paraffins have high ignition quality and aromatic and compounds have
low ignition quality.

The diesel index gives an indication of the ignition guality obtained from certain physical
characteristics of the fuel as opposed to an actual determination in a test engine, The
index derived from the knowledge of aniline point American Petroleum Institute (API)
gravity, which is put together as follows :

Diesel index (DI) = Aniline point (°F) x API E?l;lﬂt? (deg)

— The aniline point of the fuel is the temperature at which equal parts of fuel and
pure aniline dissolve in each other. It therefore gives an indication of the chemical
composition of the fuel since the more paraffinic the fuel the higher the solution
temperature. Likewise, a higher API gravity reflects 2 low specific gravity and

indicates a high paraffinic content, which corresponds to a goed ignition quality.

Note. The correlation between the diegel-index and cetane number i3 not exact and with certain
fuel consumption it is not reliable but, nevertheless, it can be a useful indicator for estimating
ignition quality.

8.3. ALTERNATIVE FUELS FOR I.C. ENGINES

9.3.1. General Aspects
® The crude oil and petroleum products, sometimes during the 21st century will become

very scarce and costly to find and produce. At the same time, there will likely be an
increase in the number of automobiles and other 1.C. engines. Although fuel economy of
engines ig greatly improved from the past and will probably continue to be improved,
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334 INTERNAL COMBUSTION ENGINES

From table :
O, required per kg of coal = 2.636 kg
; g 2,636
- Air required per kg of coal = 0233 = 11.31 kg

(where air is assumed to contain 23.3% O, by mass)
N, associated with this air =0.767 x 11.31 = 8.67T kg
~. Total N, in products = 8.67 + 0.01 = 8.68 kg
The stoichiometric A/F ratio = 11.31/1. (Ans.)
When 30 per cent excess air is used :
(£) Actual A/F ratio:

30
Actual A/F ratio = 11.31 + 11.31 x 100 = 14.771. (Ans.)

(ii) Wet and dry analyses of preducts of combustion by volume :
As per actual A/F ratio, N, supplied = 0.767 x 14.7 = 11.27 kg
Also O, supplied = 0.233 x 14.T=3.42 kg
(where air is assumed to contain N, = 76.7% and O, = 23.3)
In the products then, we have
N,=1127+0.01 =11.28 kg
and excess O, = 3.42 - 2,636 = 0.784 kg
The products are entered in the following table and the analysis by volume is obtained :

— In column 3 the percentage by mass is given by the mass of each product divided by
the total mass of 15.66 kg.

— In column 5 the moles per kg of coal are given by equation n = % . The total of

column 5 gives the total moles of wet products per kg of coal, and by subtracting
the moles of H,O from this total, the total moles of dry products is obtained as
0.5008,

— Column 6 gives the proportion of each constituent of column 5 expressed as a per-
centage of the total moles of the wet products.

— Similarly column 7 gives the percentage by volume of the dry products.

Product Mass/ kg coal % by mass M Moles / kg coal % by vol. wet | % by vol. dry
1 2 3 4 5 ] 7
CO, 3.23 20.62 44 0.0734 14.10 14.66
H,0 0.36 2.29 18 0.0200 3.84 —
80, 0.01 0.06 64 0.0002 (say) 0.04 0.04
0, 0.78 4.98 32 0.0244 4.68 4.87
H‘.I 11.28 T2.03 28 0.4028 T7.34 80.43
15.66 kg Total wet = 0.5208 100.00 100.00 (Ans.)|
- H,0 =0.0200
Total dry = 0.5008
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CHEMICAL THERMODYNAMICS AND FUELS 355

26,
37.

38.
39,

40,
41.

42
43,
44,
45.
46

417.

48.

Give the advantages of using alternate fuels.

Discuss different properties of ethanol and methanol and compare them with gasoline.
Why blends of either ethanol or methanol are preferred over pure alcohol fuels 7
Give the advantages of alcohol as a fuel.

List the advantages of methanol as a fuel.

What modifications in engine are required when blends are used 7
State the advantages and disadvantages of hydregen as [.C. engine fuel.
What is natural gas 7

What are the properties of CNG ?

What are the advantages and disadvantages of CNG ?

Explain briefly LPG and LNG.

What is Biogas ?

What are the properties of biogas 7

UNSOLVED EXAMPLES

Determine the gravimetric analysis of the products of complete combustion of acetylene (C,H,) with 125
per cent stoichiometric air. [Ans. CO, = 19.5%, H,O = 3.9%, O, = 44%, N, = 72.2%]
One kg of ethane (C H,) is burned with 80% of theoretical air. Assuming complete combustion of the
hydrogen in the fuel determine the volumetric analysis of the dry products of combustion.

[Ans. CO, = 4.8%, CO = 11.2%, N, = B4%]

The gravimetric analysis of a sample of coal is given as 80% C, 12% H, and 8% ash. Calculate the
stoichiometric A/F ratio and the analysis of the products by volume.

[Ans. CO, = 13.6%, H, = 12.2%, N, = 74.2%)
Calculate the stoichiometric air fuel ratio for the combustion of a sample of dry anthracite of the follow-
ing composition by mass ;
C =90 per cent ; H, = 3 per cent ; N, = 1 per cent ; Sulphur = 0.5 per cent ; ash = 3 per cent.
If 20 per cent excess air is supplied determine :
(f) Air fuel ratio
(if) Wet analysis of the products of combustion by volume.
[Ans. 11.25/1 (i) 13.5/1 ; (i) CO, = 16.3%, H.O = 0.03%, SO, = 3.51%, N, = 80.3%]
The following is the analysis of a supply of coal gas :
H,=49.4 per cent ; CO = 18 percent ; CH, =20 per cent ; C H,=2 percent ; 0,=0.4 percent ; N, =6.2
per cent ; CO, = 4 per cent.
(i} Calculate the stoichiometric A/F ratio.
(if) Find also the wet and dry analysis of the products of combustion if the actual mixture is 20 per cent
weak. [Ans, (i) 4.06/1 by volume ; (if) Wet analysis : Eﬂt = 0.0%, 'Hzﬂ = 17.5%, ﬂ= = 3.08%,
N, = 70.4%. Dry analysis : CO, = 10.9%, O, = 3.72%, N, = 85.4%]
Find the stoichiometric air fuel ratio for the combustion of ethyl alcohel (C,H,0), in a petrol engine.

Calculate the air fuel ratios for the extreme mixture strengths of 90% and 120%. Determine also the wet
and dry analysis by volume of the exhaust gas for each mixture strength.

[Ans. 8.96/1 ; 9.95/1 ; 7.47/1, Wet analysis : CO, = 11.2%, H,O = 16.8%, O, = 1.85%, N_= 70.2%
Dry analysis : CO, = 13.45%, O, = 2.22%, N, = 84.4%
Wet analysis : CO, = 6.94%, CO = 6.94%, H, = 20.8%, N_ = 65.3%
Dry analysis : CO, = 8.7%, CO = 8.7%, N, = 82.5%]
For the stoichiometric mixture of Example 7.10 calculate :
(£) The volume of the mixture per kg of fuel at a temperature of 65°C and a pressure of 1.013 bar.

(i) The volume of the products of combustion per kg of fuel after cooling to a temperature of 120°C at a
pressure of 1 bar. [Ans. (i) 9.226 m® ; (ii) 11.58 m?]
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CARBURETION AND CARBURETTORS : 369

e Fora 5.1, engine, the design of carburetion system is very complicated owing to the fact
that the air-fuel ratio required by it varies widely over its range of operation, particu-
larly for an automotive engine, For idling as well as for maximum power rich mixture is
required.

11.4. MIXTURE REQUIREMENTS

Fig. 11.2. shows the variation of mixture requirements from no-load to full-load in a S.1.
engine.

9.1} 9.1 (0.1099)
Transfer Powaer
ldle and system and
12 main metering main 4 12 (0.08233)
- sﬂtnm I'I"IEtﬂﬂng
2 system
g 45| DM 4 15 (0.06667)
[ S
o & 3
- = - _ &
19 | Main metering system g% ] 18 (0.05263)
S
.'_ il ﬁ-""'.."-;'
09 |elead iy ik 4Ze2%] 23 (0,04348)

Load
Fig. 11.2. Mixture requirements of automotive S.1. engine.

1. Idling and low speed (From no-load to about 20% of rated pnwer-'} :

Idling refers to no power demand. During idling air supply is throttled and residual gases
make up a large fraction of the charge at the end of the suction period. In addition, during valve
overlap period some exhaust gases are drawn back into the cylinder. The result is that a chemically
correct (stoichiometric) mixture of air and fuel (= 15 : 1) would be so diluted by residual gases that
combustion would be erratic or impossiBle. A rich mixture, therefore, must be supplied during idling
(say A/F ratio 11 : 1 or 12 : 1). The richness should gradually change to slightly lean for the second
range as shown in Fig. 11.2,

2. Cruising or normal power (from about 25% to about 75% of rated power) :

In the normal power range the main consideration is fuel economy. Because mixture of fuel
and air is never completely homogeneous the stoichiometric mixture of fuel and air will not burn
completely and some fuel will be wasted. For this reason an excess of air, say 10% above theoretically
correct (= 16.5 : 1), is supplied in order to ensure complete burning of the fuel.

3. Maximum power (From 75% to 100% of rated power):

Maximum power is obtained when all the air supplied is fully utilized. As the mixture is not
completely homogeneous a rich mixture must be supplied to assure utilization of air (though this
would mean wasting some fuel, which would pass in exhaust in unburned state). The air-fuel ratio
for maximum power is about 13 : 1.

Running on the weakest mixture. This results in high efficiency and there is fuel economy.
On normal loads engines work on weak mixture,

Running on richest mixture. Engines run on rich mixture during idling and during the
overload, The effect is lowering of efficiency and pollution problems.

¢ Automobiles engines generally operate well below full power and a complicated system
for making the mixture rich is neither called for nor economically advisable, although

some means are employed to enrich the mixture. A more representative curve for an
automobile engine is shown in Fig. 11.3.
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CARBURETION AND CARBURETTORS 373

e It consists of a float chamber, nozzle with metering orifice, venturt and throttle valve.

— The float chamber is meant for storage of fuel. The fuel supplied under gravity
action or by fuel pump enters the float chamber through a filter. The arrangeinent
is such that when oil reaches a particular level the needle/float valve blocks the
inlet passage and thus cuts off the fuel oil supply. On the fall of oil level, the float
descends down, consequently intake passage open and again the chamber is filled
with oil. Then the float and the needleffloat valve maintains a constant fuel oil level
in the float chamber. There is a nozzle (discharge jet) from which the fuel is sprayed
into the air stream as it enters the inlet and passes through the venturi or throat.
The fuel level is slightly below the outlet of the jet when the carburettor is inoperative.

® As the piston moves down in the engine cylinder, suction is produced in the cylinder as
well as in the induction manifold as a result of which air flows through the carburettor.

The velocity of air increases as it passes through the constriction at the venturi and the

pressure decreases due to conversion of a portion of pressure head into kinetic energy. Due

to decreased pressure at the venturi and hence by virtue of difference in pressure (be-
tween the float chamber and the venturi) the jet issues fuel oil into air stream. Since the
jet has a fine bore, the oil issuing from the jet is in the form of fine spray ; it vaporises
quickly and mixes with air. The air-fuel mixture enters the engine cylinder ; it quantity
being controlled by the position of the “throttle valve”.

Limitations :

(i) Although theoretically the air-fuel ratio supplied by a simple (single jet) carburettor should

remain constant as the throttle goes on opening, actually it provides increasingly richer
mixture as the throttle is opened. This is because of the reason that the density of air tends
to decrease as the rate of flow increases,

— This fault is corrected by using a number of compensating devices.,

(ii) During idling, however, the nearly closed throttle causes a reduction in the mass of air
flowing through the venturi. At such low rates of air flow, the pressure difference between
the float chamber and the fuel discharge nozzle becomes very small. It is not adequate
enough to cause fuel to flow through the jet.

— This fault may be corrected by using an idling jet which helps, in running the engine
during idling.
(é6£) Carburettor does not have arrangement for providing rich mixture during starting and
warm up.

~ This limitation is taken of by using a choke arrangement.

11.8. COMPLETE CARBURETTOR

For meeting the demand of the engine under all conditions of ﬂperahun, the following addi-
tional devices/systems are added to the simple carburettor :

1. Main metering system
2. Idling system
3. Power enrichment or economiser system
4. Acceleration pump system
6. Choke.
1. Main metering system :
The main metering system of a carburettor should be so designed as to supply a nearly con-

stant fuel-air ratio over a wide range of operation. This F/A ratio is approximately equal to 0.064 (A/
F ratio = 15.6) for best economy at full throttle. In order to correct the tendency of the simple carbu-
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orifice is (p,~p,) when p, is the pressure at the throat. If the valve is closed, the float

chamber communicates only with venturi throat and pressure on the fuel surface

will be p,. Then the carburettor depression Ap will be zero and no fuel can flow. By

proper adjustment of control valve any pressure between p, and p, can be obtained

in the float chamber, thus altering the quantity of fuel discharged by the nozzle,
(iv) Auxiliary valve carburettor :

Fig. 11.10 shows an auxiliary valve carburettor. When load on the engine increases, the
vacuum at the venturi throat also increases. This lifts the valve against the spring force
and consequently more air is admitted and the mixture is prevented from becoming over-
rich.

(v) Auxiliary port carburettor.

® This method is used in aircraft carburettors for altitude compensation.

@ Fig. 11.11 shows an auxiliary port carburettor. When the butterfly valve is opened, addi-
tional air is admitted and at the same time the depression at the venturi throat is re-
duced ; this results in decreasing the quantity of fuel drawn in.

Fuel-air mixdure
Fuel-air mixture to engine

it -
\.\(_,Thmm \K(#

valve

Nozzle

Butterfly
valve ™

IR i1

Fig. 11.10. An auxiliary valve carburettor. Fig. 11.11. An auxiliary port carburettor.

2. Idling system :

® As earlier discussed that at idling and low load an engine requires a rich mixture having
about air-fuel ratio 12 : 1. The main metering system not only fails to supply enrich the
mixture at low air flows but also cannot supply any fuel during idling operation. It is due
to this reason that a separate idling jet must be incorporated in the basic carburettor.,
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Fuel-air mixture
to engine

111

rit

p, AN
et

Fig. 11.15. Choke valve with spring-loaded by-pass.

@ The provision of auxiliary fuel jets that are opened manually or automatically only as
required, is an alternative to the choke.

11.9. CARBURETTORS

11.9.1. Essential Features of Good Commercial Carburettor for Automotive Engines
Carburettor is a mixing device to supply the engine with air-fuel mixture, It atomnizes the fuel
and mixes it with air in varying proportions to meet the changing operating conditions of automotive
engines. It is required to provide the following essential features :
1. To meter and supply the proper quantity and proportion of air and fuel at correct strength
under all conditions of load and speed of the engine of the car for
(i) starting it easily from cold.
(if) providing a rich mixture for slow idling.
(iii) providing a rich mixture for acceleration,
(iv) providing a rich mixture for high speed, and
(v) providing a rich mixture for low speed when moving up-gradient.
2. To operate satisfactorily when cold, or when hot
3. To operate satisfactorily both on level and hills
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applied to the starting passage (11), sucking petrol from jet (9) and air from jet (10). The

jets and passages are so shaped that the mixture provided to the carburettor is rich
enough for starting.

After starting the engine, the starter lever is brought to the intermediate position, bringing
the smaller holes in the starter valve (8) into the circuit, thus reducing the amount of
petrol. Also in this position, the throttle valve is partly open, so that the petrol is also
coming from the main jet. In this situation, the reduced mixture supply from the starter
system, however, is sufficient to keep the engine running till it reaches the normal run-
ning temperature, when the starter is brought to “off-position”,

3. Idling and slow running :

From the lower part of the well of the emulsion system a hole leads off to the pilot jet
(13).

At idling the throttle is practically closed and therefore the suction created by the engine
on suction stroke gets communicated to the pilot jet. Fuel is inducted therefrom, and
mixed with a small amount of air admitted through the small pilot air bleed orifice (14)
and forms an emulsion which is conveyed down the vertical channel and discharged into

the throttle body past the idling volume control screw (15). The slow running adjustment
screws allows the engine speed to be varied.

By-pass orifice (17) provided on the venturi side of the throttle valve ensures the smooth

transfer from idle and low speed circuit to the main jet circuit without occurrence of flat
spot.

4. Acceleration :

In order to avoid flat spot during acceleration, a diaphragm type acceleration is incorpo-
rated (also known as economy system). This pump supplies spurts of extra fuel needed
for acceleration through pump injector (18).

Pump lever {19) is connected to the accelerator so that on pressing the pedal, the lever
moves towards left, pressing the membrane towards left, thus forcing the petrol through
pump jet (20) and injector (18). On making the pedal free, the lever moves the diaphragm
back towards right creating vacuum towards left which opens the pump inlet valve (21)
and thus admits the petrol from the chamber into pump.

11.9.3.2. Carter Carburettor
A carter carburettor is an American make carburettor and is used in jeeps. It is a standard
equipment on chevorolet and Pontiac series of cars,

Fig. 11.18 shows the schematic arrangement of a downdraft type Carter carburettor. The
brief description of the components and circuits is given below ;

The petrol (fuel) enters the conventional type float chamber (1).

The air enters the carburettor from the top, a choke valve (2) in the passage remains
open during normal working.

This carburettor has a triple venturi diffusing type of choke, i.e. it has three venturies,

the smallest (3) lies above the level in the float chamber, and the remaining two venturies
(6) and (5) are below the fuel level (in the float chamber), cne below the other.

At very low speeds, suction in primary venturi (3) is sufficient to draw the fuel. The
nozzle (4) enters the primary venturi at an angle, and throws the fuel up against the air
stream evenly, thereby providing finely divided atomised fuel. The mixture from venturi
(3) passes centrally through the secondary venturi (5) where it is surrounded by a blan-
ket of air stream and finally this leads to the third main venturi (6), where again the
fresh air supply insulates the stream from the secondary venturi. The fuel-air mixture



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



CARBURETION AND CARBURETTORS 3R9

2. Mixture adjustment and fuel temperature compensation :

® The jet height initial adjustment and hence mixture strength can be made by altering
the tilt of the right angled lever which is attached to a spring-loaded retaining screw and
a bimetallic strip which extends to the petrol jet. To alter the jet height, the horizontal
jet adjustment screw is screwed inwards to lower the jet and enrich the mixture, and
outwards to raise the jet and weaken the mixture.

® In order to compensate for the variation in fuel viscosity within changing temperature
and the reluctance of the fuel to flow through an orifice as its viscosity rises, a bimetal-
lic strip submerged in the fuel senses a temperature change and alters the effective jet
size accordingly. When the fuel temperature rises the bimetallic strip curls upwards and
pushes the jet further into the tapered needle. Conversely, if the fuel becomes cooler, the
strip bends downwards and lowers the jet to increase the annular jet orifice.

3. Part throttle by pass emulsion system. Refers Fig. 11.19 (a).

This system is a passagaway which bypasses the mixing chamber, it spans the distance
between the feed duct at the jet bridge and a discharge duct at the throttle butterfly
edge.

@ The bypass passage, with a small throttle opening, delivers a quantity of mixture in a
well emulsified condition from the jet to a high depression point near the edge of the
throttle. Since the bypass passagaway is much smaller than the mixing chamber bore,

the mixture velocity through this passage will be much greater and therefore the air-fuel
mixing will be that much more thorough.

4, Overrun valve. Refer Fig. 11.19 (b).

Under overrun working conditions, the closed throttle will create a very high depression
on the engine side of the throttle and in the induction manifold. Consequently, the effec-
tive compression ratio will be low, burning will be slow and erratic, and the exhaust prod-
ucts will contain high valves of hydrocarbon. To improve the burning process so that more
of the fuel is doing useful work and less is passed through to the exhaust as incomplete
combustion products, a spring-loaded plate-valve is incorporated in the throttie but-
terfly disc.

® When the engine is operating at overrun conditions, the manifold depression at some
predetermined value will force open the spring loaded plate-valve to emit an additional
quantity of correct air-fuel mixture. The increased supply of air-fuel mixture will reduce
the manifold depression with the result that the denser and better prepared mixture charge

will improve combustion, and hence less unburnt products will be passed through to the
exhaust.

5. Hydraulic damper (acceleration enrichment device). Refers Fig. 11.19 (¢).
® This device is incorporated to enrich the mixture strength when the throttle is opened
rapidly but it does not interfere with the normal air-valve lift or fall as the mixing cham-
ber depression changes with respect to steady throttle opening.
— The damper valve is mounted on the lower end of a long stem inside the hollow
guide spindle of the air-valve and is submerged in a light oil. The damper consists of
a vertically positioned loose fitting sleeve, its underside resting on a spring clip
attached to stem, while its upper end is chamfered so that it matches a conical seat
formed on the central support stem.

® On rapid opening of the throttle, the sudden rise in depression in both mixing chamber
and air valve upper chamber tends to jerk up the air valve assembly. Simultaneously,
the viscous drag of cil in the hollow spindle will lift the sleeve and press it against its
seat, and so the oil is thus temporarily trapped beneath the damper so that it prevents
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A major feature with petrol injection is that there is separate air and fuel metering and that
fuel metering is precise under all engine operating condition’s.

11.10.5. Injection Considerations

The fuel can be discharged into the air stream, using indirect injection arrangements, by the
following two methods :

1. Continuous injection.

2. Intermittent or pulsed injection.

1. Continuous injection :

In this arrangement, the injector nozzle and valve are permanently open while the engine is
operating and the amount of fuel discharged in the form of a spray is controlled by either varying the
metering orifice or the fuel discharge pressure, or a combination of both of these possible variables.

2. Intermittent or pulsed injection :

In this type of injection, fuel is delivered from the injector in spray form at regular intervals
with a constant fuel discharge pressure and the amount of fuel discharged is controlled by the time
period the injector nozzle valve is open.

@ Timed injection. This where the start of delivery for each cylinder occurs at the same
angular point in the engine cycle, this can be anything from 60° to 90* afer T.D.C. on the
induction stroke.

e Non-timed injection. In contrast to timed injection, this is where all the injectors are

programmed to discharge their spray at the same time, therefore each cylinder piston will
be on a different part of the engine cycle.

11.10.6. Comparison of Petrol Injection and Carburetted Fuel Supply Systems
Merits of petrol injection :
Following are the merits of petrol engine system :

1. In petrol injection system, due to absence of venturi there is the minimum of air restriction
s0 that higher engine volumetric efficiencies can be obtained with the corresponding improvement in
power and torque.

2. The spots for pre-heating the cold air and fuel mixture are eliminated so that denser atr
enters the cylinder when the engine has reached normal operating conditions.

3. As the manifold branch pipes are not greatly concerned with mixture preparation they
can be designed to utilize the inertia of the air charge to increase the engine’s volumetric efficiency ;
(this does not apply for single point injection).

4. Because of direct spray discharge into each inlet port, acceleration response is better.

5. Atomization of fuel droplets is generally improved over normal speed and load driving
conditons.

6. It is possible to use greater inlet and exhaust valve overlap without poor idling, loss of fuel
or increased exhaust pollution.

7. The monitoring of engine operating parameters enables accurate matching of air and fuel
requirements under normal speed and load conditions which improves engine performance, fuel con-
sumption and reduces exhaust pollution.

8. Fuel injection equipment is precise in metering injected fuel spray into the intake ports
over the complete engine speed, load and temperature operating range.

9. There is precise fuel distribution between engine cylinders even under full load conditions
with multi-point injection,

10. Multi-point injection does not require time for fuel transportation in the intake nmmfofd
and there is no manifold wall melting.

11. With fuel injection, when cornering fast or due to heavy braking, fuel surge is eliminated.
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where, Pr= Constant density of fuel, and
C, = Velocity of flow of fuel.

2Ap, - ps - ) [2AAp, -
f P1— P2 — 82Ppy =J Ap, — 82p r) (11.6)

O =
=\ Py Py

[It may be noted that due to petrol surface being lower than the top of the jet by z metres the
pressure difference becomes (Ap, - gzp f] instead of Ap ]

Mass of fuel per second, i (theoretical) = A, p, =4, Jﬂl}rf@a - g2py) L(11.7)

where, A= Cross-sectional area of the fuel jet m2
Air-fuel (A/F) ratio,

_.m._E:' Aﬁ‘\‘zPuﬂpu _ﬂJEu_ il ﬂpj
me  Ap 20 (Ap, - gzp) ~ Ar \pr \(4pa - 8207)
_IfC,, and C#are the coefficients of discharge of venturi and fuel jet respectively, then

..{11.8)

.ﬂ=9ﬂ+ﬂ.Jﬁt.J AP (11.9)

me  Cgr Ap Ypr YAp, —820¢ el
m, C, A |p

If z=0, &= da “1’“ (11,10
me Car Ap Yoy R

Case IL. Taking into consideration the compressibility of air in account—Exact Analysis.

When the compressibility of air is taken inte account, the air flow will change but the fuel

flow will remain unchanged. Applying steady flow energy equation (S.F.E.E,) at sections 1-1 and
2-2, we get,

2 2
h1+c?1~_+Q=.&2 +%+W

2 2
or Q—W={hﬁ—h1]+cﬂ;cl

where  h,, h, = Enthalpies at sections 1-1 and 2-2 respectively.
Since@=0,W=0 and C,=0

Gﬂ= “Jg:hl ‘h‘z]

Substituting hy=¢,T, and hy =c, T,, we get

C,= chpTl[l—ﬁ] (11.11)
/4

Since the flow process between the atmosphere and the venturi throat is isentropic,
¥-1

T
2 _ [&] ! .(11.12)
Py

Substituting eqn. (11.6) in eqn. (11.5), we get

(y =y
C, = |2¢,T;|1- [‘f}] .(11.13)
o] 1
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72 =n 2
i, 3¢ ] 07 J2x750(2922 - 9.81 x 0.0042 x T50)
360C 4‘[ _r] x

= 1144.89 {d})ﬂ

7.2
4= (
3600 % 1144.89
Example 11.4. A simple carburettor under a certain condition delivers 5.45 kg/h of petrol
with an air-fuel ratio of 15. The fuel jet area is 2 mm? with a coefficient of discharge of 0.75. If the tip

of the fuel jet is 0.635 cm above the level of petrol in the float chamber and the venturi throat coeffi-
cient of discharge is assumed to be 0.80, calculate ;

(©) The venturi depression in em of H,0 necessary to cause air and fuel flow at the desired

12
] =132x10° m or 132 mm. (Ans)

rate.
(i) The venturi throat diameter.
(iii) The velocity of air across the venturi throat.
You may take density of air = 1.27 kg/m?® and specific gravity of period = 0.72.
(Madras University)
5.45

Solution. Given : m; = —— = 0001514 kg/s ; AF ratio = 15 ; A, = 2 mm?

=2x10%m?;C = 0.75;2 = 0.635 cm = 0.00635 m ; C,, = 0.8;
p, = 1.29 kg/m? ; Sp. gr. of petrol = 0.72.
(i) Venturi depression, Ap, :

my = Cﬂr. Af Jﬂpf{.ﬂpﬂ - 82py) «[Eqn. (11.7)]

where Ap, is in N/m?.
0.001514 =0.75 x 2 x 10°¢ |2 x (0.72 x1000) (Ap, ~ 9.81 x 0.00635 x 0.72 x 1000)

0.001514
T )
0.76 x 2 x 1F

=37.95.f(Ap, - 44.85)

0.001514
075 x10°% x 3795

75222
9810

2
or ﬁpn—ﬂ.35= ( ] =T0737

Ap, = 752.22 N/m? =

(ii) Venturi throat diameter, D, :

: 545
Air flow rate = —— %15 =0.02271 8
3800 kg/

Mﬂﬂ, mn = Gd,'g d: ﬁjzpu@u
. 002271 =08 x A, .JZ % 129 x 75222

m of water = 7.67 cm of H,0. (Ans.)

or A =6444x 104 m?= Eﬂ,*

6444 <107 x4
N =[

= ]‘” =0.0286 m = 2.86 cm. (Ans.)
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Now, =209
by
Throat area, o ﬁc*:—‘k e ”92‘595 = 9.76 x 10~4 m? = 9.76 cm?
LR
But AE = -I DE =926
D, (or D)= E.Tix ! -3525cm. (Ans)

(if) Orifice diameter, d, :
Pressure drop at venturi = 1.013 - 0.937 = 0.076 bar
Pressure drop at jet = 0.75 x 0.076 = 0.057 bar

N’nw, fﬁf = ﬂf C#.,I}prép

0.0075 = A, x 0.6 /2 740 x 0.057 x 10° = 1742.68
A,=4304x10°m? or 4.304 mm®

But, A= Edﬁ = 4304

d = Jﬂ =284 mm. (Ans.)

Example 11.8. The following data relate to a 4-stroke petrol engine of Hindustan Ambassa-

dor :

Capacity of the petrol engine = 1489 c.c.

Speed at which maximum power is developed = 4200 r.p.m.

The volumetric efficiency (at the above speed) = 75 percent

The air-fuel ratio =13:1

Theoretical air speed at choke (at peak power) =85m/ls

The co-efficient of discharge for venturi = (.82

The co-efficient of discharge of the main petrol jet =0.65

The specific gravity of petrol =0.74

Level of petrol surface below the choke =6 mm

Atmospheric pressure and temperature = 1.013 bar, 20°C respectively

An allowance should be made for the emulsion tube, the diamefer of which can be taken as 40
percerit of the choke diameter.

Calculate the sizes of a suitable choke and main jet.

Solution. Given : V, = 1489 c.c. = 1489 x 10 m? = 0.001489 m3; N = 4200 r.p.m ;

Ny =76%; AfFratio=13:1;C,(=C,)=85m/s ;C,y, = 0.82; C, = 0.65;

Pr=0.74 x 1000 = T40kg/m?;p, (=p_ ) =1.013 bar;p,(=p)= ?;T,(=T,) =20+ 273 =293 K ;

z=6mm=0.006m ;d=04D.

Volume of air induced =n_, x V,

_ 0.76 x 0001489 x 4200
2 x 60

= 0,03909 m¥/s
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UNSOLVED EXAMPLES

T
A four-cylinder four-stroke engine having diameter and length of stroke as 100 mm and 120 mm respec-
tively is running at 2000 r.p.m. Its carburettor venturi has a 30 mm throat. Assuming coefficient of air
flow 0.8, density of air 1.2 kg/m® and volumetric efficiency of the engine as 70 percent, determine the
suction at the throat. [Ans. 0.0339 bar]
A simple jet carburettor is required to supply 6 kg of air per minute and 0.45 kg of fuel of density
740 kg/m?®, The air is initially at 1.013 bar and 27°C. Calculate the throat diameter of the choke for a flow
velocity of 91 m/s. Velocity coefficient = 0.8,
If the pressure drop across the fuel metering orifice is 0.75 of that at the choke, calculate orifice diameter
assuming C, = 0.6. [Ans. 35.25 mm ; 2.34 mm)]
A d-stroke petrol engine of Hindustan Ambassador has a capacity of 1489 c.c. It develops maximum
power at 4200 r.p.m. The volumetric efficiency at this speed is 70 percent and the air/fuel ratiois 13: 1,
At peak power the theoretical air speed at choke is 90 m/s. The coefficient of discharge for venturi is 0.85
and that of the main petrol jet is 0.66. An allowance should be made for the emulsion tube, the diameter
of which ean be taken as 1/2.5 of the choke diameter. The petrol surface is 6 mm below the cholee at this
engine condition. The specific gravity of petrol is 0.74. Atmospheric pressure and temperature are
1.013 bar and 20°C respectively.
Calculate the sizes of a suitable choke and main jet. [Ans. 27.35 mm ; 1.58 mm|]
A single jet simple carburettor is to supply 6.11 kg/min. of air and 0.408 kg/min of petrol, density
768 kg/m®. The air is initially at 1.027 bar and 15.5°C. Calculate the throat diameter of the venturi throat
if the speed of air is 97.5 m/s, assuming a velocity coefficient of 0.84. Assume adiabatic expansion and y
for air as 1.4. If the drop across fuel metering orifice be 0.8 of the pressure at the throat ; calculate the
orifice diameter assuming a coefficient as 0.66. [Ans. 2.056 mm]
An engine having a simple single jet carburettor consumes 6.5 kg of fuel/hour. The fuel dunsity is 700 kg/
m?®, The level of fuel in the float chamber is 3 mm below the top of the jet when the engine is not running.
Ambient conditions are 1.01325 bar and 17°C. The jet diameter is 1.25 mm and its d:mharge coefficient is
0.6. The discharge coefficient of air is 0.85. Air-fuel ratio is 15. Determine the criti¢al air velocity and the
throat diameter (effective). Express the pressure depression in cm of water. Neglect compressibility of
air, [Ans. 4.945 m/s5 ; 19.9 mm ; 43.99 em]
An eight-cylinder 4-stroke petrol engine with bore and stroke of 100 mm each uses volatile fuel of compo-
sition C = 84%, H, = 16%. The throat diameter of choke tube is 40 mm. The volumetric efficiency at 3000
r.p.m. is 75 percent referred to 0°C and 1.01325 bar. The pressure depression is 0.116 bar and the tem-
perature at throat is 16°C. If chemically correct A / F ratio is supplied for consumption, determine ;
{f} Fuel consumptioninkg/h ;
(i} The air velocity through the tube.
Take characteristic gas-constant R for air and fuel as 287 J/kg K and 97 J/kg K respectively.

[Ane. 35.1 kg/h ; 116 m/s]

The venturi of a simple carburettor has a throat diameter of 21} mm and the coefficient of air flow is 0.85.
The fuel orifice has a diameter of 1.25 mm and the coefficient of fuel flow is 0.66. The petrol surface is

5 mm below the throat. Assuming density of and fuel as 1.2 kg/m® and 750 kg/m® respectively, calculate :
(i} The A/F ratio for a pressure drop of 0.07 bar when the nozzle lip is neglected ;
(ii) The A/F ratio when the nozzle lip is taken into account :

(iZf) The minimum velocity of air or critical air velocity required to start the fuel flow when nozzle lip is
provided. [Ans. (i} 13.2 ; (ii) 13.235 : (iii) 7.83 m/s]

8. A carburettor with float chamber vented to atmosphere is tested in a laboratory without the air cleaner,

The A/F ratio as caleulated is 15 at the atmospheric conditions of 1.008 bar. The pressure recorded at the
throat is 0.812 bar.,

This carburettor is fitted with air cleaner and once again tested. The additional pressure drop due to air
cleaner is 0.04 bar with the air flow at the atmospheric conditions to remain unchanged at 260 kg/h.
Assuming negligible nozzle lip, same air flow in both cases and constant coefficient of flow determine :

(i) The throat presesure with cleaner fitted ;
{if} The A/ F ratio with cleaner fitted. lAns. (i) 0.772 bar ; (i) 13.67)
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Disadvan'tngen 3
This method is not-used now-a-days due to the following reasons/disadvantages :
(£} It requires a high pressure multi-stage compression. The large number of parts, the
intercooler etc. make the system complicated and expensive.
(ii) A separate mechanical linkage is required to time the operation of fuel valve,
(iii) Due to the compression and the linkage the bulk of the engine increases. This also results
in reduced B.P. due to power loss in operating the compression and linkage.
(iv) The fuel in the combustion chamber burns very near to injection nozzle which many times
leads to overheating and burning of valve and its seat.
(v) The fuel valve sealing requires considerable skill.

(vé) In case of sticking of fuel valve the system becomes quite dangerous due to the presence of
high pressure air.

12.4.2. Solid or Airless Injection

Injection of fuel directly into the combustion chamber without primary automisation is termed
as solid injection. It is also termed as mechanical injection.

Main Components :

The main components of a fuel injection system are ;
(£) Fuel tank ;
(it} Fuel feed pump to supply the fuel from the main fuel tank to the injection pump ;
(iii) Fuel filters to prevent dust and abrasive particles from entering the pump and injectors ;
(iv) Injection pump to meter and pressurise the fuel for injection ;
(v) Governor to ensure that the amount of fuel is in accordance with variation in load ; and

(vi) Fuel pipings and injectors to take the fuel from the pump and distribute it in the combus-
tion chamber by atomising it in fine droplets.

Main types of modern fuel injection systems :
1. Common-rail injection system.
2. Individual pump injection system.
3. Distributor system.

Atomisation of fuel oil has been secured by (i) air blast and (ii) pressure spray. Early diesel
engines used air fuel injection at about 70 bar. This is sufficient not only to inject the oil, but also to
atomise it for a rapid and thorough combustion. The expense of providing an air compressor and
tank lead to the development of “solid” injection, using a liquid pressure of between 100 and 200 bar
which is sufficiently high to atomise the oil it forces through spray nozzles. Great advances have
been made in the field of solid injection of the fuel through research and progress in fuel pump, spray
nozzles, and combustion chamber design.

1. Common-rail injection system :
Two types of common-rail injection systems are shown in Fig. 12.1 and 12.2 respectively.
e Refer Fig. 12.1. A single pump supplies high-pressure fuel to header, a relief valve holds

pressure constant. The control wedge adjusts the lift of mechanical operated valve to set
amount and time of injection.

e Refer Fig. 12.2. Controlled-pressure system has pump which maintains set head pres-
sure. Pressure relief and timing valves regulate injection time and amount, Spring loaded
spray valve acts merely as a check.
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Fig. 12.5. Fuel pamp.

® When the plunger iz at its bottom stroke the ports SP and ¥ are uncovered (as shown in
Fig. 12.5) oil from low pressure pump (not shown) after being filtered is forced into the
barrel. When the plunger moves up due to cam and tappet mechanism, a stage reaches
when both the ports SP and Y are closed and with the further upward movement of the
plunger the fuel gets compressed. The high pressure thus developed lifts the delivery
valve off its seats and fuel flows to atomiser through the passage P. With further rise of
the plunger, at a certain moment, the port SP is connected to the fuel in the upper part
of the plunger through the rectangular vertical groove by the helical groove, as a result
of which a audden drop in pressure occurs and the delivery valve falls back and occupies
its seat against the spring force. The plunger is rotated by the rack R which is moved in
or out by the governor. By changing the angular position of the helical groove (by rotating
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FUEL INJECTION SYSTEMS FOR Cl. ENGINES 433

1.963 x 10-5 = Edﬂ“ x E]::-:: 151.23 x[;gn x 1:;“] xS =29.694 dy”

V2
_5
ﬂo:[l’f::;" ] =813x10"*m or 0813 mm. (Ans.)

Example 12.3. Fuel injection in a single cylinder, 4-stroke cycle C.I. engine running at 650 r.p.m.
takes place through a single orifice nozzle and occupies 28° of crank travel. The fuel consumption of
the engine is 2.2 kg f hour and the fuel used has a specific gravity of 0.875. If injection pressure iz 150
bar and the combustion chamber pressure is 32 bar estimate the volume of fuel injected per cycle and
the diameter of the orifice. Take coefficient of discharge of orifice = 0.88.

Solution. Given :n =1, N=650r.p.m.; 06 =28"of crank travel ;

Fuel consumption = 2.2 kg/h ; Sp. gr. =0.875;
Ap=p,-py,=150-32 =118 bar; C,=0.88
Yolume of fuel injected per cycle :
Fuel consumption per cylinder
No. of cycles per min.
_{(2.2/860)
~ (650/2)

Mass of fuel injected per cycle
Density of fuel (py)

_1128x10°*
~ 0.875 x 1000
=0.1289 cm3. (Ans.)

Fuel to be injected per cycle

=1.128x 10~ kg

Volume of fuel injected per cycle =

= 1,289 x 1077

Diameter of the orifice, d,:

0 60
Time for fuel injecti le=| —x— :
me for fuel injection per cycle [EED:{N]BEE
_ 28 60

= = 000718
360 . 650 8

Mass of fuel injected per second,

s Fuel injected per cycle _L128x 1074
£~ Time for fuel injection  0.00718
Actual velocity of per cycle injection, '

2Ap 2% 118 x 10°
V,=C, —— =088 = 144.56 m/,
£=Cr J pr J[D.E'.Tﬁ x 1000) ’

= 0.0157 kg/s

Nﬂw! mf=An * Vr“ p'r
or 0.0157 = Edf) x 144.5 x (0.875 x 1000)
0.0157 x 4 ua
= - = “ = [ ] [ ] r
or do = [nxl#ﬁx(ﬂ.ﬂ?ﬁx muu}] =3.976x10""m = 9.4 mm. (Ans)
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n
= ngﬂ x Cfdﬂﬁp b4 Fl.r

= Edﬂﬂ x 0,67 |2 x110 x10% x 960 = 7238111d,>

or dy=5637%x10"*m or 0.5637 mm. (Ans.)

Example 12.8. In a diesel fuel injection pump, the volume of fuel in the pump barrel before
commencement of the effective stroke is 7 c.c. The diameter of the fuel line from pump to injector is
3 mm and is 700 mm long. The fuel in the injection valve is 2 c.c.

(i) To deliver 0.10 c.c. of fuel at a pressure of 150 bar, how much displacement the plunger
undergoes ? Assume a pump inlet pressure of I bar ;

(i£) What is the effective stroke of the plunger if its diameter is 7 mm.
Assume coefficient of compressibility of oil as 78.8 x 10-% per bar at atmospheric pressure.

Solution. Given : The volume of fuel in the pump barrel before commencement of the effec-
tive stroke = 7 c.e,

The diameter and length of the fuel line from pump to injector = 3 mm, 700 mm,

Volume of fuel in the injection valve =2 c.c.

Volume of fuel to be delivered =0.10 c.c.

The pressure at which fuel to be delivered, p, = 150 bar

Atmospheric pressure, Py =1bar

Coefficient of compressibility, C,=78.8x 10~ % per bar at atmospheric pressure
Diameter of plunger, dp =7 mm

(i) Displacement of plunger:
Coefficient of compressibility of oil,
Change in volume per unit volume

Ce= Difference in pressure causing compression
_ (V= Va)
- VI{F] - H}

Total initial fuel volume,

V, = Volume of fuel in barrel + volume of fuel in the delivery
line + volume of fuel in the injection valve

i 7%{&3}2 %70 +2 = 13.95 c.c.

No pressure is built up till the pump plunger closes the inlet port. Further advance of plunger
will compress the fuel oil and raise the pressure to a required value. Once the delivery pressure is
attained, further movement of plunger results in delivery of fuel oil at constant pressure.

Change in volume due to compression = C (p,-p,) x V,
or (V,-V,)=78.8x 108 x (150 - 1) x 13.95
=0.16379 c.c.
Total displacement of plunger

- {vl - vi} + ﬂ-l - D-lﬁ-ﬂ?g + ﬂpl = 'ﬂ#ﬂﬁﬂ?g C.C. {A.IIEJ
(ii) Effective stroke of the plunger, lp -

o
7% x1p=026379  or  x(07) x1,=026379

026379 x 4
L= 3
% X (0.7)

=0.6854cm or 6.8564 mm. (Ans.)
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Ignition Systems (S.1. Engines)

15.1. Introduction. 13.2. Requirements of an ignition system. 13.3. Basic ignition systems.
13.4. Battery (or coil) ignition system. 13.5. Magneto ignition system. 13.6. Firing order.
13.7. Ignition timing. 13.8. Spark plugs. 13.9. Limitations of conventional ignition. 13.10. Electronic
ignition systems—Highlights—Objective Type Questions—Theoretical Questions.

13.1. INTRODUCTION

e In S.1. engines the combustion process is initiated by a spark between the two elec-
trodes of spark plug. This oceurs just before the end of compression stroke. The ignition
process must add necessary energy for starting and sustaining burning of the fuel till
combustion takes place.

@ Ignition is only a pre-requisite of combustion. It does not influence the gross combustion
process. It is only a small scale phenomenon taking place within a specified small zone
in the combustion chamber,

@ Ignition only ensures initiation of combustion process and has no degree intensively or
extensively.

Energy requirements for ignition :

— A spark energy below 10 millijoules is adequate to initiate combustion for A / F ratio
12-13 : 1 (Range of mixtures normally used) ; the duration of few micro-seconds is suffi-
cient to start combustion.

— A spark can be struck between the gap in the two electrodes of the spark plug by
sufficiently high voltage. There is a critical voltage called breakdown voltage below which
no sparking would occur. In practice the pressure, temperature and density have a

profound influence on the voltage required to cause the spark. Also, the striking voltage
is increased due to the fouling factor of the electrodes owing to deposits and abrasion.

— For automotive engines, in normal practice, the spark energy to the tune of 40 millijoules
and duration of about 0.5 millisecond is sufficient over entire range of operation.

13.2. REQUIREMENTS OF AN IGNITION SYSTEM

For an ignition system to be acceptable it must be moderately priced, reliable and its per-
formance must be adequate to meet all the demands imposed on it by various operating conditions.

An ignition system should fulfill the following requirements :

1. It should have an adequate reserve of secondary voltage and ignition energy over the
entire operating speed range of the engine.

2. It should consume the minimum of power and convert it efficiently to a high-energy spark
across the spark-plug electrode gap.

3. It should have a spark duration which is sufficient to establish burning of the air-fuel
mixture under all operating conditions.

441
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INTERNAL COMBUSTION ENGINES
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Drain plug crankcase

Wet sump

Fig. 14.9. Wet sump lubrication system.

14.6.3. Dry Sump Lubrication System

¢ Refer Fig. 14.10, In this system, the oil from the sump is carried to a separate storage
tank outside the engine cylinder block. The oil from sump is pumped by means of a
sump pump through filters to the storage tank. Oil from storage tank is pumped to the
engine cylinder through oil eooler. Qil pressure may vary from 3 to 8 bar.

® Drysump lubrication system is generally adopted for high capacity engines.

Vent
Fressure ‘
Qil coaler relief valve _—
To DN
bearing +—
Supply
Oil pump tank
Engine crankcase Filter by pass T
pressure relief
valve
Filter —_
Scavenging
pump

Fig. 14.10. Dry sump lubrication system.
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INTERNAL COMBUSTION ENGINES

14.7. CRANKCASE VENTILATION

ol

Crankease ventilation is required owing to the following two reasons :

{£} The various contaminants such as water, gasoline, blowby gases ete. enter the crankcase
due to several reasons, and may cause sludge and corrode metal parts.

(ii) To relieve any pressure build-up in the crankcase which may cause leakage of the crank-
shaft seal.

In practice, following two tvpes of ventilation systems are used :
1. Open system 2. Closed system.

1. Open system :

e In this system, fresh air’supply is inducted into the crankcase during the compression

stroke (due to creation of small vacuum). The entering air picks up the contaminants
(water vapour, gases and H,50, vapour) and discharge them {o the atmosphere during
expansion stroke.

® The maindisadvantage of this system is that the natural ventilation is quite inadequate
during idling or running at low speeds.

2. Closed system :

¢ In closed system the fresh air supply is taken to the crankcase from the carburettor.

# Air cleaner and the breather outlets are connected to the intake manifold through a
PCV valve to ensure the burning of all the crankcase gases in combustion chamber.

HIGHLIGHTS

The difference between I.P. and B.P. is known as tota!l engine friction {oss.
Lubrication 18 the admittance of oil between two surfaces having relative motion.

Film lubrication is that type of lubrication in which bearing surfaces are completely separated by a layer
of film of lubricant and that the frictional resistance arises only due to relative movement of the lubri-
cant lavers.

If the oil film becomes thin enough =0 as not to support the load without oecassional metal-to-metal
contact then journal friction developed is called boundary friction and the lubrication existing in this
range is known as boundary lubrication,

Viscosity 1s the ability of the oil to resist internal deformation due to mechanical stresses and hence it is
a measure of the ability of the oil film to carry a load.

The mineral oils are very commonly used for all lubricating purposes,
Lubricating grease is a solid to semi-solid dispersion of a thickening agent in liquid lubricant.
Lubrication systems are classified as follows :
(£} Wet sump lubrication system
(i1} Dry sump lubrication system
(ifi) Mist lubrication system used for fwo stroke engines.

OBJECTIVE TYPE QUESTIONS

Fill in the blanks or Say “Yes” or “No”:
Engine friction is defined as the difference between LP. and .............
The pumping loss in twe-stroke cycle engines is quite significant.

weesenenes J085€8 Are caused due to the leakage of combustion products past the piston from the eylinder
into the crankcase.
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Engine Cooling

15.1. Necessity of engine cooling. 15.2. Areas of heat flow in engines. 15.3. Gas temperature
variation. 15.4. Heat transfer, temperature distribution and temperature profiles—Heat transfer—
Temperature distribution—Temperature profiles. 15.5. Effects of operating variables on engine
heat transfer, 15.6. Cooling air and water requirements. 15.7. Cooling systems—Air cooling system—
Water-liquid cooling system. 15.8. Components of water cooling system—Highlights—Objective
Type Questions—Theoretical Questions.

15.1. NECESSITY OF ENGINE COOLING

In an I.C. engine, the temperature of the gases inside the engine cylinder may vary from
35°C or less to as high as 2750°C during the cycle. If an engine is allowed to run without external
cooling, the cylinder walls, cylinder and pistons will tend to assume the average temperature of the
gases to which they are exposed, which may be of the order of 1000 to 1500°C. Obwicusly at such
high temperature ; the metals will loose their characteristics and piston will expand considerably
and sieze the liner. Of course theoretically thermal efficiency of the engine will improve without
cooling but actually the engine will sieze to run. If the cylinder wall temperature is allowed to rise
above a certain limit, about 65°C, the lubricating oil will begin to evaporate rapidly and both cylin-
der and piston may be damaged. Also high temperature may cause excessive stress in some parts
rendering them useless for further operation. In view of this, part of the heat generated inside the
engine cylinder is allowed to be carried away by the cooling system. Thus cooling system is provided
on an engine for the following reasons !

1. The even expansion of piston in the cylinder may result in seizure of the piston,
2. High temperatures reduce strength of piston and cylinder liner.
3. Overheated cylinder may lead to preignition of the charpe, in case of spark ignition engines.
4. Physical and chemical changes may occur in lubricating oil which may cause sticking of
piston rings and excessive wear of cylinder.
5. If the cylinder head temperature is high the volumetric efficiency and hence the power
output of the engine 1s reduced.
Thus engine cooling is required to keep the temperature of the engine low in crder to avoid :
(i) Loss of volumetric efficiency and hence power ;
(it} Engine seizure ;
(ite) Danger of engine failure.
o Almost 25 to 35 percent of total heat supplied in the fuel is removed by the cooling
medium,
® Heat carried away by lubricating oil and heat lost by radiation amounts to 3 to 5 per
cent of the total heat supplied.

It must be noted that heat carried away by the coolant is a dead loss because not only
no useful work can be obtained from it but a part of the engine power is also used to
remove this heat. Hence, it is of paramount importance that this loss is kept minimum
by the designer.

432
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486 INTERNAL COMBUSTION ENGINES

Re = Reynold’s number [ﬂ),

n
Cpht
Pr = Prandtl number & P

% = Diameter to length ratio,
C = A constant to be determined experimentally,
¢, = Specific heat at constant pressure,

k = Thermal conductivity,

p = Density,

p = Dynamic viscosity, and

V = Velocity.

The overall heat transfer coefficient :

While dealing with the problems of fluid to fluid heat transfer across a metal boundary, it is
usual to adopt an overall heat transfer coefficient U which gives the heat transmitted per unit
area-unit time per degree temperature difference between the bulk fluids on each side of the
metal.

Hot Cold
fluid fiuid
lA‘l lEl‘
L, '[2
ty ty

Main Main
fluid temp. A fluid temp.
I

Fig. 15.2
Refer Fig. 15.2. i
Let, h_ = Heat transfer coefficient from hot fluid to metal surface,
h, = Heat transfer coefficient from metal surface to cold fluid, and

k = Thermal mnductivit][ﬁ of metal wall.
The equations of heat flow through the fluids and the metal surface are as follows :

@=h Alt,-t) i)
g. X “; = L ...(id)
Q=hAl(t,-t) (i)
By rearranging the equations (i), (it) and (i), we get
e

L-f=rs iv)
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a0
Hiskt napmled = ok COvaOpan, £ 360 kW or kd/s
Npetral 0.25
Energy/heat going to cooling water = 360 x 0.32 = 115.2 kd/s
Also, 1152=m  x Cpw X At

(where, m_, = mass of cooling water required ; Cpy = specific heat of water at constant pressure)

P

NpRe

1152 115.2
m, = —————— = = 1,019 kg/s or 3668 kg/h. (Ans.)
© e, x AL,  4.187x27 !
Diesel engine :
Heat supplied % = 300 kW or kd/s
Heat going to cooling water = 300 x 0.28 = 84 kJ/s
Also, 84=m, x 487 x 27
84
m,, —m = (.743 kg'!s or 2674.9 klﬂl. (Ans.)
HIGHLIGHTS

Almost 25 to 35% of total heat supplied in the fuel is removed by the cooling medium.

At least B5% of the total heat transfer between the working fluid and engine components and the engine
components and cooling fluid is effected by “forced convection” process of heat transfer.

When the spark advance is different from the optimum value the heat rejected to cooling system is
increased.

In air-cooling system, heat is carried away by the air flowing over and around the cylinder. Here fins are
cast on the cylinder head and cylinder barrel which provide additional conductive and radiating surface.
In water-cooling system of cooling engines, the cylinder walls and heads are provided with jacket through
which the cooling liquid can circulate.

The methods used for circulating water around the cylinder and cylinder head :
(#) Thermo-system cooling
(2f) Foreed or pump cooling

(iii) Cooling with thermostatic regulator

(iv) Pressurised water cooling
(v} Evaporative cocling.

OBJECTIVE TYPE QUESTIONS

Fill in the blanks or Say “Yes” or “No”".

If the cylinder head temperature is high the volumetric efficiency and hence the power output of the

engine is ....... ..
Almost 25 to 35 percent of total heat supplied in the fuel is removed by the cooling medium.

Heat carried away by lubricating oil and heat lost by radiation amounts to 10 to 15 percent of the total heat

supplied.
Heat carried away by the coolant is a dead loss.

At very low temperature, starting of engine becomes difficult.
Undercooling shortens valve life.

The overall heat transfer coefficient gives the heat transmitted per unit area-unit time per degree tem-
perature difference between the bulk fluids on each side of the metal .
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512 INTERNAL COMBUSTION ENGINES

(£i) The temperature of the charge is raised as it is compressed, resulting in a higher tem-
perature within the cylinders. This is partially beneficial in that it helps to produce
better vapourisation of fuel {in case of S.I. engines) but deterimental in that it tends

to lessen the density of the charge. The increase in temperature of the charge also
effects the detonation of the fuel.

Supercharging tends to increase the possibility of detonation in a 5.1, engine and lessen
the possibility in a C.1. engine.

(iii) Power is required to drive the supercharger. This is usually taken from the engine
and thereby removes, from over-all engine output, some of the gain in power obtained
through supercharging.

Compressors used are of the following three types :

(i) Positive displacement? type used with many reciprocating engines in stationary plants,
vehicles and marine installations,

(ii) Axial flow fype seldom used to supercharge reciprocating engines, it is widely used as
the compressor unit of the gas turbines,

(iif) Centrifugal type widely used as the supercharger for reciprocating engines, as well as
compressor for gas turbines. It is almost exclusively used as the supercharger with reciprocating
power plants for atreraft because it is relatively light and compact, and produces continuous flow
rather than pulsating flow as in some positive displacement types.

e Acorrectly matched supercharger will raise the cylinder’s brake mean effective pressure
(b.m.e.p.) to well above that of a naturally aspirated engine without creating excessively
high peak cylinder pressures ; the actual increase in the brake mean effective pressure is
basically determined by the level of boost pressure the supercharged system is designed to
deliver, d

& Large commercial vehicle diesel engines are frequently turbocharged, with the objectives
of raising b.m.e.p. (and therefore torque and power output) and at the same time reducing
the engine’s maximum speed. The other benefils of raising the cylinder mean pressure and
decreasing the engine's limiting speed is that the engine mechanical losses and noise are
recdluced and there is an improvement in fuel consumption, normally, an added bonus of
prolonged engine life expectancy.

Object of supercharging. The cobjects of supercharging include one or more of the
following :

1. To increase the power cutput for a given weight and bulk of the engine ......... . relates to
aircraft, marine and automotive engines.
2. To compensate for the loss of power due to altitute .......... Relates to aircraft and other

engines which are used at high altitudes.
3. To obtain more power from an existing engine.

Effects of supercharging on performance of the engine :

1. The ‘power output’ of a supercharged engine is higher than its naturally aspirated coun-
terpart.

2. The ‘mechanical efficiencies’ of supercharged engines are slightly better than the naturally
aspirated engines.

3. Inspite of better mixing and combustion due to reduced delay a mechanically supercharged
otto engine almost always have ‘specific fuel consumption’ higher than a naturally aspirated
engine.
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516 INTERNAL COMBUSTION ENGINES

16.2.6. Thermodynamic Cycle and Supercharging Power

Fig. 16.6 shows the thermodynamic eycle of a supercharged 1.C. engine on the p-v diagram for
an ideal otto cycle.

p
r 3
3
2
n,...‘.?'i ) HH""‘-..
o |- T e~~~ 5
i 7 1] 8 i
! . .

Fig. 16.6. Thermodynamic cycle of supercharged engine on p-v diagram for an ideal otto eycle.

e The pressure p, represents the supercharging pressure and p, is the exhaust pressure.
® The thermodynamic cycle, consists of the following processes :

(£} 0-1. Admission of air at the supercharging pressure (which is greater than atmos-
pheric pressure).

(i) 1-2. Isentropic compression.

(¢ii) 2-3. Heat addition at constant volume (for diesel cycle, this will be replaced by a
constant pressure process, representing heat addition at constant pressure.

(iv) 3—4. Isentropic expansion.
4-1-8. Heat rejection at constant volume (blow down to atmaospheric pressure).
6-7. Driving out exhaust at constant atmospheric pressure.

The thermodynamic cycle for the supercharger consists of the following processes :
(i} 7-6-8. Admission of air at atmospheric pressure,
(if) 8-1. Isentropic compression to pressure p,.
(#ii) 1-0. Delivery of supercharged air, at a constant pressure p,.
e Area 8-6-7-0-1-8 represents the supercharger work (mechanically driven) in supplying
air at a pressure p,, while the area 1-2-3-4-1, is the output of the engine. Area 0-1-6-7-0
represents the gain in work during the gas exchange process due to supercharging. Thus

a part of the supercharger work is recovered. However, the work represented by the area
1-6-8-1 cannot be recovered and represents a loss of work.

Supercharging power:

Refer Fig. 16.7.

Py, vy, T, = Initial conditions of air at entry to the supercharger ;
Pg, Ug, T, = Final conditions of air at exit from the supercharger.
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SUPERCHARGING OF 1.C. ENGINES 521

particularly at part loads, then the remaining load of the compressor is taken care of by

the engine.
After
{ cooler }
2 3
4
Engine _ s Py,
1 G
(i) (ii)
Aftar
{ cooler }
AR
2
3y 44 44
T C =
p—l Engine Engine out
o G Y5 14 5
{iti) (iv)

C = Compressor 1. Inlet to compressor

T = Turbine 2. Outlet from compressor

G = Gearing 3. Inlet to engine

4. Exhaust from engine (and inlet to turbine)
5. Exhaust from turbine

Fig. 16.9. Supercharging arrangements.

¢ Fig. 16.9 (iv) shows an arrangement of supercharging in which engine supplies its total
power to the compressor and the exhaust gases from the engine run the turbine giving
the power output. Such plants are called fuel-piston engines.

16.7. TURBOCHARGERS

16.7.1. Introduction

® Turbochargers are cenirifugal compressors driven by the exhaust gas turbines. By
utilising the exhaust energy of the engine it recovers a substantial part of energy which
would otherwise go waste ; thus the turbocharger will not draw upon the engine power.
These are nowadays extensively used to supercharging almost all types of two stroke
engines.

e A lypical petrol engine may harness up to 30% of the energy contained in the fuel supplied
to do useful work under optimum conditions but the remaining 70% of this energy is lost

in the following way :
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528 INTERNAL COMBUSTION ENGINES

1386
= 09147 x -
Toaz = 12143 kgle

Power required to run the supercharger,
P.'“F - mu{lup'l x Wiup
=1.2143 x 74.48 = 90.44 kW. (Ans.)

Example 16.2. A diesel engine operating on four-stroke cycle is to be designed to operate with
following characteristics at sea level, where the mean conditions are 1.0132 bar and 10°C.

B.P, = 260 kW, volumetric efficiency = 78% (at sea level free air conditions), specific fuel
consumption = 0.247 kg/B.P.h. ; Al F ratio = 17 ; speed = 1500 r.p.m.

Calculate the required engine capacity and the anticipated brake mean effective pressure.

The engine is fitted with a supercharger so that it may be operated at an altitude of 2700 m
where the atmospheric pressure is 0.72 bar. The power taken by a supercharger is 8 per cent of the
total power produced by the engine and the temperature of the air leaving the supercharger is 32°C,
The air-fuel ratio and thermal efficiency remain the same for the supercharged engine as when running
unsupercharged at sea level, as does the volumetric efficiency. Calculate the increase of air pressiire
required at the supercharger to maintain the same net output of 260 kRW. Take R = 0.287 kJ | kgK.

Solution. Given: p,=1.0132bar, T, =10+ 273 =283 K, B.P. = 260 kW,
Ny = 18%, 5.f.c. =0.247 kg /B.P. h, A/F ratio=1.7:1,

N = 1500 r.p.m.
Engine capacity :
Fuel consumption, me = S'I'E‘EE B.P. kg/min. = 0'242; 260 = 1.07 kg/min.
Air consumption = Fuel consumption x A / F ratio

= 1.07 x 17 = 18.19 kg / min.
Air consumption in kg / min,

Air consumption per stroke = Ne. of cysles min,

_ Air consumption in kg/min.  18.19

* NP2 * Inbge ~ ORENE
V
Let V_ be the swept volume, then mass of free air corresponding to swept volume = %’-
1
_(L0132x10°)xV, PR
& 287 x 283 SR K8
Vol slsaies, i Mass 11‘[" air taken il:] per stroke
Mass of free air corresponding to swept veolume
0.0242 0.0242
0.78 = —n V.= = 0.02488 m?
1247V, O T 078x1247 m
Le., Engine capacity = 0.02488 m>, (Ans.;
Brake mean effective pressure, p_, (bar):
We know that BP. = Pms L ”E'k x10 vw
i XV, % Nk %10
260 = L2 % '; 2 kW (v LxA=V)
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538 INTERNAL COMBUSTION ENGINES

L = Length of stroke, m,
A = Area of piston, m?, and

1
k= 2 for 4-stroke engine

= ] for 2-stroke engine.

(ii) Brake power (B.P.). The power developed by an engine at the output shafi is called the
brake power.
2nNT

B.P. = o8 1000

kW «(17.2)

where, N = Speed inr.p.m., and
T = Torque in N-m.
The difference between L.P. and B.P. is called frictional power, F.P.

Le., FP.=1LP.-B.P. W (17.3)
The ratio of B.P. to L.P. is called mechanical efficiency

: . . B.P.

e, Mechanical efficiency, M 4 = 1P «17.4)

2. Mean effective pressure and torque :

“Mean effective pressure” is defined as hypothetical pressure which is thought to be acting on
the piston throughout the power stroke. If it is based on LP. it is called indicated mean effective
pressure I, . orp,.)and if based on B.P. it is called brake mean effective pressure (B . orp ).
Similarly, frictional mean effective pressure (F_ o D pm‘,] can be defined as :

Fm.a.p. = mep. Hm.a.p. "'(1'?*5]

The torque and mean effective pressure are related by the engine size.

Since the power (P) of an engine is dependent on its size and speed, therefore it is not possible

to compare engine on the basis of either power or torque. Mean effective pressure is the true indica-
tion of the relative performance of different engines.

3. Specific output :
It is defined as the brake output per unit of piston displacement and is given by :

_ B.P.
Specific output = AxL

= Constant x p,, x r.p.m. .{17.6)

For the same piston displacement and brake mean effective pressure (p_, ) an engine running
at higher speed will give more cutput.

4. Volumetrie efficiency :
It is defined as the ratio of actual volume (reduced to N.T.P. ) of the charge drawn in during the
suction stroke to the swept volume of the piston.

The average value of this efficiency is from 70 to 80 per cent but in case of supercharged
engine it may be more than 100 per cent, if air at about atmospheric pressure is forced into the
cylinder at a pressure greater than that of air surrounding the engine.

5. Fuel-air ratio :

It is the ratio of the mass of fuel to the mass of air in the fuel-air mixture,

Relative fuel air ratio is defined as the ratio of the actual fuel-air ratio to that of stoichiometric
fuel-air ratio required to burn the fuel supplied. J
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542 INTERNAL COMBUSTION ENGINES

h
= 840 AC, 1‘;“’* m%/min.
a

Mass of air passing through the orifice is given by

rd? h
=Vp =1l4dx —=xC, [
m, apa . 43{1”&2 [V} J; H pﬂ

= 0.0011 C, x d? \/h p_ kgls
=0.066C, xd? Jh p_kg/min. .(17.12)

(i) Viscous-flow air meter:

Alcock viscous-flow air meter is another design of air meter. It is not subjected to the errors of
the simple types of flow meters. With the air-box the flow is proportional to the square root of the
pressure difference across the orifice. With the Alcock meter the air flows through a form of honey-
comb so0 that flow is viscous. The resistance of the element is directly proportional to the air velocity
and is measured by means of an tnelined manometer. Felt pads are fitted in the manometer connec-
tions to damp out fluctuations. The meter is shown in Fig, 17.2.

The accuracy is improved by fitting a damping vessel between the meter and the engine to
reduce the effect of pulsations.

Filter Honey comb
s = |
Air 1=—F To engine or
. LT 1=K : il
intake HE : intermediate
s | : damping vessel

Inclined manometer

Fig. 17.2. Alcock viscous-flow air meter.

4. Measurement of exhaust smoke :

The following smoke meters are used :

(i) Bosch smoke meter (i{} Hatridge smoke meter
(ii) PHS smoke meter,

5. Measurement of exhaust emission :

Substances which are emitted to the atmosphere from any opening down stream of the exhaust
part af the engine are termed as "exhaust emissions”. Some of the more commeonly used instruments
for measuring exhaust components are given below :

(i) Flame ionisation detector (£f) Spectroscopic analysers
(iif) Gas chromatography,
6. Measurement of B.P. :

The B.P. of an engine can be determined by a brake of some kind applied to the brake pulley
of the engine. The arrangement for determination of B.P. of the engine is known as dynamometer.

The dynamometers are classified into following two classes :
(£) Absorption dynamometers (if) Transmission dynamometers.
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TESTING AND PERFORMANCE OF 1.C. ENGINES

ignition setting or speed may by ascertained by
producing a new family of curves. An alternative method
of plotting these parameters is to use the air-fuel ratio
as the abscissa. Here it can be seen that maximum
economy occurs with a slightly weak mixture. This
means that there is excess air and combustion is
complete. Maximum power occurs with a slightly rich
mixture when all the available oxygen is used. The 1.C.
engine efficiency is the inverse of the specific fuel
consumption with the constant calorific value as a
factor. Thus the curves of specific fuel consumption
(s.f.c.) also represent efficiency. The maximum value of
brake I.C. engine efficiency for S.I. and C.I. engines are
of the order 35% and 40% respectively.

C.1. engine. The flat curve of Fig. 17.7 illustrates
that atpart load the compression ignition engine is more
economical than the spark ignition engine, This is the

slc.—»

551

Idling

Rich limit

Max sconomy

bmep —»

Fig. 17.7. Specific fuel consumption-
brake mean effective pressure curve for
the C.I. engine.

benefit of quality control rather than gquantity control of power.

17.5. COMPARISON OF PETROL AND DIESEL ENGINES—FUEL CONSUMPTION LOAD

OUTPUTS AND EXHAUST COMPOSITION
I. Fuel Consumption :

Fig. 17.8 shows fuel consumption loops, for both petrol and diesel engines, plotted on a base

of brake mean effective pressure (b.m.e.p).

J ! ' a = Excesaively rich mixture gives slow and unstable
=™ Petrol engine S
§ b = Maximum b.m.e.p. with something like 10-20% rich
mixture.
= ¢ = Correct stoichiometric mixture of 14.7 : 1 by weight
% i d = Maximum thermal eificiency with something like
E 10-20% weak mixture {approaches ideal constant
3 volume combustion).
§ e = Excessively weak mixture gives slow burning and
for popping back through air intake,
E iy f= Maximum b.m.e.p. with satisfactory clear exhaust
b - i "-f requires mixture strength of about 18 : 1 by weight.
Ei |'-,- —TT% g Z-h = Maximum thermal efficiency, minimum specific fuel
) consumption ranges between 50-85% of maximum
. b.m.e.p.
' . ' t = No-load (low speed idle) requires mixture strength
0 25 50 5 100 100-75 : 1 by weight.

Fig. 17.8. Comparision of fuel consumption
loops for petrol and diesel engines on a
base of engine load (b.m.e.p.).

® Incase of a diesel engine, load and speed output is controlled entirely by varying the
gquantity of fuel injected into the cylinder without misfiring occurring, that is, from

0-100% of the maximum b.m.e.p. developed.

® With the petrol engines, however, if there was no throttle (full throttle position)} the
effects of varying the mixture strength from the richest position (a) to the weakest position
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TESTING AND PERFORMANCE OF LC. ENGINES 557

D, L, displacement :

Power developed = S¥Ty EW = P Ek o kW

60 x 1000
g 2aNT,  p, LANk x10
=rtl 60 x 1000 — 8

Substituting the values, we get

R 2 1
2r x 3000 160 B.ExﬂxIxD xﬂ[]ﬂﬂxéxlﬂ

60x1000 6
50.265 = 18849.6 D3
173
50.265
D= (13549.5J =0.1387 m or 138.7 mm. (Ans.)

LaD=138.7mm. (Ans.)

Displacement = EDZ x L = E x 0.13872 x 0.1387

= 0.002095 m3. (Ans.)

Example 17.5. A turbocharged six-cylinder diesel engine has the following performance de-
tails ;
(1) Work done during compression ard expansion = 820 kW
(it) Work done during intake and exhaust =50 kW
(iit) Rubbing friction in the engine = 150 kW
(iv) Network done by turbine = 40 kW

If the brake mean effective pressure is 0.6 MPa, determine the bore and stroke of the engine
taking the ratio of bore to stroke as 1 and engine speed as 1600 r.p.m. (GATE-1998)

Solution. Given : p_, = 0.6 MP_ = 6 bar ; —E
D,L:

Net work available = 820 — (50 + 150 + 40) = 580 kW

EPEPKP@?N:&K]D

6x6xDx " D2 x1000 X~ x 10

580 = 4 - 2 = 23562 D°

=1;N = 1000 r.p.m.

235662
Hence D = L =290.8 mm. (Ans.)

Example 17.6. A spark-ignition engine, designed to run on octane (Cy H, ) fuel, is operated on
methane (CH ). Estimate the ratio of the power input of the engine with methane fuel to that with oc-
tane. In both cases the fuel ratio is stoichiometric, the mixture is supplied to the engine at the same con-
ditions, the engine runs at the same speed, and has the same volumetric and thermal efficiencies. The
heating valve of methane is 50150 kJ/ kg while that of octane in 44880 kJ/ kg. (U.P.S.C.-1994)

/3
280
D3 = [-—“—*] =02908m or 290.8 mm
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TESTING AND PERFORMANCE OF LC. ENGINES 563

P, (bar)
3

+»> 'Iu'{ma}

Fig.17.12

Pa=p;x8.78=09x878 =79 bar
Tu find p,, considering expansion process 3-4, we have
Fav 13 Py V 13

V. 13
or fﬁ"-s(;‘] = (513 =8.1
: By 3

P T N
il Tl T

Work done/cycle = Area 1-2-3-4
= Area under the curve 3-4 — area under the curve 1-2

_PVa-pVy  PVa-pVy
- 13-1 " 135-1

Vi -pV Vs - piVy
S T R TS ke W Nk R
10%(24V, - 2.9V,)  10%(7.9V; - 0.9V,)
0.3 - 0.35
= 10° [(80V, - 9.86V,) - (22.57V, - 2.57V,)]
= 10%(80V, — 9.86V, - 22.57V, + 2.5TV,)
= 105(57.43V, — 7.29V)

= 10557.43V, - 7.29 x 5V,) [

A
'!ln

= 10° x 20.98 V, N-m.
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TESTING AND PERFORMANCE OF 1.C. ENGINES 581

g £ mechiw)
*B.P
Fig. 17.16
Example 17.31. During the trial of a gas engine following observations were recorded :
Bore =320 mm
Stroke =420 mm
Speed =200 r.p.m.
Number of explnsian.ﬂfmim =90
Gas used = 11.68 m%h
Fressure of gas = 170 mm of water above atmospheric pressure
Barometer = 755 mm (mercury)
Mean effective pressure = 6.2 bar
Calorific value of gas used = 21600 k.J/kg at N.T.P.
Net load on brake =2040 N
Brake drum diameter =12m
. Ambient temperature =25°C
Calculate : (i) Mechanical efficiency, and (if) Brake thermal efficiency.
Solution. n=1,D0=032m,L=042m, N=200r.p.m,,
1168 i
Nk = ﬂﬂV—Bm— 00824 mi/s,
4 ITD
Pressure of gas —Tﬁﬁ+ﬁ-TETEn1mHg

P = 6.2 bar, C = 21600 kd/kg at N.T.P.
(W-S)=1840N, D, =1 m.
(i) Mechanical efficlency :
As the number . explosions per minute is given as 90 per minute and r.p.m. of engine is 200
it shows that the engine is operating on four-stroke cycle.
Indicated power (LP.) is given by the relation :
np_ LANE x10

ILP. = P
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INTERNAL COMBUSTION ENGINES

Calorific value of fuel = 45100 kJikg

Per cent carbon in the fuel = 85%

Per cent hydrogen in the fuel = 16%

Pressure of air at the end of suction stroke = 1.013 bar

Temperature at the end of suction stroke =25°C

Calculate : (i) Brake mean effective pressure, (i) Specific fuel consumption,
(iif) Brake thermal efficiency, (iv) Volumetric efficiency, and
(v) Percentage of excess air supplied.

Solution. n=6,0=0125m,L =0.125 m, N = 2400 r.p.m.

W = 490 N, C, = dynamometer constant = 16100
d, = orifice diameter = 0.0656 m, C, = 0.66, A, = 310 mm

fy = S = 0,00814 ks, C = 45100 kl/kg,

k= % wuee fOr 4-stroke cycle engine.

(i) Brake mean effective pressure, p,, :
WxN - 490 x 2400

Brake , BP.= = 73 kW
il C, 16100
LANE x 10
Also BP. = ~Lmb =
6% p,.; % 0.125 x 1t/ 4 x 0. 25 x 2400 x 1_:: 10
73 = 2

6

T3xGx4x2

Prb = 0,125 x 1 % 0.1252 x 2400 x 10
(ii) Specific fuel consumption, b.s.f.c. :

=3.96 bar. (Ans.)

b.s.fic. = -2523& = 0.3027 kg / kWh. (Ans.)
(iif) Brake thermal efficiency, N 5, :
B.P. 73

Nam ™ ”"_f <C = 000614 x 45100 = 0.2636 or 26.36%. (Ans.)

{(iv) Volumetric efficiency, 1, :
Stroke volume of eylinder = /4 D2 x L
= /4 x 0.125% x 0.125 = 0.00153 m?
The volume of air passing through the orifice of the air box per minute is given by,

h
V,=8404,C, -J’IE'

where, C, = Dischargze coefficient of orifice = 0.66

A, = Area of cross-section of orifice
= /4 dﬂ’ = /4 x (0.065)% = 0.00237 m?
310

h, = Head causing flow through orifice in cm of water = " 3l cm
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598 INTERNAL COMBUSTION ENGINES
(if) Brake power, B.P.:

(W—S]uﬂbﬂ 590 x 1t x 1 x 350
P = e0%1000 = 50 x 1000 =10.81 KW. (Ans.)

4.3
Heat supplied per minute = 60 ™ 43900 = 3146 kJ/min.

(i) Heat equivalent of I.P. = 17.38 x 60 = 1042.8 kJ/min.
(éi) Heat lost to cooling water

=My, % Cp, "*:}

.
x[#wi

_ % % 4.18 x (50 — 25) = 870.8 kJ/min

4 32 36
1 8 9

i.e., 1kgofH, produces 9 kg of H,O
. Mass of H,O produced per kg of fuel burnt

=9 x H, x mass of fuel used/min.

4.3
=0 x0.15 x 80 = 0.0967 kg/min.

Total mass of exhaust gases (wet)/min.
= Mass of airfmin. + mass of fuel/min.

= [33+;x4.3 = 2.436 ke/min.

Mass of dry exhaust gases/min,

= Mass of wet exhaust gases/min — mass of H,O produced/min.
= 2.436 — 0,0967 = 2.339 kg/min.
(£ii) Heat lost to dry exhaust gases

=m'xcnx[t£—tr)

= 2,339 x 1.0 x (400 — 25) = 887 kJ/min.
(iv) Assuming that steam in exhaust gases exists as superheated steam at atmospheric pres-

sure and exhaust gas temperature, the enthalpy of 1 kg of steam at atmospheric pressure
1.013 ~ 1 bar and 400°C

=hg,—h (where h is the sensible heat of water at room temperature)

= [hy+ g+ (£ —£)] - 1 x 4.18 x (25— 0)

= [417.5 + 2257.9 + 2.09 (400 ~ 99.6)] — 104.5
= 3355 kJ/min,

. Heat carried away by steam = 0.0967 x 3355 = 320.6 kJ/min,
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AIR POLLUTION FROM LC. ENGINES AND ITS CONTROL 619

® Major portion of the lead that enters the engine is emitted from the exhaust which forms
very small particles of oxides and oxyhalides in the atmosphere. A portion of the lead
particles falls to the ground very quickly, others are small enough to remain suspended
in the atmosphere sometime, before they fall out, usually after coagulation with other
dusty material in air.

® It may not be possible to eliminate lead completely from all petrols immediately because
a large number of existing engines rely upon the lubrication provided by a lead film to
prevent rapid wear of exhaust valve seats. However, a very small lead content would be
adequate for the purpose,

Following points are worth noting :

® Both the flow rate and pollutant concentration, for exhaust emissions, can change with
the mode operation. Both must be considered in determining emissions.

—  Under constant high speed conditions, exhaust HC concentrations are low while the
flow rates are high. During accelerations the flow rate is low but HC concentration is
high.

— The concentration of HC in the crankcase and evaporative losses is virtually inde-

pendent of operating conditions, but the flow rates from each of these sources change
during various operations.

Thus, on km basis CO and HC emissions decrease with increasing driving speed
while NO_emissions are relatively not affected.

® Ina poorly maintained engine the exhaust pollution is more.

— An automatic choke sticking in the closed position or a very dirty air cleaner ele-
ment can reduce air-fuel ratio, generally increasing HC and CO emissions.

— A misfire allows an entire air-fuel charge to be exhausted without combustion.

18.4. 5.1. ENGINE EMISSION CONTROL

The main methods, among various methods, for S.1. engine emission control are :
1. Modification in the engine design and operating parameters.

2. Treatment of exhaust products of combustion.

3. Modification of the fuels.

18.4.1. Modification in the Engine Design and Operating Parameters

Engine design modification improves upon the emission quality. A few parameters which
improve an emission are discussed below :

1. Combustion chamber configuration :

Modification of combustion chamber involves avniding flame quenching zones where combus-
tion might otherwise be incomplete and resulting in high HC emission. This includes :
— Reduced surface to volume (S/V) ratio ;
— Reduced squish area ;
— Reduced space around piston ring ;

— Reduced distance of the top piston ring from the top of the piston.
2. Lower compression ratio :

¢ Lower compression ratio reduces the quenching effect by reducing the quenching area,
thus reducing HC.

e Lower compression ratio also reduces NO, emissions due to lower maximum temperature.
® Lower compression, however, reduces thermal efficiency and increases fuel consumption.
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MISCELLANEOUS ENGINES 651

® The engine having three lobed rotor is driven eccentrically in a casing in such a way that
there are three separate volumes trapped between the rotor and the casing. These three
volumes perform “induction”, “compression”, "combustion”, “expansion” and “exhaust”
processes in sequences. There are three power impulses for each revolution of the rotor,
and since the eccentric or output shaft rotates at three times the speed of the rotor, there
is only one power impulse for each revolution of the output shaft of a single bank rotary
engine.
One complete thermodynamic cycle is completed over 360° rotation of the rotor ; the suction
phase takes 90° of rotor movement and so the also other three phases. One thermodynamic phase is

completed every 270° rotation of the output shaft, since the cutput shaft makes three revolution for
every single rotation of the rotor,

19.4.3. Features

1. Simple construction, less mechanical loss, smooth motion and does not require a cranking
mechanism.

2. Good power volume ratio.

3. No reciprocating parts and hence no balancing problem and complicated engine vibrations
eliminated.

4. Due to the absence of intake-exhaust valve mechanism, the correct timings for opening and
closing (the ports) can be maintained even at high speeds.

5. Low torque fluctuation.

There are problems in the design, notabty of sealing and of heat transfer but these have been
overcome sufficiently well for spark ignition engine to be marketed.

19.4.4. Constructional and Other Details of Wankel Engine

1. Rotor housing and housing materials :

® Rotor are generally made from high-grade malleable spheroidal graphite iron.

® The rotor housing is an aluminium silicon alloy, bonded to the cylinder-bore walls in
thin sheet metal, the outer surfaces of which have a saw-tooth finish to improve adhe-
sion and thermal conductivity. This lining is then given a hard chromium vanadium
plating, which in turn is plated with more chrome but in a thin, porous and oil retaining
layer. End and intermediate rotor housings are made from implated high silicon alu-
minium alloy,

o Apex and side seal blades can be made from cast-iron but the more popular types are
made from hard carbon material,

e Both the leaf and washer springs can be made from beryllium copper, which has the
ability to retain its elasticity when operating under working temperatures.

2. Rotor seals :

® The planetary motion of the rotor within the epitrochoid bore of the rotor housing is de-
signed to maintain a contact between the triangular corner of the rotor and the cylinder
walls. Peripheral radial corner blades, known as the apex seals, are necessary to prevent
gas leakage between the three cylinder spaces created by the three-sided rotor. Simi-
larly, side seals between the flat rotor sides and the end and intermediate housing side
walls are essential to stop engine oil reaching the cylinders, and gas from combustion
escaping into the eccentric output shaft region.

@ The gas-tight sealing between the rotor and housing may be considered in terms of pri-
mary and secondary sealing areas.

— The primary sealing areas are those between the sealing elements (apex and side
blades) and the cylinder housing bore and side walls.
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Applications :
The following are the applications of free-piston engines :
1. Widely used as a submarine air compressor units,
2. Suitable for power generation in medium power range. Below 300 kW diesel engines are

indispensable as free piston engine of comparable sizes are not being built on commercial
scale.

3. Free piston engines are specially suitable for pumping oil ; also the same oil can be used
as fuel.

HIGHLIGHTS

Duel-fuel operation, combines in a simple manner the possibility of operating a diesel engine on liquid
fuels such as diesel oil or gas oil and on gaseous fuels such as natural gas, sewage gas and cook oven gas
ete.

At full-load, duel-fuel engine is superior to diesel engine.

A multi-fuel engine is one which can operate satisfactorily on a wide variety of fuels ranging from diesel
oil, crude oil, JP-4 to lighter fuels like gasoline, and even normal lubricating oil.

The stratified charge engine is usually defined as a 5.1. engine (stratified diesel engine has also been
developed) in which the mixture in the zone of spark plug is very much richer than that in the rest of the
combustion chamber i.e. one which burns leaner overall fuel-air mixtures. Charge stretification means
providing different fuel-air mixture strengths at various places in the combustion chamber.

The basic principle of working of stirling engine is the same as that of conventional engine. The alter-
nate compression at low temperature and expansion at high temperature of a working fluid in the basis
for the stirling engine.

In the VCR-engine a high compression is used for good stability and low load operation and a low
compression is used at full-load to allow the turbocharger to boost the intake pressures without increas-
ing the peak cycle pressure.

Free-piston engine plants are the conventional gas turbine plants with the difference that the air com-
preasor and combustion chamber are replaced by free-piston engine.

OBJECTIVE TYPE QUESTIONS

Fill in the Blanks or Say “Yes" or “No":

A ...... engine is capable of running on either gas or diesel oil or a combination of these two over a 'mda
range of temperature ratio.

The use of low octane number fuels in duel-fuel engine results in poor performance of the engine a.nd
greatly affects the combustion.

In a duel-fuel engine the temperature of inlet charge has no effect on the knocking limits of a particular
fuel-air mixture.

At full-load, duel-fuel engine is superior to diesel engine.

A duel-fuel engine is preferred when cheap gas is easily available.

A ...... engine is one which can operate satisfactorily on a wide variety of fuels.

...... means providing different fuel-air mixture strengths at various places in the combustion chamber,
The stratified charge engine combines the advantages of both petrol and diesel engines.

A stratified charge engine exhibits multi-fuel capability.

The stirling engine is an external combustion engine.

The part-load efficiency of a stirling engine is very low.

In case of stirling engine no lubricating oil is required.
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666 INTERNAL COMBUSTION ENGINES

— Blowers and superchargers are essentially air compressors, but the increase in pres-
sure which they produce is only small, and upto, say 0.7 to 1.05 bar.

— A bhooster is an air or gas compressor which is employed to raise the pressure of air/
gas which has already been compressed. It is where a slightly higher pressure is required,
or where a loss of pressure has occurred in a long delivery line.

20.3. RECIPROCATING COMPRESSORS

20.3.1. Construction and Working of a Reciprocating Compressor (Single-stage)

Fig. 20.2 (a) shows a sectional view of a single-stage reciprocating compressor. It consists of
a piston which reciprocates in a cylinder, driven through a connecting rod and erank mounted in
a crankcase. There are inlet and delivery valves mounted in the head of the cylinder. These valves
are usually of the pressure differential type, meaning that they will operate as the result of the
difference of pressures across the valve. The working of this type of compressor is as follows :

Delivery
valve Inlet valve

Air Air
—

out ¥ in

EEE :E: Piston

EEE EEE Cylinder

N O K=

' ‘, Connecting
- & rod
Crank

Frame

(a)
Fig. 20.2 (a)Sectional view of a single-stage reciprocating compressor.

As shown in Fig. 20.2 (b), the piston is moving down the cylinder and any residual com-
pressed air left in the cylinder after the previous compression will expand and will eventually
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p:+l=sz=z=p1

7 = Pz 41
- A
or Z = ';' Pt; 2 x J(Pressure ratio through compressor) ...(20,34)
1

Inserting the value of Z in eqn. (20.33) will determine the intermediate pressures.

In the event of intercooling being imperfect we must treat each stage as a separate com-
pressor, in which case ¢’ in eqn. (20,31) will be unity. With this special value of ‘x’ the power per
stage can be calculated, and finally the total power is the sum of the powers per stage :

-1 ng -1
V1 (

P32 " n
V. HP1™ _ql % ..
P1 ﬂg"l i [Fﬂ] :

Heat rejection per siage per kg of air :

If the air is cooled to its initial temperature the whole of the work done in compression must
be rejected to the cooling medium.

Hence for a single-stage the heat rejected is given by,

n-1

5 n Pg | B
Heat rejected =3 A o -1 ...{20.35)
- 1

n=1

. ' ; T. e ,
and since for 1 kg of air, p,V, = RT, and % = [-Fi] " , then eqn. (20.35) may be written as
. 1 o

W= n—l RT, [E‘f— 1] per kg of air
n R 1 J =1......8.1. units
===1 T Ja—T) heat units J =427..... M.K.S. units
R
But 7 =% %
Il
W=7 (e, - ¢, (T, Ty ...(20.36)
Heat rejected with perfect intercooling
'r_n
= [+ | =7 || (T, - T per kg of air .(20.37)
[Hm ey -0 =c, +M]
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AIR COMPRESSORS 691

The sliding blade eccentric drum type requires internal lubrication, and even so the slots, in
which the blades move, wear rapidly.

The toothed wheel type has a smaller friction and can expand damp air without internal
deterioration. In the “herringbone” type expansion is possible together with a high starting torgue
and extreme mechanical simplicity. This commends the turbine for colliery work inspite of its
extravagance on air.

Example 20.1. A single-stage reciprocating compressor takes 1 m® of air per minute at
1.013 bar and 15°C and delivers it at 7 bar. Assuming that the law of compression is pV1-3
= constant, and the clearance is negligible, calculate the indicated power.

Solution. Volume of air taken in, V, = 1 m¥min

Intake pressure, p; = 1.013 bar
Initial temperature, T,=15+273=288 K
Delivery pressure, Py =T bar

Law of compression : pV1 = constant
Indicated power LP. :
Mass of air delivered per min.,

piV: _ 1013x10° x1

m = E. = “oRTx288 - 1.226 kg/min
{n-1)¥n
Delivery temperature, T,=T, [f]
7 (135 -1V1L35
= 288 [m) =475.2 K
Indicated work =L - mR (T, - T;) kihnin
n —
1.35 .
= x 1.226 x 0.287 (475.2 — 288) = 2564 kJ/min
135-1
; ; 254
i.e., Indicated power I.P = 423 kW. (Ans.)

Example 20.2. If the compressor of example 21.1 is driven at 300 r.p.m. and s a single-
acting, single-cylinder machine, calculate the cylinder bore required, assuming a stroke to bore
ratio of 1.5 : 1. Calculate the power of the motor required to drive the compressor if the mechani-
cal efficiency of the compressor iz 85% and that of the motor transmission iz 90%.

Solution. Volume dealt with per minute at inlet = 1 m%min.

Volume drawn in per cycle = ﬁ = 0.00333 mi/cycle
i.e., Cylinder volume = 0.00333 m*
+ DL = 0,00333
(where D = bore, L = stroke)
ie, E D% (1.5 x D)=0.00333 or D?= n'ﬂ:i?_‘; 2



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



%owI nload more at Learnclax.com



AIR COMPRESSORS 695

Example 20.5. (a) Show that the compressor work obtained from the analysis of a conven-
tional card with clearance and polytropic processes for the reciprocating compressor is identical
to that obtained from the analysis of a reversible steady flow rotary compressor where in certain
mass of a gas is compressed from the initial condition of pressure p; and ¢, respectively io the
final pressure p, in accordance to pv* = C,

(b) A low pressure, water jacketed steady ﬂuw rotary compressor compresses pnty:mpmnﬂy
6.75 kg/min of air from 1 atm. and 21°C to 0.35 bar gauge and 43°C. Neglecting the change in
kinetic energy find the work and mass of water circulated if the temperature rise of the cooling

water is 3.3°C. Take ¢, (for air) = 1.003 kJ/kg K. (P.U.)
Solution. (a) In reciprocating compressors the work required is
n-1

n pa|n

= V. -

w n- l‘i‘:ﬁ1 ! [_nl ] .

n

= n_lmR{TE-TI) (1)

When compression is adiabatic, n = ¥
Work transfer in rotary compressor is determined by applying steady flow energy equation.
(f) With iaentntpiu flow. Applying steady flow energy equation, we get
hy +E 23 +W=hy'+ 2%
For C;=Co, W=h,-h,= c,(Ty' - T))
where T, is the temperature after isentropic compression

Since ¢, = R
‘r —

Eqn. (1) is similar to eqn. (2) fm' umt. mass,

(i) With compression polytropic. In actual practice due to internal heating there is
increase of work done above isentropic work, and work done is

W= (Ty— Ty = ﬁ R(Ty-T)

where T, is the actual temperature, i.e., cbtained by using the relationship pv" = C.

(in) With cooled compression. Some heat is being taken away by cooling of compressor
and so

W= EF{Tz - Tl] + Q
(b) Work, W=m c, (Ty-T))

= 6.756 x 1.003 (43 - 21) = 148,94 min. (Ans.)
If the compression would have been isentropic

y-1 14-1
Ty =Ty () T =(21+273) [1‘35] = 320.3°K or 47.3°C

Heat rejected to cooling water
=m c,(Ty - T,)
=6.75 = 1.003 (47.3 — 43) = 20.11 kJ

29.11 2911

Mass of cooling water, m_ = Con % (as 7] BT Y Y T 2.11 kg/min. (Ans.)
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Example 20.11. A 4-cylinder double-acting compressor is required to compress
30 m3/min. of air ai 1 bar and 27°C to a pressure of 16 bar. Determine the size of motor required
and cylinder dimensions if the following data is given :

Speed of the compressor, N =320 r.p.m.
Clearance volume, V.=4%
Stroke to bore ratio, LiD =12
Mechanical efficiency, Nmech. = 82%
Value of index, n =132

Assume no pressure change in suction valves and the air gets heated by 12°C during
suction stroke.

Solution. Refer Fig. 20.11.

n-1
n
Net work done = ;_1_1 x py % (V; = V) (f] -1
’ o, s 30
where V, — V, = suction volume = 30 m*min (given) = 80 = 0.5 m%s
132 -1
1.32 16 ) 132
Work done =3 x1x10°x05 || 5 -1} = 197648.9 Nm/s
82-1 1
_ 197648.9
Theoretical power = ~Jooo - 197.64 kW
Moto 19764 19764 S )
otor power ® o 082 - (Ans.
Un p.T
Volumetric efficiency, 0, = [1+k —k [E*!‘-J x e
Moot [ Py P.T;
(Suffix ' and ‘a’ stand for inside and atmospheric conditions)
/132
: 16 1x(273 + 27)
Le., Mot = [1“‘ ﬂ.ﬂé-ﬂ.m[T) ] X 1%(273+39) - 0.686 or 68.6%

Now swept volume of one cylinder

30 1 1
4 " 2x320 " 0686

2 DL =001708 or = D%x 1.2 D = 0.01708

4 4
0.01708 x 4
D? = nxl2
. D=0263m or 263 mm. (Ans.)
and L=12x263 = 8156 mm. (Ans.)

Example 20.12. A two-cylinder single-acting air compressor is to deliver 16 kg of air per
minute at 7 bar from suction conditions 1 bar and 15°C. Clearance may be taken as 4% of stroke
volume and the index for both compression and re-expansion as 1.3. Compressor is directly
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720 INTERNAL COMBUSTION ENGINES

i
Compression, expansion index, n =13
Clearance volume in each stage = 5% of swept volume
Speed of the compressor, N = 300 r.p.m,
(i) Indicated power :
Pi _ P
Py Pi
P’ =p,x pg=p,x 9, =97
: Pi
=3 e, T =8
-pl FE p.
T. o : 13-1
Now using the equation, E‘L = [f*—] = (3) 13
& L

T, =T, x (30313 = 288 x (3)0¥13 = 371 K

Now as n, m and temperature difference are the same for both stages, then the work done
in each stage is the same.

Total work required per min. ~ =2x —— mR(T;-T)
1.3 ’
=2x Tg-7 X 45 x 0.287 (371 - 288) = 929 kJ/min,
929
Indicated power =y - 15.48 kW. (Ans.)

(i) The cylinder swept volumes required :

4.5
The mass induced per cycle, m= 300 = 0.015 kg/cycle.

This mass is passed through each stage in turn
For the L.P. pressure cylinder (Fig. 20.30)

mRT, _ 0015 x 287 x 288
Py 1013 x 10°

V-V, = = 0.0122 m¥cycle

V, -V jin
Mot = — 5 =1+k—k [EL) = 1+ 0.05 - 0.05 (3)V13
: 2,

Vv
- k=—L=005
- ﬂ‘gad [ VE ]
f.e., N = 0.934
V-Vi V-V, 00122 3
V.= o, = 09034 - 0034 - 0.0131 m?/cycle

i.e., Swept volume of L.P, cylinder V,; p, = 0.0131 m?. (Ans.)

For the high pressure stage, a mass of 0.015 kg.-"c;rcla is drawn in at 15°C and a pressure of
p. =3 x 1013 = 3,039 bar

: . 0.015 x 287 x 288
ie., Volume drawa in = : = 0.00408 m3/cycle
3.039 x 10°
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LUNEDLVED EXAMPLES

Air is to be compressed in a single-stage reciprocating compressor from 1.013 bar and 15°C to 7 bar.
Caleulate the indicated power required for a free air delivery of 0.3 m¥/min, when the compression process
B
i1) Isentropic (1) Reversible iscthermal

(fi1) Polytropic, withn = 1.25. fAns. 1.31 kW ; 0.98 kW ; 1.19 kW]

The compressor of the above example is to run at 1000 r.p.m. If the compressor is single-acting and has a
stroke/baore ratio of 1.2/1, caleulate the bore size required. |Ans. 68.3 mm|

A single-stage, single-acting air compressor running at 1000 r.p.m. delivers air at 25 bar. For this purpose
the induction and free air conditions can be taken as 1.013 bar and 15°C, and the free air delivery as 0.256
m*/min. The clearance volume is 3% of the swept volume and the stroke/hore ratiois 1.2 : 1. Caleulate the
bore and stroke and the volumetric efficiency of this machine. Take the index of compression and expan-
sion as 1.J. Calculate also the indicated power and the isothermal efficiency.

iAns, T3.2 mm ; B7.84 mm ; 67.6% ; 2 kW ; 67.5%]

A single-acting compressor is required to deliver air at 70 bar from an induction pressure of 1 har, st the
rate of 2.4 m*/min measured at free-air conditions of 1.013 bar and 15°C, The temperature at the end of the
induection stroke i=s 32°C. Calculate the indicated power required if the compression is carried out in two

stages with an ideal intermediate pressure and complete intercooling. The index of compression and
expansion for both stages is 1.25. What 1s the saving in power over single-stage compression ?

If the clearance volume is 3% of the swept volume in each cylinder, caleulate the swept volumes of the
evlinders. The speed of the compressor is 750 r.p.m.

If the mechanical effliciency of the compressor is 85%, caleulate the power output in kilowatts of the motor
required. |Ans. 22.7 kW ; 6 kW ; 0.00396 m?, 0.000474 m?, 26.75 kW]

A gsingle-cvlinder, single-acting air compressor runnming at 300 r.p.m. is driven by a 23 kW electrie motor,
The mechanical efficiency of the drive betw een motor and compressor is 87%. The air inlet conditions are
1.013 bar and 15°C and the delivery pressure 1s 8 bar. Caleulate the free-air delivery in m¥%min, the
volumetric efficiency, and the bore and stroke of the compressor, Assume Lthat the index of compression
und expansion isn = 1.3, that the clearance volume is 7% of the swept volume and that the bore is equal to
the siroke. tAns. 4.47 mYmin ; 73% ; 296 mm|
A lwo-stage air comprescor consists of three eylinders having the same bere and stroke. The delivery
pressure s 7 bar and the iree air delivery is 4.2 m"/min. Air is drawn in at 1,013 bar, 15°C and an intercocler
conls the air te 38°C. The index of compression is 1.3 for all the three evlinders. Neglecting clearance
caleulate
(i} The intermediate pressure {1i) The power required to drive the compressor

(riz} The izothermal efficiency. [Ans. (/) 2.19 bar (i) 16.3 kW (iid) 84.5%]

A two-stage donble-acting air compressor, operating at 200 r.p.m., takes in air at 1.013 bar and 27°C. The
size of the L. P, cylinder s 350 x 380 mm ; the stroke of H.P. cylinder is the same as that of the L.P. cylinder
and the ciearance oi both the cylinders1s 4%. The L.P. eylinder discharges the air at a pressure of 4.052 bar.

The air passes through the intercooler so that it enters the H.P. eylinder at 27°C and 3.85 bar, finally it is
discharged from the compressor at 15.4 bar. The value of *a’in both eylinders is 1.3.¢ = 1.0035 kJ/kg Kand
R=0287 kJ'kg K.

Caleulate : (i} The heat rejected in the intercooler
(i1} The diameter of H.P. cylinder (i1} The power required to drive the H.P. cylinder.
[Ans. (i) 1805.68 kg/min. (if} 179.5 mm (i) 37.3 kW]

A single-acting two-stage compressor with complete intercooling delivers 10 kg/min of air at 16 bar. The
suction oceurs at 1 bar and 15°C. The expansion and compression processes are reversible polvtropic with
polytropic indexn = 1.25. Caleulate :

(1) The power reguired. (1} The thermal efficiency.
(¢fi) The free air delivery. (iv) Heat transferred in intercooler.
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806 INTERNAL COMBLUSTION ENGINES

(i) Merits over steam turbines :
The gas turbine entails the following advantages over steam turbines .
1. Capital and running cost less.
2. For the same output the space required is far less.
3. Starting is more easy and quick.
4. Weight per H.P. is far less.
5. Can be installed anywhere.
6. Control of gas turbine is much easier.
7. Boiler along with accessories not required.

21.4. CONSTANT PRESSURE COMBUSTION GAS TURBINES

21.4.1. Open Cycle Gas Turbines

Refer Fig. 21.1. The fundamental gas turbine unit is one operating on the open cycle in
which a rotary compressor and a turbine are mounted on a common shaft. Air is drawn into the
compressor and after compression passes to a combustion chamber. Energy is supplied in the
combustion chamber by spraying fuel into the air stream, and the resulting hot gases expand
through the turbine to the atmosphere. In order to achieve net work output from the unit, the
turbine must develop more gross work output than is required to drive the compressor and to
overcome mechanical lossas in the drive, The products of combustion coming out from the turbine
are exhausted to the atmosphere as they cannot be used any more. The working fluids (air and
fuel) must be replaced continuously as they are exhausted into the atmosphere,

— Fuel (Heat)
¥
%ﬂmbuﬁﬂuw
chamber
C.C.
Compressor (€.
o R TRt Syt e R
(©) Shaft
4 Airin 4y

Exhaust

Fig. 21.1. Open cycle gas turbine.
If pressure loss in the combustion chamber is neglected, this cycle may be drawn on a T-s
diagram as shown in Fig, 21.2. -4
o 1-2' represents : irreversible adiabatic compression.
e 2'-3 represents : constant pressure heat supply in the combustion chamber.
® 3-4' represents : irrcversible adiabatic expansion.,
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Fig. 21.35
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GAS TURBINES AND JET PROPULSION BS7

6. Rate of climb higher.
7. Requirement of major overhauls less frequent.
8. Radio interference much less.
9. Maximum altitude ceiling as compared to turbo-prop and conventional piston type en-
gines.
10. Frontal area smaller.
11. Fuel can be burnt over a large range of mixture strength.
Disadvantages of turbo-jet engines
1. Less efficient.
2. Life of the unit comparatively shorter.
3. The turbo-jet becomes rapidly inefficient below 550 km/h.
4. More noisy (than a reciprocating engine),
5. Materials required are quite expensive.
6. Require longer strip gince length of take-off is too much.
7. At take-off the thrust is low, this effect is overcome by boosting.

21.8.1.2. Basic Cy¢tle for Turbo-jet Engine

The basic cycle for the turbe-jet engine is the Joule or Brayton cycle as shown is Fig. 21.39,
The various processes are as follows :

Process 1-2:  The air entering from atmosphere is diffused isentropically from velocity
C; down to zero (i.e., C; = 0). This indicates that the diffuser has an
efficiency of 100%, this is termed as ram compression.

Process 1-2° is the actual process.
Process 2-3:  Isentropic compression of air.
Process 2’-3° shows the actual compression of air.

T.h
'y
F 3
Turbine
'y
Jet nozzle

Fig. 21.39. T-s diagram of turbo-jet.
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GAS TURBINES AND JET PROPULSION 263

(vi) Propulsive efficiency, 1, :

Thrust power _ 2C,

Morop. = Propulsive power C;+C, AL
2x 2778
“B51+2778 = 0.598 or 59.8%. (Ans.)
(vit) Overall efficiency, n, :
Mo = HEH;T:]:I‘::E::;: fuel “m e AL 22)
i [;:-) X C.V. X Neumbustion
- (R 2TIRXATTS | 1878 or 18.78%. (Ans)
7o x 42000 x 0,92 x 1000
Example 21.20. The following data pertain to a turbo-jet flying at an altitude of 9500 m :
Speed of the turbo-jet = 800 km/h
Propulsive efficiency ' = 55%
Querall efficiency of the turbine plant = 17%
Density of air at 9500 m altitude = 0.17 kg/m?
Drag on the plane = 6100 N
Assuming calorific value of the fuels used as 46000 kJ/ kg,
Calculate :
(i) Absolute velocity of the jet. (if) Volume of air compressed per min.
(tit) Diameter of the jet. (iv) Power output of the unit.
(v) Air-fuel ratio.
800 x 1000
Solution. Given : Altitude = 9500 m, C, = 80x60 = 222.2 m/s,

M e = B5%, Nyppran = 17% ; density of air at 9500 m altitude = 0.17 kg/m?® ; drag on the
plane = Wﬂ.
(i) Absolute velocity of the jet, (C,-C)) :
2C
Mpropulsive = 0-58 = E;:'“E:
where, C_r. = Velocity of gases at nozzle exit relative to the aircraft, and
C,_ = Velocity of the turbo-jet/air-craft.

0.55 = 2x222.2

U C;+2222

. 2x222.2
i.e., C} =" 0EE " 222.2 = 585.8 m/fs

Absolute velocity of jet = C; - C, = 585.8 — 222.2 = 363.6 m/s.
(i) Volume of air compressed/min. :

Propulsive force =mg, (C;-C))
6100 = m_ (585.8 — 222.2)
m, = 16.77 kg/s
1677

Volume of air compressed/min. = —-—— = 60 = 5918.8 kg/min. (Ans.)

0.1

=]
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GAS TURBINES AND JET PROPULSION oY
T‘lﬁ’ il T’E' & f r
M= o Tg=Ty-n,(Ty-Ty

=1171.8 - 0.9(1171.8 - B13.75) = 8495 K
Velocity at the exit of the nozzle,

C,=44.72 Jhs' - hg' = 44.72 JJo, (T5' - T")
= 44.72 1.005(1171.8 - 849.5) = 804.8 m/s

and

i - =11+
Specific thrust =(1+m)dxC, = ( 43_34] = B04.8

= 821.45 N/kg of air/s. (Ans.)
(iif) Total Thrust :

Volume of flowing air, V, = 0.12 x 216 = 25.92 m%s

r 5
pVy_ 078x10°x2592
«= RT, " (0287 x 1000) x 265.8 ~ 20-5 ke/s
Total thrust = 26.5 » 821.45 = 21768.4 N. (Ans.)

t Example 21.23. The following data pertain to a jet engine flying at an altitude of
9000 metres with a speed of 215 m/s.

Mass flow, m

Thrust power developed 750 RW

Inlet pressure and temperature 0.32 bar, - 42°C
Temperature of gases leaving the combustion chamber 690°C

Pressure ratio 5.2

Calorific value of fuel 42500 kJ ! kg
Velocity in ducts {constant) 185 m/s
Internal efficiency of turbine B86%

Efficiency of compressor 86%

Efficiency of jet tube 90%

For air : €, = 1.005, y= 14, R = 0.287
For combustion gases, ¢, = 1.087
For gases during expansion, vy = 1.33.
Calculate the following :
(£} Overall thermal efficiency of the unit ;
(if) Rate of air consumption ;
(i} Power developed by the turbine ;
(iv) The outlet area of jet tube ;
(v) Specific fuel consumption is kg per kg of thrust.
Solution. Refer Fig. 21.42.
Given : TP.=7T560kW ;p, =032 bar, T, =-42+ 273 =231 K; T, =690 + 273 =963 K : P
=5.2; C=42500 kd/kg ; C, =215 m/s, C;' = 195 m/s, 1. = 0.86 ; n, = 0.86 ; n;, = 0.9.
Refer Fig. 21.42.
Let m, = kg of fuel required per kg of air
Then, heat supplied per kg of air
= 42500 m; = (1 + m) x 1.087(T; - T,)) volf)
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GAS TURBINES AND JET PROPULSION 877

2. Lethal weapons

3. Signalling and firework display

4. Jet assisted take-off

5. For satellites

6. For space ships

7. Research.

21.8.5.3. Thrust work, propulsive work and propulsive efficiency

In rocket propulsion, since air is self contained, the entry velocity relative to aircraft is zero.

Neglecting the friction and other losses, we have the following formulae.

4.

Thrust work = C.C

e
O -CF Gt
Propulsive work =CC, + g = L. 5 E
FEE"\
Rocket propulsive effici o Ol A0, Dy (21.23)
et propulsive efficiency (ﬂf +Gu2”2 ﬂjz"'cuﬂ rl‘_’,' 2 el L.
1+|-=&
'..GJ'J

HIGHLIGHTS

The gas turbines are mainly divided into two groups :
(i) Constant pressure combustion gas turbine
{a) Open cycle constant pressure gas turbine
(&) Closed cycle constant pressure gas turbine.
{it) Constant volume combustion gas turbine.
Methods for improvement of thermal efficiency of open cycle gas turbine plant :
{i) Intercooling (ii) Reheating (¢if) Regeneration.
Types of jet propulsion systems:
(i) Screw propeller (i) Turbo-jet

{{i) Turbo-prop (iv) Ram-jet.

Difference between jet propulsion and rocket propulsion :

The main difference is that in case of jet propulsion the vxygen required for combustion is taken from the
atmosphere and fnel is stored whereas for rocket engine the fuzl and oxidiser both are contained in a
propelling body and as such it can function in vacuum.

Classification of rockets ;
(£} According to the type of propellents :

(e} Solid propellent rocket (&) Liquid propellent rocket.
{if} According to the number of motors :

(a} Single-stage rocket (consisls of one rocket motor)
(b} Multi-stage rocket {consists of more than one rocket motor).

OBJECTIVE TYPE QUESTIONS

Choose the Correct Answer
Thermal efficiency of a gas turbine plant as comparcd to Diesel engine plantis
(a) higher (b) lower

{c) same (d) may be higher or lower.
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15.

16.

17.

1B.

19.

21,

25.

27.

29.

30.

INTERNAL COMBUSTION ENGINES

The specific gravity of petrol is

(@) 1 (b) 0.82 (c) 0.75

(d) 0.50 (e} 0.24,

The most popular firing order in the six-cylinder in-line IC engine is
)l —-2—3 —4—5-—8 )1 —3—5H—4—86—2
e)l1—3 —6-—-5—4—2 d)l1—5—3—6—2—4,

For same compression ratio and heat input, the cycle which has maximum efficiency may
be

(a) Diesel cycle (b) Dual cycle (e) Otto cycle (d) None of the above.
For the same maximum pressure and heat supplied, the efficiency is maximum for
(@) Otto cycle (b) Diesel cycle (¢) Dual cycle (d) None of the above,

If the working substance in case of mrmndard cycle is changed from air to argon for the
same compression ratio and heat input at constant volume, the efficiency will

(a) decrease (&) increase ? (¢) remain constant  (d) none of the above,

The pressure at the end of the compression in case of motor car (S.1. engine) is of the order
of

(@) 7 bar (b) 10 bar (e} 15.5 bar (d) 20 bar.
The thermal efficiency of Otto cycle, having same heat input and working substance will
(a) increase (b) decrease (¢} remain constant

(d) none of the above with increase of compression ratio.
In a petrol engine the high voltage for spark is in the order of

(o) 1000 V (b) 2000 V (e} 11 kV (d) 22 kV.

The material for centre electrode in spark plug is

(a) carbon (b) platinum {(c) platinum-tungsten alloy
(d) nickel alloy (e} none of the above.

For economy (minimum fuel consumption), the air-fuel ratio for petrol engine is of the
order of

) 9:1 by 12 : 1 {c) 16 : 1 (d) 20 : 1.

Material for piston in case of petrol engine is

(@) cast-iron (b) aluminium

{c) phosphorus-bronze (d) cast steel.

The ratings of C.1. engine fuel is given by

(a) octane number (b) performance number

{c) cetane number (d} none of the above,

The high-vapour pressure fuel of gas turbine is

(a) JP-3 (b) JP-4 (c) JP-5 (d) nene of the above.

The compression ratio of diesel pump engine is in the order of

" {a) 5 (b) 10 (c) 16 (d) 18.

The mechanical efficiency (1, ) of an IC engine is equal to
(a) IHF/BHP (b) BHP/IHP (¢) BHP/FHP (d) FHP/BHP.

The ratio of the indicated thermal efficiency to the corresponding ideal air-standard effi-
ciency is called

(a) brake thermal efficiency (b) indicated thermal efficiency
(¢} volumetric efficiency (d) relative efficiency.
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QUESTIONS BANK (WITH ANSWERS) i3

136. Tetramethyl lead is a better additive than tetraethyl lead because

(a) TML has a lower boiling point (b) TEL has a lower boiling point

(¢) TML has better mixing property (d) TEL has a better mixing property.
137. As the engine speed increases it is desirable to

(a) advance the ignition timing (b) retard the ignition timing.
138. At full throttle operation it is necessary to

(a) advance the spark (b) retard the spark.

189. The function of a distributor in an S.I. engine is to
(a) produce the high voltage for sparking
(b) distribute the fuel to the appropriate cylinder
(¢) allow the exhaust gases to escape from the appropriate cylinder
(d) provide the correct firing order in the engine.
140. The pump used for circulating lubricating oil in the engine is
(@) of centrifugal type {(b) of plunger type
(c) a gear pump (d) any of these.

141. If instead of 4-stroke, we use 2-stroke for the completion of an I.C. engine cycle, there
would be a loss of efficiency

(a) more in S.1. {(b) more in C.L (c) equal (d) any of these.

142. For the same size and weight, a 2-stroke cycle engine would deliver power as compared to
that of a 4-stroke

(a) about twice (b) about 1.7 times {c) about 1.9 times (d) nearly equal.
143. The purpose of venturi in the carburettor is to work as
(a) pump {b) compressor (c) ejector (d) none of these.

144. Vapour lock is caused due to
() locking carburettor jets due to high vapour pressure
(b) excess fuel supply to engine due to faster vaporisation

(c) complete or partial stopage of fuel supply due to the vaporisation of fuel in supply
gystem

(d) supply of liquid fuel particles to engine.
145. The octane number of compressed natural gas (CNG) is approximately

(a) 97 {(b) 120 (c) 87 (d) 77.
148. The inlet valve closes after BDC for a low speed engine at

(@) 10° (&) 30° (c) B5° (d) 40°,
147. The increase of volumetric efficiency of a C.I. engine will increase

(a) B.P. (b) brake thermal efficiency

(¢) bmep (d) CO. g
148, Morse test can be easily applied to determine LP. of

(a) single cylinder C.I. engine (b} multi-cylinder S.1. engine

(c) single cylinder S.I. engine (d) multi-cylinder C.I. engine.
149. Diesel engines as compared to petrol engines require

(a) bigger flywheel (b) smaller flywheel

(c) same gize of flywheel (d) no flywheel.
150. The tendency of a petrol engine to knock increases by

(a) reducing the spark advance (b) scavenging

(c) increasing cetane number of fuel (d) supercharging

{(e) both (¢) and (d).
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46

445.

446,

447.
451.

454.

INTERNAL COMRBRUSTION ENGINES

Statement I is false since the performance of an S.1. engine cannot be improved by increas-
ing the compression. Statement II 1s true ; since high octane number tends to suppress
detonation, therefore, to some extent fuels of higher octane number will prove useful at
higher compression ratio. Thus (d) is the correct choice.

The formula indicated of power (LP.) involves p LAN ; i.e, 1P, depends upon mean effec-
tive pressure (p_J, length of stroke (L), piston diameter [ﬁu-ea A :.z. DEJ, and speed rota-

tion (n). Thus ic} is the correct choice.
Ap = 7, this relationship is shown in curve (e).
Idling System compensates dilution of charge ; economiser is used for meeting maximum

power range of operation ; aceeleration pump for meeting rapid opening of throttle, and
choke for cold starting, thus (b} is the correct choice,

Because four-stroke engines require heavier flywheels as power stroke comes only once
every four strokes and also petrol engine is running at the highest r.p.m.

D. Fill in the Blanks

1

2.

s

o Bl e

2

10.

11.
12,
L3.
14,

15.
16.
17.

18.
19.

21.

23.

Detonation in S.1. engines is caused by the ... of the charge to burn, while knock in C.1.

engines is causged by the ......... of the charge to burn.

Of all the three-phases of combustion precess in a C.I. engine, the ......... is the most

important. .

While volatility of the fuel is a determining factor in S.1, engines, the ......... of the fuel is

the determining factor in C.I. engines.

Octane number of fuel means the percentage of ......... in a mixture of ......... and ......... .
. and ......... are reference fuels for measuring octane number of S.I. engine fuels.

..... wooand ... are reference fuels for measuring cetane number of C.I. engine fuels.

......... s done for increasing the ... efficiency of a diesel engine.

The quantity of fuel in a ......... engine 18 controlled by the rotation of fuel pump plunger
by v Band L, arrangement,

The function of a carburettor i1s to cantrol ......... ratio and ......... of mixture.

Crankcase dilutation is caused if the 5.1, engine fuels are ...... volatile and vapour lock
characteristics are caused if the 8.1, engine fuels are ......... volatile.

The Stirling engines are ........ combustion engines and would be popular in......... sector,
Wankel rotary engines are of very ......... speed but have some ......... problem,
Engine exhaust emissions ean be measured accurately by an ......... exhaust gas ......... .

Chemically correct air-fuel ratio is called ......... ratio and the ratio of actual mass of air to
the theoretical mass of air in a diesel engine is called ......... efficiency.

Ignition delay of fuel ......... as the carbon-hvdrogen ratio in the molecules increases,
The general formulae for paraffins is ...

I.C. engine ......... is designed to remove about 30 per cent of the heat produced in the .........
chamber.

The most commonly used firing order for a six-cylinder four-stroke engine is ......... .
The vibration of the ......... induced by a vanable torque is called ......... vibration,

The chemically correct air-fuel ratio is called .........

Iso-octane 18 arbitrarily rated ......... octane number.

The efficiency of a 4-stroke engine is ......... than that of a 2-stroke engine,

By supercharging the ... and ....... of a Diesel engine can be increased.
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52 INTERNAL COMBUSTION ENGINES

Q. 6. How tetra-ethyl lead (T.E.L.) improves the quality of fuel for 8.1. engine ?

Ans, Tetra-ethyl lead improves the quality of fuel by delaying auto-ignition and allowing it
to occur only at a higher temperature,

Q. 7. What do you understand by octane number of 85 and cetane number of 75 ¢

What is HU.C.R. ?

Ans,

¢ A fuel of octane number of 85, gives the same knock intensity as 85% velume iso-octane
plus 15% volume heptane, in a standard similar test.

® The cetane number of a fuel is the percentage by volume of cetane in a mixture of cetane
and a-methyl naphthalene (C,;H.,CH, ) that has the same performance in the standard
test engine as that of the fuel. Thus cetane number of 75 means the fuel has the same
performance as of mixture of 75% cetane and 25% o-methyl naphthalene, both by vol-
ume, in the standard test engine.

e Highest Useful Compression Ratio (HU.C.R.). The tendency of an engine to detonate
increases as the compression ratio rises. By further increasing the compression ratio of
the engine the detonation will, in time, becomes so severe that the power of the engine
will commence to decrease due to overheating. The compression ratio at which this
occurs in a specified test engine, under specified operating conditions, is hnown as the
Highest Useful Compression Ratio or HU.C.R.

This method of classification is now little used as it compares fuels when producing a
violent detonation which would not be tolerated in the normal running of any engine.

Q. 8. Shape of the clearance volume controls the detonation in case of 5.1. engine.
Comment.

Ans. Clearance volume has an effect on compression ratio,

. ) i V, +V, v,
since compression ratio = —— = 1+ v
c c

If clearance volume is reduced, compression ralio is increased which will increase chances
of detonation in S.I. engines.

Q. 9. Discuss the effect of engine variables on ignition lag.

Ans,

@ Ignition lag is not a period of inactivity but is a chemical process,

@ The ignition lag in terms of crank angles is 10° to 20° and in terms of seconds 0.0015
seconds or so.

Effects of engine variables on ignition lag :

(i) Fuel. Ignition lag depends on chemical nature of fuel. The higher the self ignition
temperature of fuel, longer the ignition lag.

(i) Mixture ratio. Ignition lag is smallest for the mixture ratio which gives the maximum
temperature. This mixture ratio is somewhat richer than the stoichiometric ratio.

(iii) Initial temperature and pressure. Ignition lag is reduced if the initial temperature
and pressure are increased and the initial temperature and pressure can be increased by increasing
the compression ratio.

(iv) Turbulence. Ignition lag when expressed in degrees of crank rotation increases lin-
early with engine speed. Increasing the engine speed means increasing the turbulence.

Q. 10. Discuss the effects of the following variables on engine heat transfer :

(i) Spark advance (ii) Engine output (iii) Pre-ignition and knocking.

Ans. (i) Spark advance. A spark advance more than the optimum as well as less than the
optimum will result in increased heat rejection to the cooling system. This is mainly due to the fact
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Ans. Detonation in S.I. engines and knocking in C.I. engines are fundamentally similar
phenomenon. Both are processes of auto-ignition subject to the ignition time-lag characteristics
of the fuel-air mixture. The differences in the two phenomena are as follows :

1. In the S.I. engine, the detonation oceurs near the end of the combustion process, in the
C.I engine detonation occurs near the beginning of combustion.

2. In the 8.I. engine, it is relatively easy to distinguish between knocking and non-knoching
operation as the human ear easily finds distinction.

3. The detonation in the S.I. engine is of homogeneous charge causing very high rate of
pressure rise and very high maximum pressure. In the C.I. engine the fuel and air are imperfectly

mixed and hence the role of pressure rise is normally lower than that in the detonating part of the
charge in the S.I. engine.

4, Since in C.I. engine the fuel is injected into the cylinder only at the end of compression
stroke there is no question of pre-ignition as in the S.I, engine.

It is most important to care and note that factors that tend to reduce detonation in S.1
engine increase knocking in the C I engine and vice-versa. The detonation in the S.1. engine is due
to simultaneous auto-ignition of the last part of the charge. To eliminate detonation in the 5.1.
engine we want to prevent altogether the auto-ignition of the last part of the average and
therefore desire a long delay period and high self ignition temperature of the fuel. To eliminate

knock in the C.I. engine, we want auto-ignition as early as possible and therefore desire a short
delay period and low self-ignition temperature of the fuel.

Factors tending to reduce knocking in 8.1. and C.I. engines :

Factors S.1. Engines C.1. Engines

(i) Compression ratio Low High

(ii) Inlet temperature Low High
(11i) Inlet pressure Liow High
(iv} Seif-ignition femperature of fuel High Liow

(v} Time {og of ignition of fuel Long Short
(i) rpom. High Low
{me) Combustion chamber wall temperature Low High

Q. 24, Why does rate of pressure rise during combustion is limited to a cerioin
value ¢

Ans.

® The rate of pressure rise i3 a very important aspect from engine design and operation
point of view. It considerably influences the maximum cycle pressure, the poter output
and the smooth running of the engine.

o Higher rate of pressure rise during combustion cause rough running of the engine be-
cause af vibration and jerks produced in the crankshaft rotation. It also tends to create
a situation conducive to an undesirable occurrence known as knocking. A higher rate of
pressure rise near the end of compression stroke and beginning of power stroke would
produce high peak pressure giving increased power output of the engine. But if the rate
of pressure rise exceeds about 3 to 3.5 bar per degree of crank rotation, the running of

engine becomes rough and noisy. Hence the rate of pressure rise is to be limited to a
certain value.
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Q. 38. What is the difference between ignition timing and firing order ?

Ans. Ignition timing is the correct instant for the introduction of spark near the end of
compression stroke in the cycle. The ignition timing is fixed to obtain maximum power from the
engine.

Firing order is the order in which various cylinders of a milticylinder engine fire. The
firing order is arranged to have power impulses equally spaced, and from the point of view of
balancing.

Q. 39. State the functions of an ignition coil and a condenser in the batlery igni-
tion system of a multi-cylinder S.I. engine,

Ans. Function of ignition coil and condenser :

(i) Ignition coil. The function of the ignition coil is to step up 6 to 12 volts of the battery
to a high tension voltage (10000 to 20000 volts) sufficient to promote an electric spark across the
electrodes of the spark plugs. The ignition coil consists of two insulated conducting coils called the
primary and secondary windings. The primary winding is connected to the battery, and the
secondary winding is connected to spark plugs through the distributor. In order to boost the
voltage, the primary winding has a few hundred turns of relatively thick wire, whereas the
secondary winding consists of several thousand turns of very fine wire.

(if) Condenser. The function of condenser in the ignition system is to help the rapid
collapse of the magnetic field and to store up the energy momentarily when the contact breaker
points open, so that due to high voltage it may not jump between the breaker points.

Without the condenser, the induced current would establish an are across the contact
points when they separate, and therefore the collapse of the field would be prolenged, and the
voltage rise in the secondary coil would be slow. Meanwhile most of the energy stored in the
magnetic field would be consumed in an arc across the contact breaker points (rather than are
across the spark-plug electrodes).

Q. 40. What is the main defference between the battery and electronic systems ?
Ans. The main difference between the battery and electronic ignition systems ia as follows :
e In battery ignition system contact breaker is used for making and breaking the
primary circuit of the ignition coil. This making and breaking of the primary circuit is
responsible for providing a high voltage across the spark plug electrodes. The contact
breaker consists essentially of a fixed metal point against which another metal point
bears. A cam driven by the engine shaft is arranged to open the breaker points when-
ever an electric discharge is required.
¢ In electronic ignition systems electronic triggering is used to interrupt a circuit
carrying a relatively high current. It makes an ideal replacement for the breaker points
and the condenser. Many variations of the electronic ignition system are available.
— In one of the versions the contact breaker and the cam assembly of the conventional
battery ignition system are replaced by a magneto-pulse generating system which
detects the distributor shaft position and sends electrical pulse to an electronic control
module. The module switches off the flow of current to the primary coil, inducing a
high voltage in the secondary winding, which is distributed to the spark plugs as in
the conventional breaker system. The control module contains timing circuit which

later closes the primary circuit so that the build up of the primary circuit current can
occur for the next cycle.
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92 INTERNAL COMBUSTION ENGINES

Example 17. A 4-stroke gas engine develops 3.5 kW B.P, at 160 r.p.m. and at full load. Assum-
ing the following data, find the relative efficiency on I.P. basis and A : F ratio used :

Volumetric efficiency ... 87%
Mechanical efficiency — N
Clearance volume veeer 2100 em?
Swept volume wreene 9000 cm®
Fuel consumption ... 5milh
Calorific value of fuel  ...... 18000 kd | m?
All working cycles are effective. . (P.1)
Solution. Given : k = % BP.=35kW;N=160rpm.;n =87%:n ., = 73.6%; V. =
2100 em? ; V. = 9000 em? ; gas used = 5m%Mh ; C = 18000 kJ/m?.
Relative efficiency, n_ :
V.+ V. 9000 +2100
i i = = 5.286
Compression ratio, r= v 3100
1 1
T . " "
quu*-a =1 W [E.EB‘E}L"-I 0.4862 or 48.62%
B.P. 3.5
LP.= == oy = 4T62kW
1.P. 4762
Moy = = =019 or 19%
WUV, xC T 5, 1800
3600
Neelative = Newny 019 o9 or 309 (Ans.)

Noir-standard ~ 0-4862
A/F ratio:
Volume of mixture taken in per stroke
= Swept volume x 1, x = 9000 x 0.87 = 7830 cm?
Volume of gas per working stroke
_5.,.1 _5 . 1
60 (N/2) 60 (160/72)
Volume of air = 7830 — 1041.7 = 6788.3 cm?

A/F ratio by volume = 6788.3
1041.7

x 10% em® = 1041.7 cm?®

= 6.5:1 by volume. (Ans.)

Example 18. A single-cylinder, four-stroke diesel engine running at 440 r.p.m. with cylinder
displacement of 0.006 m® was arranged to draw air through a calibrated orifice in an air box, the
pulsations being sufficiently damped by this procedure. The readings obtained were : barometer
736 mm Hg, air temperature 17°C ; depression in the air box 125 mm of water ; diameter of orifice
25 mm ; co-efficient of discharge 0.62,

Calculate the volumetric efficiency of the engine referred to inlet conditions.

Solution.Given:n=1;N=440r.p.m. ;V_=0.006 m? ; barometer reading = 736 mm Hg ; air
temperature, T' = 17 + 273 = 290 K, diameter of orifice, d; =25 mm =0.025m ; C,; = 0.62.
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