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Thermodynamics is the science of energy transfer and its effect on the
physical properties of substances. It is based upon observations of common
experience which have been formulated into thermodynamic laws. These
laws govern the principles of energy conversion. The applications of the
thermodynamic laws and principles are found in all fields of energy
technology, notably in steam and nuclear power plants, internal combustion
engines, gas turbines, air conditioning, refrigeration, gas dynamics, jet
propulsion, compressors, chemical process plants, and direct energy
conversion devices.

1.1 MACROSCOPIC Vs MICROSCOPIC VIEWPOINT

There are two points of view from which the behaviour of matter can be
studied: the macroscopic and the microscopic. In the macroscopic approach,
a certain quantity of matter is considered, without the events occurring at
the molecular level being taken into account. From the microscopic point of
view, matter is composed of myriads of molecules. If it is a gas, each molecule
at a given instant has a certain position, velocity, and energy, and for each
molecule these change very frequently as a result of collisions. The behaviour
of the gas is described by summing up the behaviour of each molecule.
Such a study is made in microscopic or statistical thermodynamics. Macroscopic
thermodynamics is only concerned with the effects of the action of many
molecules, and these effects can be perceived by human senses. For example,
the macroscopic quantity, pressure, is the average rate of change of
momentum due to all the molecular collisions made on a unit area. The
effects of pressure can be felt. The macroscopic point of view is not concerned
with the action of individual molecules, and the force on a given unit area
can be measured by using, e.g., a pressure gauge. These macroscopic
observations are completely independent of the assumptions regarding the
nature of matter. All the results of classical or macroscopic thermodynamics
can, however, be derived from the microscopic and statistical study of matter.



12 THERMODYNAMIC SYSTEM AND CONTROL VOLUME

A thermodynamic system Is defined as a quantity of matter or a region in
space upon which attention is concentrated in the analysis of a problem.
Everything external to the system is called the surroundings or the environment.
The system is separated from the surroundings by the system boundary
(Fig. 1.1). The boundary may be cither fixed or moving. A system and its
surroundings together comprise a universe.

There are three classes of systems: (a) closed system, (b) open system.
and (¢) isolated system. The closed system (Fig, 1.2) is a system of fixed mass.

Boundary
Enui'
Sysenm Surroundings
Energy in
Suroundings No mass transfer
AG. 1.1 A thermodynamic systemn FIG. 1.2 A closed sysfem

There is no mass transfer across the system boundary. There may be encrgy
transfer into or out of the system. A certain quantity of fluid in a cylinder
bounded by a piston constitutes a closed system. The open system (Fig. 1.3)
is one in which matter crosses the boundary of the system. There may be
energy transfer also. Most of the engineering devices are generally open
systems, e.g., an air compressor in which air enters at low pressure and
leaves at high pressure and there are energy transfers across the system
boundary. The isolated system (Fig. 1.4) is one in which there is no interaction
between the system and the surroundings. It is of fixed mass and energy.
and there is no mass or energy transfer across the system boundary.
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Surroundings Surroundings
No mass or energy  *
Mass N Enﬂlw oul transtar

FiIG. 1.3 An open sysiem FIG. 1.4 An isolated system

If a system is defined as a certain quantity of matter, then the system
contains the same matter and there can be no transfer of mass across its
boundary. However, if a system is defined as a region of space within a

escribed boundary, then matter can cross the system boundary. While the
former is called a closed system, the latter is an open system.



For thermodynamic analysis of an open system, such as an air compressor
(Fig. 1.5), attention is focussed on a certain volume in space surrounding
the compressor, known as the control volume, bounded by a surface called

the control surface. Matter as well as energy crosses the control surface.

Air out

1

Heat

| _ control
:f surface

FIG. 1.5 Conftrol volume and control surface

A closed system is a system closed to matter flow, though its volume can
change against a flexible boundary. When there is matter flow, then the
system is considered to be a volume of fixed identity, the control volume.
There is thus no difference between an open system and a control volume.



1.1 THERMODYNAMICS

mmﬂmiﬂsrcm be defined as the ‘science
of energy’. In fact, the name ‘thermodynamics’
originates from two Greek words, rhreme (heat
energy) and dymamics (motion or power). Thus,
the subject of thermodynamics deals with energy
and jts transformation, including heat, work and
physical properties of substances. It also deals
with thermodynamic equilibrium and feasibility of
processes.

Every engineering activity involves an interac-
tion between energy and matter, and it 1s hard to
find an area which does not relate to thermodynam-
ics in some respect. An ordinary house has a gas
stove, an electric iron, fans, a cooler, a refrigerator,
pressure cooker and televisions. The design of each
item requires the knowledge of thermodynamics.

In the engineering field, thermodynamics plays
an important role in the design of automobile
engines, compressors, turbines, refrigerators, rock-
ets, jet engines, solar collectors, conventional and

nuclear power plants. An energy-efficient home is
designed for minimum heat loss in winter and mini-
mum heat gain in summer. The size, location and
power input to an air-conditioner is decided afier
thermodynamic analysis of a room.

A thermodynamic system, or simply a system, is
defined as a certain quantity of matter or a pre-
scribed region in space considered for thermaody-
namic study.

The region outside the system is called the
surroundings or environmeni. The real or
imaginary surface that separates the system from its
surroundings is called the boundary. The boundary
of the system may be fixed or movable. The system
and its surroundings constitute the universe. These
terms are illustrated in Fig 1.1.

Types of Systems The thermodynamic systems
can be classified as
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Fig. 1.1 System, surroundings and Povinifiry

I. Closed and open svstems
2. Homogeneous and heterogeneous systems

1.2.1 Closed System

A closed system (also known 8¢ control missx) has
the following characteristics:

(1) It consists of a fixed amount of mass, and
NO MASS can cross its boundary, i.¢., no mass
can enter or leave a closed system,

(1) The volume of a closed system may vary and
hence its boundary is movable.
(iii) The energy in the form of heat or work can
cross the boundary.

Figure 1.2 shows the representation of a cloge

a system. Some examples of closed svitern are
discussed below.
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Fig. 1.2 Representaion of a closad system

1. Gas Trapped within a Piston-cylinder Device,
Fig. 1.3
(i) The inside surfuce of the cylinder and piston
forms the boundary.

(i) With the movement of the piston, a part of
the boundary can move,

(iti) The movement of the piston is restricted by
a stopper, 50 no mass of gas can leave the
system.

(iv) The energy. as heat and work, can cross the

boundary,

Enargy aa haai —

Fig. 1.3  Gas trapped in a q{mdrr-pum-lmh:

2. Food Items in a Pressure Cooker, Fig, 1.4
(i) The inside surface of the pressure cooker
and its cover forms the boundary,
(ii) The boundary of the system is fixed
(iii) Numufthtfundmmﬂuhnhy.
unless by the process of whistling
(iv) Energy as a heat can leave or enter the
boundary of the system.

Fig. 1.4 Pressure pan and pressure cooker

3. Refrigerator and Ice-cream Freezer Figure | 5
(b} shows the basic components of a refrigerator
s n system along with its boundary, The working
substance is the refrigerant.

(i) The compressor, condenser, capillary tube
and condenser together constitute a system.
(1) No mass of the working substance can lease
the sysiem.
(iii) The boundary of the system is fixed
(iv) The encrgy as electrical work enters the
compressor, and energy as heat leaves U
condenser and enters the evaporator, This
energy crosses the boundary.
Hence, the refrigerator is a closed sysiem
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Fig. 1.5  Schematic and basic componmits of a refrigerator

4. Steam (Thermal) Power Plant  Figure 1.6 shows 3. Electrolytic Battery, Fig. 1.7

the basic components of a steam power plant as a (i) The scid and lead plates in 2 plastic box
closed system along with its boundary. The working mitke up the system.
substance is waler vapour. (i1} The boundary of the system is fived.
(i) The boiler, mrbine, condenser, and feed (i) Nummnrﬂulridmhw:th:hmhn.
pump together constitute 3 system., () Energy in electrical form can leave or enter
{1} No mass of the working substance can leave the boundary of the sysiem.
the svstem
(iii) The boundary of the system is fixed. Az

— [ jEurTent)

() The energy as heat and work can cross the
bnmduyn{thnym__
Thus, the steam power plant is a closed system.

vimat wappdy
Foed wailer d
ot Fig. 1.7 Electrolytic battery
- B Bulbs and Lamps, Fig. 1.8
Wi (1) The mass of the inert gas remains fined
imside bnilbs and lamps.
P (11} The boundary of the system is fixed.
L — ' ,I : (1il) Energy as electricity, heat and light can cross
Frli the boundary of the system.
Isolated System  An isolated system is a special

Fig 1.6 Steami power plun! case of a closed system, in which energy can also



Fig. 1.8 Incandescent bulb

not cross the boundary of the system, This system
15 not in communication with its surroundings in
any way.

Thus, an isolated system neither exchanges
encrgy in any form nor any mass with the
surroundings. Hence, by definition, the universe
can be considered as an isolated system. The
representation of an isolated system is thown in
Fig. 1.9. Other examples are thermos flask
(Fig. 1.10) and ice box.
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Fig- 1.9 Representution of an solated system
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Fig 1.10 Thermes flask

1.22 Open System
An open svatem (or a control uufm}i"ﬁ
selected region In space. It usually encloses a deyy,
which Involves mass flow, such as a compressg,
turbine or nozzle. Flow through these devicey ;, |
hﬂtﬂﬂdlﬂdbrﬂhﬂﬁniluﬁmﬁihhh%
us control volume.
" The boundary of the control volume is called the
control surface. Both mass and energy can cros the
control surface. Thus, for an open system; '
(i) The system has a selected region (fixed
volume), called conirol volume.
(ii) The boundary of an open system 15 fixed
(iii) Mass can gross the control surface.
(iv) The energy, in the form of heat and work,
can cross the conirol surfiace.
An open system can be represented by Fig. 1.11
Some examples of open systems are discussed
below,
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Fig 111  Representation of open system

1. Floto through Tubes and Nozzles, Fig. 112

(i) The interior surface of the tube or nozle
forms the real bmml:!lmumlluﬂmdrilh
openings form the imaginary boundary.

(i) The mass can enter and leave the imaginiry
boundary of the control volume.

(111 Emmruwaltnmumﬂwbﬂuﬂ'?l
can enter or leave the system.

2. Water Boiler, Fig. 1.13

(i) ‘The interior surface of the boiler shell forms
the veal boundary, and the left and nigh
openings form the imaginary boundary.
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Fig. 1L.12  Foni thrvonegh (a) Thbe, amd (8} Nazzle

Fig. 113 Water bhodler

{11} The mass of the water enters, and the mass
of steam comes out the control surface.
(i) Energy as heat enters the control surface

{iv) The energy in the form of heat or work can
cross the boundary.

3. Reciprocating Air Compressor  Figure 114
shows the reciprocaling alr COMPIEsSOr 45 S0 open
Fystem.

(1) The intenor surface of cylinder and piston
forms the control surface,

Fig 1.14  Reiprocating air compressar

(i) Mass of air can enter and leave the control
volume through the valves,

(iil) Energy as work and hest can cross the
control surface.

4 Imtermal combustion engines, gas turinine,
Fig, 1.15

(i) The interior surface and openings form the
control surface.
(i) Mass as air and fuel mixture enters and
leaves as combustion products.
(ili) Some part of the combustion heat is
converted into work and the remaining 1
discharged as waste heat from the system.
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(it} Internal combustion engine
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Adiabatic System  An adiabaric syxtem 152 special
case of an open system, in which mass can ¢ross the
control surfoce, but energy in the form of heat is not
allowed 10 cross the control surface of the system.
However, energy in other forms can enter and leave
the system. Insulited turbines, throttle valves, water
pumps, water twurbines, insulated hent exchangers,
elc., wre same examples of adinbatic systems.



Some common features of these devices are the
following:
(i) The interior surface of the device forms the
control surface.
_[iﬂ' Fluid enters and leaves the control surface.
(1ii) The energy other than heat energy can enter
or leave the control surface.
(iv) Heat transfer s negligible at its outer control PR I].

irvmdadiom
Fluig 8

Fig. 1.19  Heat exchanger maulated at its outer surface

Hat fusd in

e

Fig. 116 Representation of an adiabatic systern

[ 3= Wister

ZErks Fig 120 Heat exchanger which imvolves heat transfer

wanster af the outer boundury
as shown in Fig. 1.20 and it will not be treated as an
sipe adiabatic system.

The thermodynamic relations that are applicable
1o ¢losed and open systems are different. Therefore,
it 15 important that we must recognise the type of
systern before analysing it

1.2.3 Difference Between Closed and

Open Systems
Clesed sysiem ipen svatem i
1. | 1 is also called a non- | 1t is also called & fow
How Sysien. svstem. =4
i out L | A cetuin quantity of | A certain region o
Fig. L18  [nsulated turbing matter i considered | considered for nady
for stdy. Thus, & |This region is called
If the heat exchanger considered above In clowed system has a | control volume.
Fig. 1.19 is not insulated at its outeér boundary then control mass. L

the heat transfer will take place across its boundary Comid



The syslem is
surrounded by a real
boundary, which may
be fixed or movable.

An  open  wystem
is surrounded by &
control surface, which
is a combination of
real and imaginary
boundaries.

No mass can cross the

boundary, while
EOCIEY Can enler oOr

leave the boundary of
the system.

Mass av well a3 energy
can enter or leave the
control surface of the
syslem.

If encrggy tranafer does
not take place across
the boundary then the
closed system is called
an exolated syatem,

If heat transfer does
not take place across
the control surface
then “an open sysiem
1= called an ediabatic
Fvaien

Examples of a closed
SySiem are pressure

cooker and refngerator,

Examplex of an open

fysicm  are  scooicr

ENgIne, AIF COMPIEREOT
and gus Turtne.

1.2.4 Difference Between Isolated and

Adiabatic Systems

fsodared svatem

Adiabaric xyxhem

4.

It ks a special type of a
closed sysiem.

It is & special tvpe of an
open dystein,

Mass and energy do
not eroas the boundary
of the symem

Mnss and  energy,
excepl heal energy, can
crovs the boundary of
the system.

It is & closed sysiem,
which is insulated at
its boundaries, thus it
becomes olated from

its swrroundings,

It s an open sysiem,
which i% insuldted st its
real  boundaries, thus
heat cannod cross 1L

Examples of an
isolated system are ice
box and thermos fask,
ele.

Examples ol an
adiabatic system are
waler pump, throttle
valve and nsulsted
sleam turbune eto,

125 Homogeneous System

A system is called a homogeneous system, if it
consists of a single physical phase, either solid,

liquid or gas phase only. It is trested as one
constituent for its analysis. Thus, analysis becomes
simple, for example, ice, water and steam (three
distinct phases of water), sugar or salt dissolved in
waler, air, oxygen gas and nitrogen gas.

1.2.6 Heterogeneous System

When a system is a mixture of two or more than
two phuses of matter, it is called a heterogeneous
system.

Since each constituent present in the system has
its own properties independent of each other, the
system cannot be analysed as a single constituent,
for examples, mixture of ice and water; mixture of
water and steam; dal, rice and water in a pressure
cooker, eic.

P e b 0Oy
Ty w=tves JN

It 1s well kmown that every substance is composed
of & larpe number of molecules. The properties
of the substance depend on the behavior of these
molecules. In the macrescopic approach, a ceran
quantity of matter 15 considered without the events
occurring at the molecular fevel. The macroscopic
approach in the study of thermodynamics is also
called classical thermodynamics. It provides a
direct and easy way 1o the solution of engmeering
problems. In the macroscopic approach;

1. The structure of the matter is not considered,
. Omly o few variables are needed 1o describe

the state of the system,

3. The values of these variables can be mea-

sured.

The microscopic approach is more elaborate.
We know that every system is composed of o large
number of molecules. All have the same mass but
each moves with a velocity independent of others.
Similarly, each molecule has its own position,
temnperature, etc. The microscopic approach of such
a system will involve a large number of equations,
specifying three location coordinates and three
velocity components for each molecule. It 1s

bl



1.3 THERMODYNAMIC PROPERTIES, PROCESSES AND CYCLES

Every system has certain characteristics by which its physical condition
may be described, e.g., volume, temperature, pressure, elc. Such charac-
teristics are called properties of the system. These are all macroscopic in nature.
When all the properties of a system have definite values, the system is said
to exist at a definite state. Properties are the coordinates to describe the state
of a system, They are the state variables of the system. Any operation n
which one or more of the progerties of a system changes is called a change of
_state. The succession of states passed through during a change of state is
called the path of the change of state. When the path is complelely specified,
the change of state is called a process, e.g.,, a constant pressure process. A
thermodynamic cycle is defined as a series of state changes such that Lhe
final state is identical with the initial state (Fig. 1.6).

Properties may be of two types. Intensive properties are independent of the
mass in the system, e.g., pressure, temperature, ctc. Extensive propertics are
related to mass, e.g., volumg, energy, etc. If mass is increased, the values of
the extensive properties also increase. Specific extensive propertics, i.o.,
extensive properties per unit mass, arc intensive properties, ¢.g., specific
volume, specific energy, density, etc.



—*V  ab A process
1-2-1 A cycle
FIG. 1.4 A pvocess and acycle

1.4 HOMOGENEOUS AND HETEROGENEOUS SYSTEMS

A quantity of matter homogeneous throughout in chemical composition
and physical structure is called a phase. Every substance can exist in any ong
of the three phases, viz., solid, liquid and gas. A system consisting of a
single phase is called a homogeneous system, while a system consisting of more
than one phase is known as a heferogeneous system.
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very difficult to adopt in practice even with high-
speed computers, The properties of the system are
based on the average behavior of o lurge group of
molecules under consideration. Thus, this approach
is also called sraristical thermodynamics. In the
microscopic approach,

1. The knowledge of the structure of the matter
IS NECEssary _
A large number of vanghles are needed to
describe the stite of the system d

3. The wvolues of the wvanables cannot be
measured easily.

el

1.4 WORKING FLUID

The manter contained within the svstem boundaries
15 called working fuid. 1t is used in thermodynamic
devices as a medium for energy transport between
the system and surroundings, while undergoing a
thermodynamic process or eyele. A working fluid
may be pas, vapour, lquid or any non-reactive
mixture of these constituents, The working (fuids
frequently absorh, store or releass energy. For
examples, water vapour is the working fluid in a
steam power plant, and a refrigerant is the working
fluid in a refrigerator.

1.5 CONTINUUM

Matter 15 made up of discrete particles, called
atpms, These aloms are widely spoced (free paih)
in a gaseous phase and matter may also have some
voids. The macroscopic approach is applicable
when the smallest unit of the matter s large enough
compared 1o the mean free path of the atoms,
Under such circumstances, the matter in a system
s considered as continuous and homogeneous
without any hole, This 15 called the concept of
EFIRTEREa,

Let ws consider the mass Am in o volume AV
surrounded the pomt & as shown in Fig. 1.21. The
rati of Am AV s the average mass density of the
system within the volume AF. The voluime AV” is
the smallest volume about the pomit P, Tor which the
mass con be considercd comtmuous. Any violunie

Hegonof
mescLlar Hﬂw"’i"‘ﬁﬁ-,

.

BT
Fiﬂ* 1.21 Emu‘u}n-' I.!J'-l (AR b

smaller than this volume will lead to discony,,
in the particles, atoms and electrons, cic., angy,
density becomes unpredictable.

The varintion in density 1s tentatively showy
Fig. 1.21. When the volume approaches zem, 4,
density becomes uncertam,

I ﬁ.m] .

= __lim_ | — |
P A=Al Al sl
Similarly, the definition of pressure 15 ab

regiired for o minimum area A" at the which force
AF, acts.

. AF
= ] it )
2 m:ﬂ,,,( ﬂ-*i] A
fhe continuum s not applicable when (i

number of molecules in a system  hecomes
neghigible, e.g., o svstem under high vicuum.

1.6 THERMODYNAMIC
PROPERTIES OF A SYSTEM

s sihioyey
: : T ws by which
its physical condition may pe described, e.g,,
volume, temperature, pressure, ete, The fist cin
be extended 1o include velocity, viscosity, thermel
conductivity, modulus of elasticity. coelficient of
thermal expansion, resistivity and elevation, elc.
The saltemt featwres of a  thermedynamic
praperty are the following:

(1) A property s 3 measurable characteristic,
desenbeng the state of a svalem.

(h) 1 has b definite value when the system is 10
a particuliar stale. :



{¢1 lralso helps to distinguish one svstem from
anoather.

(d) The magnitude ol a property depends on the
state of the system, and it 15 independent
of l.hl.‘ path or route followed by a system
during a process,

(e} A property is an exact differential.

The differential quontity of o propeny £ is
designated as dP, and s integral between siates |
and 2 of the system 15

L*‘IF =Py =P L3

For a given expression of @ property,
dP = Mdx + Ndv
A simple check can be s useful 100l 1o recognize
whether a quantity 1sa property or not.

)
dy ), \ax ),
Tupes of Properties Properties may be classified
s
|. Intrinsic and extrinsic properties according
1o their origin, and
2. [ntensive and extensive propernies according
1o their dependability.

e 1)

1.6.1 Intrinsic and Extrinsic Properties

Intrinsic Properties Theese are (he basic fropertics,
and cannot be defined in terms of other properties.
Their values can be assigned independently for
example, length, mass, time, atca volume, pressure,
tempernlure, electric cunrent, e,

Extrinsic Properties These are those properties
whiose values cannot be assigned independently,

These are characteristic of the motion. or position
of a sytem and are measured in reference 1o certain

dotiamn such as velogity, acceleration, potential
enurpy, kinetic eneney, enthalpy. entropy, ¢1c.

1.6.2 Intensive and Extensive Propertivs

Intensive Properties 1hese the properiics that
do not depend on the extent ol the systent. These

Basic Coampeprs 9

properties are ndependent ol the ‘mass ala
Properiies such as pressure, tempreature. deraaty,
velogity. ete . are examples of mtenyse propertics

Extensive Properties  These are priperies thiat
vary threctly with the extent af the ssstem. Thewe
properties depand on the mins ol the svatem The
properties such as mass. area, volumne, total eneray.
etc_. are examples of extensive properiies.

An easy way 1o distinguish whether a propeny
is mensive or extenshve is_to divide the syt
into two eqgual parts with @ parfition as shown in
Fig: 3L
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Fig- 122 Recognition of intensive and extensice
[rperties

Afier partiton, each part will have the same

value for the intensive properties as of the onginal

system, but halfl the value for extensive properties.

1.6.3 Density and Specific Gravity

Specific Property An cxIEN§IvE property exprresscd
per unit mass of the system is cilled a specific
property, Examples. include specific  valume.
specific enery, specific enthalpy, specific internal
energy. ete. and thus are intensive properics

Maxy dengity or simply density s a measure
of the amount of working substance contained in
a given voliime and is defined as mass per unit
volume,

Muss of substance

] 2
: = kg'm’) 1S
P Votume occupied 1 (hgm’) .t13)

Similarly, specific wrtity, o relative density, is
defined as the mtio of density of a substance (p.) 10
the density of water at 3°C (2 1000 kgm 3 b
i designated by SG.



1.7 STATE, PATH, PROCESS AND CYCLE
1.7.1 State

The thermodynamic state is the condition of the
system as characterised by certain thermodynamic
properties like pressure, temperature, specific
volume, etc.

[f any system is not undergoing any change then
all of its properties can be measured or calculated.
which gives us a set of properties that completely
describe the condition or state of the system. At this
state, all thermodynamic properties of the system
have the same value throughout the system. If the
value of even one property changes, the system wil
change its state to a different one.

Consider a certain quantity of a gas as a systel’
in a piston-cylinder device as shown in Fig.1.23
(a). At the position 1 of the piston at any instan®
the condition of the system can be described bif
pressure p,, temperature 7, and volume V- L



system 15 said to exist ot the state 1. Afler expansion
of the gas, the system will reach a new position 2
(state 2) us shown in Fig 1.23 (h),
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(b} Reyrreserttation of states on a plot
Fig. 1.23

1.7.2 Path

When a gas expands in the cvlinder, the piston
moves outward, the properties of a system change
and the sysiem reaches to the new state 2. It is
called & change of state. A locus of serics of states
through which a svsiem passes between initial and
Sfinal stares is called a park as shown in Fig.1.24.
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Fig. 1.24  Tuo paths Ivtween initial wnd final stapes

The system mby reach from state | to state 2
by a number of paihs depending on the type of
CApanKIon.

1.7.3 Process !

The tronsformation of a themmodynamic system
from one thermodynamic state to another is called
0 process.

A series of states through which & system passes
during a process is called the puth of the process.
The processes are classified as follows:

I, A process undergone by a fluid i a closed
system, is referred as a non-flow process.

2. A process undergone by o fuid i oan open
system is referred as a fow process,

3 When a process procecds i osuch 4
manner that the syvstem remains almost
infinitesimally close to equihibnium, such a
process is called a guasi-sratic process.

4. A process 15 called a noversible process if
it once has been taken pluce between two
states. can be meversed 1o restore the system
to initial conditions without leiving any
effect on the surroundings. 1t passes through
a senes of equilibrium states,

5. A process which cannot be reversed by the
same path, and follows in one direction only
is called an frreversible process. It passes
through a series of non equilibrium states,

6. When & system undergoes a process, while
enclosed by an adubatic wall {ideal insu-
lator), the system does not experience any
heat exchange between the svstem and s
surroundings, Such a process is called an
adiabatic process.

The prefix tv0- is often used to designate a type
of process for which a particular property remains
constani.

(1) Ant Isathermial Process  The temperature remains
constant during the priscess.

() An bobaric Process  The pressure remains
consan! during the process.



iy An Bsachorie (Isometric) Process The vl
remains constant durmg the process

(1) An Isentropic Prowess The enmopne reminimns
constant dunng the process

(i) An lsenthalpie Process The emthalpy remains
constant durimg the process.

1.7.4 Cycle

If a system undergoes a series of processes in stch
a way that ns imitial and final states are identical
then the svstem is said to have undergone a cvelic
processor simply acvele. A thermodynamie cyele is
a sequence of processes that begins and ends at the
same state as shown in Fig. 1.25, At the conclusion
of a evele, all properties of the fluid have the same
values as they had at the initial state.

-

Fig. 1.25 Cycfic process

1.8 POINT FUNCTION AND
PATH FUNCTION

When a system undergoes a change from one state
to another, the properties of the system also change,
which depend only on end states and not on the
path followed between these two states. Therefore,
these properties are called state functions or point
functions. Poine functions can be represented by a
puoint on any plot, e.g.. temperature, pressure; vol-
ume, etc. These properties hove exact differentials
designated by the symbol o Therefore. change
m volume or pressure s represented by ) or dp,
respectively

A quantity. whose volue depends on the par-
heular path followed during the process is called
apath fundfon. It requires a particular path and di-

rection to represent the quantiny on any o
L N

heat, work. ete. The path nctions hiyve Inexg.
differentils  represented by the ¥y p
ThereTore, o dillerentigl Amount . :

al wisrl, gr g
Al represen ation 0
expansion work (a path function Quantity iy whiow
in Fig. 126

I8 writlen as Gl o 60 A Pypic

1
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Fig. 1.26  Reprsintation of path function gntity

L9 QUASI-STATIC PROCESS

When a process proceeds in such o manner that
the system remamns infinitesimally close to an
equilibrium sure ar all times, it is called a guasi-
staiic, ar quasi-equilibrium process. A quasi-static
process is viewed as o sufficiently slow process in
which system changes its state very slowly under
the influence of an infinitesimally small driving
force. The system adjusts itself internally, so that
the properties in one part of the system do not
change any faster than those in the other part.

Figure 127 illustrates a quasi-static process.
The system consists of a gas initially at equilibrium
unider the piston in a eyvlinder. The piston is loaded
by a number of small masses. As one mass is
removed, the gas expands slighily, allowing the
piston 1o move slowly upward. During such
expansion, the molecules ger sufficient time 1o
redistribute. and thus the gas would depart only
slightly from equilibrium and as the pressure and
other intensive properties become uniform, it will
attmn 8 new equilibnum state. Morcover, 1f the
sime mass 1s pat on the piston, the gas would be
restored to s inial stre.



An isolated system has no imteraction with its
surroundings and is alwavs in internal equilibrium
Whenany one of the above conditions aFequilibrium
are not sabisfied, the system is not considered to be
in thermodynamic equilibrium,

L11 DIMENSIONS AND UNITS

Any  physical  quantiry may  be charactenized
by dimensions, The reference standard used 1o
measure the dimensions of a physical quantity is
called a wnmit. In the renth and eleventh General
Conference of Weight and Measures, it was decided
0 use the single universally accepled system
of units throughout the world and a svstem of
measurement called the International System af
Units was introduced. This system of units is called
Syiréme International d *Unités and is abbreviared
as ST unirs.

The seven units used for the seven fundamental
quantities, considered as basic units, are given in
Table 1.1.

Table 1.1 Basic or primary dimensions, wnits and
symbols in SI units

Crunariry Linit Svmbal
Length metre m
Mass kilogram kg
Time second 5
Electne current ampere A
Temperature kelvin K
Amount of light candela od
Amount of matter | mole |

A list of vome derived physical quantities, their
syinbols, units and dimensions are given in Table l_:.'!.

Table 1.3 shows a list of some mf.:nm!_ary units
and their expressions in terms of basic units,
Guidelines for Writing Units and their Symbols

The following guidelines should strictly be followed
for writing correct units and therr dimensions:

1. AN umit names derved from scientists
nariies are nod to be written with an initial

Table 1.2 Devived quantitics, thiis

s gnd Sl
( Raseaitity nit Dby
Aceeleration metre per mie
segond SJunrg

Angular radian per rud?
acceleration second sguare
Angular velocity | radian per rud s

second
Arca square meire -
Electrnic ressstance | ohen 0
Frequency hertz Hror 1y
Specific volume | kilogramme per ke'm’

cubic metres
Velocity metre per
Volume second e

cubic metre m’

Table 13 Secomdary wnits, ther symibols ami
expressions in terms of basic urits

(amarity | Umir Symberd | Expression in terms
af hasic ity

Force newton | N kg m's

Pressure | pascal | Pa kgm &

Energy, |joule [ kg m's

work, heat

Power warm | W | kg- mos

capital letter. For example. the unit of force
named after Sir lsaac Newton 15 written as
newton” (not Newton). Similarly, the unit
of temperature named afier Lord Kelvin ic
written as ‘kelvim® (not Kelvin),

ta

Symbols of unit names derived afier

sclentist’s names are always written with an
mitial capital letter, For example, the symbol
N is used for newton and K for kelvin

3. 11 the symbol of a unit is not derwed from
A suientist’s name. it is written with a small
letter. For example. *m” for meire and kg’
for kifegrum,

4. The symbals of units do nor tike a plural
form. However, the full name of the uni!



may be pluralized. For example. the length
of an objeet can be wnitten as 5 moor S metres
but not 8 ms. Similarly, the mass of an object
can be wntten as "5 kg' or "3 kilograms™ but
not *5 kgs' .

5. No full stop or other punctuntion mark 1s
placed after symbols, unless they appear at
the end of a sentence. For example, inetre i
writlen as ‘o’ not "m

6. For better appearance, a single space miust
always be provided between a numerical
value and a symbol of a unit.

112 PRESSURE

Pressure is defined os the normal force exerted by a

Muid per unir area: We speak of pressure only when
we deal with & gas or hquid. The counterpart of
pressure in a solid 15 stress. [FF is the force normal
to the area A, then

F
p=s (N/m*) (110

where force, F = mass {m) = acceleration due to
gravity (g)

mass, m = volume x density = aren (d) x depth
() = density ()

or F = dhpz
Ak
and  pressure, p = _AE"E' = pg h(N/m')

wALIT)

1.12.1 Unils of Pressure

Pressure is measured in newtons per square metre,
which is called peseal (Pa). The pressure unit
pascal beng (oo small, very often I:iln:rpumsl_{k?u}.
megapascal (MPa), bar and standard atmosphere
{atm) are used. These are related as

| ks = 10" Pa

| MPa = 10° Pa= 10" kPa

| bar = 100 kPa= 10" Pa

1 atm = 101, 325 Pa = 101.325 kPa

t Toer = 13332 Pa

1.12.2 Atmospheric, Absolute and
Gauge Pressures

(i) Abmaspheric Pressure 11 1s the pressure exerted
by the envelope of air surrounding the carih's
surface. The standard atmasphenc pressure 15 equal
to the pressure produced by o 760 mm high column
of mercury, the density of mercury being 13,395
k/m' and the accelerition due 1o gravity being
9 80665 m/s” ot sen level.
P = 101325 Nim? < 1 01325 bar

(i) Absolute Pressure  The actual pressure at a
given position iy called ahwolute pressure. It is
designated as pr,. or simply p. and it is measured
by o barometer above the absolute zero pressire.

(i) Gauge Pressure  All pressurc-medsuring in-
strumients and gaiges are calibrated 1o read zero at
atmospheric pressure, and so they mdicate the dif-
ferenice between the actual (absolute) pressure and
local atmospheric pressure (1., ). This diflerence
is called gouge pressure. 1t is denoted by p.,. and
s expressed as

Posiis = Pt~ Pavi L2
The pressure measured below  atmosphenc
pressure 15 called vacuum (gavge) pressure and

¥ 21 aim
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Fig. 1.28  Refation between atimiospheric, ibwolute and
RAURE pressires



1s measured by vacuum gauges, which indicate the
difference between the atmospheric pressure and
actual (absolute) pressure. It is expressed as

Pyacuum = Pam —Pabs = "Pgaugf ( [.1 3)

113 TEMPERATURE AND ZEROTH
LAW OF THERMODYNAMICS

1.13.1 Temperature

Temperature can be defined as a measure of hotness
or coldness, but it is not the exact definition.
Temperature is a basic property, such as mass, length
and time thus cannot be defined precisely.Based on
our sensation, we express the level of temperature
qualitatively with words like ‘cold’, ‘freezing cold’,
‘warm’, ‘hot’ and ‘red hot’. However, a numerical
value cannot be assigned to these feelings, because
our sensations may be misleading. For example, a
metal chair will feel much colder than a wooden
one, even when both are at the same temperature.




1.17 ENTROPY

It is an abstract property of the second law of
thermodynamics. It is considered as a measure of
degree of the molecular disorder in the matter. The
change in value is calculated as

AS = J'SQ J‘mC“'—T (122
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Gid) - An fsachore (fsomebre) Process The vl
remains constant during the process,

(i) An lsentropic Provess  The entrmpy remans
constant during the process

(o) An Isenthalpic Process  The enthalpy remnins
constant dunng the process,

1.74 Cycle

If a system undergoes a series of provesses in such
a way that uts fnirfad and final states are identical
then the system is sald to have undergone a oyelic
process orsimply a cvele. A thermodynamic eyele s
a sequence of processes that beging and ends at the
same state as shown i Fig. 1.25. At the conclusion
of a cycle, all properties of the fluid have the same
values as they had at the imnal state,

14

= as

Fig. 1.35 Cyelic process

1.8 POINT FUNCTION AND
PATH FUNCTION

When a system undergoes n change from one state
1o another, the properties of the system also chunge,
which depend only on end states and not on the
path followed between these two states. Therefore,
these properties are called state functions or point
functioms. Poini funciions can be represented by a
point an any plot, e.g., emperature, pressure, val-
uinie, et These pruperties have exact differentinls
designated by the symbol . Therefore, change
in volume or pressure 15 represemed by o F or dp.
respectively. '

A quantity, whose value depends on the par-
tculir path followed during the process is called
a parh funetion. 11 requires o particulor path and di-

rection to represent the quantity onany plot, e,
heat, wurk, ¢te. The path functions have inexyy
differentiols  represented by the  symbal 3
Therefore, o differential amount of work or hey
1% written as oW or &0, A typical representation of
ERPANSION work (a path function quantity ) is shown
n Fiy. 1.26,

Fig. 1.26 Reprsentation of path function quantity

1.9 QUASI-STATIC PROCESS

When a process proceeds in such a manner thy
the system remmins infintesimally close to an
equilibrium state at all times, it is called o gras-
wrarie, or guast-egaifihrinm process. A quasi-sttic
process is viewed as a sufficiently slow process i
which system changes its state very slowly under
the influence of an infinitesimally small driving
force. The system adjusts itsell intermally, so that
the properties in one part of the system do nol
change any faster than those in the other part

Figure 127 illustrates o quosi-siatic process.
The system consists of o gas initially at equoilibrium
under the piston in a cylinder. The piston is loaded
by a number of small masses. As one mass is
removed, the gas expands shightly, allowing the
piston 1o move slowly upward. During such
cxpansion, the miolecules ger sufficient time W
redistribute, and thus the gas would depant onl
slightly from equilibrium and s the pressure and
other intensive propertics become uniform, it wil
attain @ new equilibrium state. Moreover, il 1
same mass is put on the piston, the pas would ¥
restored 10 its initial state.



1.5 THERMODYNAMIC EQUILIBRIUM

A system is said to exist in a state of thermodynamic equilibrium when no
change in any macroscopic property is registered, if the system 15 isolated
from its surroundings.

An isolated system always reaches in course of time a state of thermo-
dynamic equilibrium and can never depart from it spontaneously.

Therefore, there can be no sponlaneous change in any macroscopic property
if the system exists in an equilibrium state. Thermodynamics studies mainly
the properties of physical systems that are found in equilibrium states.

A system will be in a state of thermodynamic equilibrium, if the conditions
for the following three types of equilibrium are satisfied:

(a) Mechanical equilibrium

(b) Chemical equilibrium
(c) Thermal equilibrium

In the absence of any unbalanced force within the system itself and also
between the system and the surroundings, the system is said to be in a state
of mechanical equilibrium. If an unbalanced force exists, either the system
alone or both the system and the surroundings will undergo a change of
state till mechanical equilibrium is attained.

If there is no chemical reaction or transfer of matter from one part of the
system to another, such as diffusion or solution, the system is said to exist
in a state of chemical equilibrium. |



When a system existing in mechanical and chemical equilibrium is
separated from its surroundings by a diathermic wall (diathermic means
‘which allows heat to fow’) and if there is no spontancous change in any
property of the system, the system is said to exist in a state of thermal
equilibrium. When this is not satisfied, the system will undergo a change of
state till thermal equilibrium is restored.

When the conditions for any one of the three types of equilibrium are not
satisfied, a systern is said to be in a nonequilibrium state. If the noneguilibrium
of the state is due to an unbalanced foree in the inlerior of a system or
between the system and the surroundings, the pressure varies from one
part of the system to another. There is no single pressure that refers to the
syslem as a whole. Similarly, if the nonequilibrium is because nf the
temperature of the system being different from that of its surroundings,
there is a nonuniform temperature distribution set up within the system
and there is no single temperature that stands for the system as a whole. It
can thus be inferred that when the conditions for thermodynamic equilibrium
are not satisfied, the states passed through by a system cannot be described
by thermodynamic properties which represent the system as a whr_:lu.

Thermodynamic properties are the macroscopic coordinates defined for,
and significant to, only thermodynamic equilibrium states. Both classical

and statistical thermodynamics study mainly the equilibrium states of a
system.

1.6 QUASI-STATIC PROCESS

Let us consider a system of gas contained in a cylinder (Fig. 1.7). The system
imitially is in equilibrium state, represented by the properties py, Uy, L. The
weight on the piston just balances the upward force exerted by the gas. If
the weight is removed, there will be an unbalanced force between the system
and the surroundings, and under gas pressure, the piston will move up till
it hits the stops. The system again comes o an equilibrium state, being

Stops
T= St ='_'.'-—Flnal state
: W Weight
Piston
\— Initial state
Fﬁasv ol
Lol 'g .T.i System
boundary

FG. 1.7 Transtion between two eguilbrium
states by on unbalonced force



described by the propertics 1, vs, b But the intermediate stales passed
through by the system are nonequilibrium states which cannot be described
by thermodynamic coordinates. Figure 1.8 shows points 1 and 2 as the
initial and final equilibrium states joined by a dotied line, which has got no
meaning otherwise. Now if the single weight on the piston is made up of
many very small pieces of weights (Fig. 1.9), and these weights are removed
one by one very slowly from the top of the piston, at any instant of the

Stops
T e
PLoa
(= I~
LN — Weights
1 I S o
E % 7 Piston
| RS PSR e N s Tt
: : ey | e Systen
3T Tar boundary
Vi =V Y2 t_..'.'.i. _G'Eﬁ_' " :E:.
FIG. 1.8 Flot representing the fransition FIG, 1.9 Infinitely slow transifion of a
between two equilibnium stales systemn by infinitesimal force

upward travel of the piston, if the gas system is isolated, the departure of the
state of the system from the thermodynamic equilibrium state will be infinitesimally
small. So every state passed through by the system will be an equilibrium
state. Such a process, ~which is but a locus of all 'I'.]'le_qquilibrium points
passed through by the system, is known as a guasi-static process (Fig. 1.10),
‘quasi’ meaning ‘almost’. Infinite slowness is the characteristic feature of a quasi-
stalic process. A q.l_ilﬂﬁi‘-ﬁlﬂﬁf process is thus a succession of equilibrium states.
A quasi-static process is also called a reversible process.

1
Equilibrium states

Quasi-stlatic
process

_—-"’

Fi. 110 A quasi stafic process



Energy and Work Transfer

&

Introduction

Energy is one of the major inputs for the economic development of any country, In the cse ol developy
counines, the ENETRY ScClor assumes o critical importance in view of the EVEr-IIETENSING enerEy nee
requiring huge investments to meet them.

Work 15 a high-grade energy and of prime interest as it is the output from a svstem, when encigy b iF
mput. The rate of work transfer is referred as power, High power generation is the need of any developi
country.

Sources and forms of energy. enthalpy, forms of wiork transler, concept of thermpd v namic work transfe
heat, specific heat, sign convention for work and heat trinsfer are discussed in this clupter as o foundatin

1o the following chapters, The first low of thermodynamics is explained with the help of Joule's experimer
and other examples,

2.1 ENERGY 2.2 5OURCES OF ENERGY
Energy 15 delined as the capacity to do work, It 152 The sources ol encrpy con be divided o fos
scalar quantity, [t s measured i kJ in 81 umits, and categories according o ther availabily
Kl MKS R Sy car Tavmatly S ) GY Transitivmal Energy The eneriey i iwfon, 18
shownn Fig. 2.1.

wind energy. hydel energy, ete

S E®®@E
ST ENETgY By BARNgy

[

Enomgy

2 ®®® ®

Fig. 21 Sewrves and fisets of ervergw




(i) Capital Energy Thie encipy denved from fuels
exsting in the ecarth, e, Tosstle foels, noclear
fuels. ete,

(hif) Celestial Poergy The energy coming from
outer atmosphere, Le., s, moon, et

feed Storedd Energy The energy existing in vanous
masses, e, vwheel, tdes, geothermal, hydraulic
[ } o R P T

23 CLASSIFICATION OF ENERGY
SOURCES

The sources amd forms of enerey can be classified
it severil types based on the following enteria

* Primary and secondary energy
« Commercual and non-commercial energy
* Renewable and non-renewable energy

23.1 Primary and Secondary Energy

Primary forms of energy are those that are either
found or stored in nature. Comimon primary energy
sources are coal, oil, naturnl gas, and biomass (such
as wood), Other primary energy sources available
include nuclear energy from mdioactive substanc-
es. thermal energy stored in the earth’s intersor
(geothermal energy), and potential energy due to
the earth’s gravity.

Secondary forms of energy are those forms
which are derived from the prumary forms of en-
ery: for example, coke, oil or gas converted into
steam and electrainy.

2.3.2 Commercial Energy and Non-
Commercial Energy

Commercial fornis of energy are available in the
market for a definite price. The most important
forms of commercial energy are electricity, coal
and refined petroleum products. Commercial ener-
gy serves the basis of industrial, agricultural, trans-
p;m anid commercial development in the modem

world

Nowscommerciad formy of energy are not avail-
ahie i the comumercial market for a defimte price.
Nim-commerenl enerpy sources inglude fuels such
as ficewood, conle dung and agnculiural wasies.
which dre tradinonally gathered, and not bought
at a pnce, amd wsed especially inorural hotise-
holils, These are alvo called trailisianit! fuels. Non-
commercial enerev is ofien ignored in enefyy ac-
counling

233 Renewable and Non-Renewable
Energy

Resewahle enengy is ohlained from sourees o ane
not exhatstible. These are freely aviniable innamre
and can be continuously vsed

Examples of renewahble resources include wind
power, solar power, geotherml energy, mi;ll plsser,
ocean thermal energy, fuel cells, energy from big-
mass and hydrulic enerpy The most anporiant
feature of renewable energy {5 that it can be har-
nessed without the release of harmful ppllutants

Non-renewable energy 15 obimned from conven-
tional fossil fuels such as coal, oil and gas. nuclear
fuels, and heat traps which are nceumulated i the
earth crust These have been m use for severnl de-
codes. The sources of non-renewable energy arc
depleting at o fast rate and may not be sufficient
to meet the incensing energy demand in future.
Therefore, these sources are also called exhawsiible
sources of energy and they cannot be replenished
ummediately,

234 Comparison between Renewable and
Non-Renewable Energy Sources

Renewable sorces of energy

These are inexhaustble.

These are freely available.

These are environment-friendly

Energy concentration vories  from: region W
FELIOR.

Cost of equipments for hamessing encrey s
high, but maintenance and operatonal costs are
minimum.
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" Perfect encigy utilization equipments are yet (o
be designed,

Non-renewable sources of energy
These are exhaustible.
These are avalable at defimite prices.
These are hazardous to the enviromment.
Energy concentration does not vary.
Cost of equipments, mamienance and operation
are high,

Competitive designs are progressing satisfacto-
iy,

24 FORMS OF ENERGY

Energy can exist in numerous forms, such as mier-
nal, thermal, electrical, mechanical, kinetic, poten-
tal, wind, and nuclear energy,

In thermodynamic analysis, all forms of energy
can be put inlo two groups:

(a) Stored energy. and

(b) Transit energy.

{a) Stared Energy  The stored form of energy cian
funther be clossified as

(1} Macroscopic forms of energy: potential en-

ergy and kinefie energy, and

(i) Microscopic forms of energy: internal en-

erg.

The macroscopic forms of energy are defined s
enerizy with respect to some outside reference.

The microscopic forms of energy are those
which are related to the molecular structure of a
system and degree of molecular activines and are
independent of the outside reference.

() Transit Eneryy  Transil encrgy means energy m
ransition, It is the energy possessed by o system,
which is copable of crossing the boundaries. Heal
energy and work transfes are transit forms of energy.

2.4.1 Potential Energy

The encry thit o system possisses i a nesull o s

elevation in a gravitational field is called poresi,
emergy (PE) and is expressed as

PE = mgz (Joules) (24
on unit miss basis  pe = g= (Jkg) w33
whre g is the acceleration due 1o gravity ang -
the elevation of the system relalive 10 some oursg,
reference.

2.4.2 Kinetic Energy

The energy that o system possesses, as & fesuli o
motion relative to some reference 15 called Kimery
enerzy (K E), When all parts of a system move wi
the same velogity, the Kinelic enengy is expressed i

KE = %m'lﬂ'ijnulrl 23

1 %
on unil mass basis ke = E*l"ll-kg} 24

where 4/ is the velogcity of the system with respes
to same refitence,

2.4.3 Internal Energy

The sum of all the microscopic forms of onergy
is called imrernal enmergy. The imtemal energy
of a system is the energy stored within the body
resulting from the kinetic and potentia]  énengy
of its molecules. Thus, it 1s reloted o moleculs
structure and degree of molecular activines. The
molecules of any svstem may possess bath kmes
and potential energy. Thus, the internal energy o
any svstem may be viewed as the sum ol kinss
and potential energy of molecules It is denoted
L' and 12 measured in joules,

U = K+ P(joules) 5
where K = internal kinetic energy of muolscules
and

P = internal potential encrzy of molecsl®

() Dnternal Kimetie Energy  All molecules o !
system move around with some veloaity. ..,w.urf
about each other, and rotate about an axs Jurié
ieir random motion s shown i Fig. 12 o
imternal Aingtic emopy s the sum of all 'h”
muotions of molecules. When encrigy passes iale



’ O
O

\\-_ #

Waolscular Fanssatipn Whstaryiar nobalian
MII* wilirations

Fig: 22  Molecufarmations

svitem, it increases the motion of molecules, thus
the internal kinetie energy of system 18 merensed.
and this change is reflected by an incresse in
temperature of the system. Sometimes, kinetic
internal energy of molecules is referred as semsthle
emergy. The avernge velocity and the degree of
activities of molecules are proportional 1w the
temperarare of o gas. Thus, at gher temperature. a
system will possess higher internal energy.

i) Intermal Potential Energy  Internal potential
energy of o system 15 the energy of molecular sepa-
ration. It is the energy that the molecules have as
a result of their pasition in relation to one another.
The greater the degree of molecular separition, the
gredter is the intemmal potentinl energy.

When o system expands or changes its plivsical
state with addition of energy, o rearmangement of
mitecules mkes place that increases the mean dis-
tance between them, An intermal work is reguired
1o pull the molecules against the forces of atiraction
between them. An amount of interal potential en-
ergy equal 1 the wmount of intermal work done for
rearrangement of molecules is ealled latent encrgy
of fatent bl

2.4.4 Mechanical Energy

Mechamical energy ean be detined as a form of en-
erpy that can be comenad directhy amd completels
o mechmeal work by an weal mevhameal devoce
such as an tdeal nirbine or pump The Kinetwe and
potential energies are the commion lemis of e
chameal enerpy Thermial theat) encgy 1 ma a
form of mechanical energy stve it canmit be o
verted wowork directly and complerely

An adeal wrbine estracts mevhanival energs
from a flowme i by raducing it pressure, wlnle
o pump transfers meckamical soeney 0 s Mook s
radsing its pressure. The pressune fore achingt on
a finid through o distanee proshisees low wiork | oo
per unit massh. I is the enerpy of 4 fowing il
and is thus called f cmengy. Therebore, the me
chanteal enerey of 2 Do g Tkl on 2wl nss
Buisis is view e as

e
Pyl =P == 12 2.4

5

1 ;
wherte piv is the flow energs, — v the hinetic e
ergy and vz is the potentiol energy of vt muss of
m Puid. 1t can alse be expressed i ihe site formi as

W
L i

Ewid = "r[ R et

AT

where m 15 the mass o rote of find. The me-
chanical energy change of @ Nl 1

|FI.|- -‘I'I:
j‘+ﬁ|1h = lf'::l;l = .H‘li'I.' - [ |

o

1] | A B
and AE_ .
[ [J!'- -‘l‘l:] w
= Al L pstts— oy )+ [l =)
I

In e absence of any logses, the mechanical en
ergy change represents the mechanical work. sup-
phed to dhe fluid G Ay, = 00 or estracted from
the Mund (0F Ay = 0L The shall work, spring
works seeleration work, gravitational work, work



done on & solid elastic bar are also some mechani-
cal forms of work.

In electrical wark, the force is voltage (potential
difference) and displaceiment is electrical current;
in magnetic work, the force is the magnetic feld
strength and displacement 1s magnetic dipole mo-
ment and are not mechanical forms of work.

25 ENTHALPY

The sum of the internal energy U and the product
of pressure poand volume 1 appears frequently in
many thermodynaiie analyses. Therefore, 1t 18
comvenient 1o give a name to this combimnation, en-
thalpy. It is also called total enthalpy and is desig-
nated bv H. By definition,

H=U+pV LA2.10)

Since U, p and V all are properties, the enthalpy
15 also a property of the system. It is measured in
units of internal energy, ie., kI in SI units. The
enthalpy for unit mass system is referred as specific
enthalpy and is denoted by A (k1kg),

h=u+pp vl 211
The enthalpy per mole basis is expressed as
o=+ po 212

It should be noted that the enthalpy 15 a com-
hination of other propertics and it is ot a form of
ETETEY.

2.6 HEAT

It 1s & transfer form of energy that flows between
two svstems (or a system and its surroundings) by
virtue of the temperature difference between them.
The temperature differenee is the potential for heat
transfer. There would be no heat transfer between
rwo systems il they are at the same lemperniure.

The amuint of hesit ransferred from the state |
to the state 2 is designated (2 3 or (2 and it1s mea-
surud in joules 11 or kilogoules (k1) in 81 unis and
caluries (cal) or kiocalories tkeal) in MKS uniis.

Heut transler per unit mass of a system s de-
misted by g and 1 expressed os

}
g™ f’— (kJkeg)
m

Xl

2.6.1 Heat Supply and Heat Rejection

The heat or heat energy 15 generally relereg q
freat transfer. The transter of heat into & sysien, |
called heat addition or heat supply and the trangg,
of heat from the system is called fiear rejeciion |
is recognized as it crosses the system boundary, |y
example, 2 hot potuto rejects its mternal energy
heat at its boundary to its surroundngs as shown
Fig. 2.3(b).

(b} Energy as heat crossing the boundiry
Fig. 23

A provess during which there is no heat ransh
is called an adiabaric process as shown in Fig 2
In an adiabatic process. energy content and the K7
pernture of a system can be changed by other P
cesses, such as work,

! i
Fig, 2.4 A susfeen eaclnagony v Dot gty SUim
s o il alinbalie sybe



Q2= Ak j

w2 kg
(= Ba

Il

oW
g = 10 Kdkg
I————l-—.-.-.

'HH,. L5 Relation hefrogen L il q

262 Heat-Transfer Rate

The yuantity of beal transferred in unit time is
called hear-trunsfer rate. 1 s designate us @ and
15 messured in k1S or KW is given as

EI:._

Al (214}

2.6.3 Heat vs Internal Energy

In thermodynamies, heat and internal energy are
two dilferent forms of energy. Intemal energy 18
a property, while heat is not. A body may contam
energy (in stored form) but not heat. The internal
energy Is associoted with a state, while heat 15 as-
spciated with a process, Therefore, heat or heat en-
enty s defined ax a form of energy in fransic, Heat
is a path function. It requires a specific direction in
its representation on a plot.

264 Sign Convention for Heat

Heat is a directional quantity, and its specification
requires magnitude and direction. Universally ac-
cepled sign conventions for heat energy are shown
inFig. 2.6:

e gy (]

Syslnm =
-‘t--— On (*}

............. e

Boundary
Fig. 26  Sigm conpention for heat Hransfer

I Heat transferred o a system (heat supply) s

considered positive,

2. Heat transferred from o swstem (heat rejec-

tron ) 1% conpsidered mewative,

In other words, the guantity of heat which in-
creases the energy content of o syviem 15 positive
nnd any hear transter hat decreases the energy con-
tent of a system 15 negative

2.7 SPECIFIC HEAT

It is defined as heat epersy reguired fo change i
temperarre of the unlf mass of @ bty m
ane digree, 11 is desipnated s € and 8 miensisred
in kJk K or k3 kg “C in SIounits and keal ki K
in MKS units. In general, the specific heat ean be

calculpted as .
C = -]—[Eﬂ-} - 2L i@
i ¥ i
Since the heat transfer 1s.a path functivn, the
specific heat also becomes path fimetion and it de-
pends on how the process is executed. The value of
energy storage capacity of the substunce depends
upon specifi heat. The value of speetfic heat de-
pends upon
(1) molecular nmangement of the system,
(i} Condition under which change of state oc-
curs,
(111} How the system executes the process

2.7.1 Specific Heats of Solids and Liquids

Essentially, gases have two specific heas: O, and
C,. But for liquids and solids. the specific volume
is very small and f1s change with pressare and
temperature s negligihle. Consequently, the term
dipr) is neglected from the differential form of
Eq. (2.11), and thus
dh = du

It indicates that for solids and liguids, the en-
thalpy is egqual 1o internal energy. Thus they have
only one specific heat designated 25 C. Therelore,
for any process of solids and Tiguds,

dy =il = du=CdT ke 16)



2.7.2 Heat Capacity

The product of mass and specific heat is defined as
hear capaciny of the svstem, It is measured in KK
or kJ/°C.

Example 21T & dg of solid muteriad s heated from
1539 1o 1ESTC wark aleditions of 750 0L of hoat dn o fur-
mace, Calealute its specific head

Solution

Given Moass of system, m = 5 kg
Initial temperature, T; = [5°C
Final temperature, 75 = 115°C,

Heat added @ = 750 kJ
Tofind  The specific hest of the solid system
Analysis  The heat supplied to a sysiem is expressed as
Q0 =mCily-T))
U
= Lt
m{Ty=T7)
N 750 kJ
(L kgyx(115°C=15C)
= 7.5 klikg °C

Example 2.2 Estimute the rise (v iemperature of wa-
ter when it folls throwgh o height of 50 m. Assume that
ol the hewt generated soavs in water: The specific heat of
watter men be taken oy 4.2 KAy *C.

Solution

Given A running automobile vehicle is brought to rest
Height of water & = 100 m,
Specific hedt of water C = 4.2 kKkg *C
=4200 J'kg-"C.

Assumption  Acceleration due fo gravity is 981 m/s”

Analysis  The potential encipy change of water when it
falls through 100 m
APE = mygli=m = 1081 i)« (N m) = 981 J
Decrense in podential encrgy will comvert aito heit
energy, thus
Q= APE ~981m )
and Q@ =mCAT

. () GKim
" AF=0C  mwddin  MRFC
Exanytle 2.3 An automebile vehicle of [ b &
renming it @ speed of 60 kmh Tie brakes gre ity
applived amd the velicle v fmneht o ey Caltnly,
the rise in temperaiure of braks shises, o e mg,,
15 kg Tike the specific feut af brake whe it
0,46 Llvkg- K.

Solution

Given A running automobile vehicle is brought e
Initial vehicle speed. 4 = o0 kmh = 1607 my
Final vehicle speed 3% =0
Mass of vehicle, m, 400 = 1500 kg
Mass ol brake shoes, miwa, = 3 kg,
Specific heat © = D46 ki'keg K
To find  The temperature rse of brake shoes

Assumption  All the heat generted 15 abnorbed
brnke shoes.

Annlysis  The deceleration work of velicle

. e 5.
Woarretvrwiim = ARE = S8 gpciy (1 =47
-

- ‘;—H (1500 kgr= ({0 m)” = (16,67 mr|

=—2JUK317 ) =—20B.417 kJ

Wheit brakes ate applied. this deceloraticon wirk <of
vierts- il heat encrgy and 18 mmnsferred 1o brake shoe
That 1s,

0 =208417T

and 0 =miu CAT
(208417 k] )
- A=
(15 kg)x= (040 k) kg K]
=M. 2%C

E‘l‘.ﬂmp!r 2.4 Dﬂfiﬂg d CEFNLN e, fhie *JI'?I!"":
It capacity of @ syten is gives o = kg o e
Rk, Find the hear trsferred amd mios -upr"":
freveed aof e sefeicr thve derporaline chaniges froom a1
FIS5C The mniesy aof the sptem v 5 kg

Sorlution

Gilven Initia] temperature. 7) = HT_
Final temperature. T3 = 1257



Relation, £ 4044 () g Niikg
Mubsa o symicm, m - € ki ’

Vo tind  The heat-transior rage

,|,|.|'|3 siv The Telatissm Tiv spwwally Dt ORI T

C A g g by
Tha beal tvaisten can be valvublargil 4

L - --Lr, L

e
- ‘.I- 4 e 0oy r
1"

Y%

L ﬁt.ll.'l-‘l]' # U :'_‘

LY

2

=

- P
- n[u 45125 2554 (o0 2N ~1151[

L
=% 5 140 + My - 3850 K
The heat ransior can also be expressed in terms of
mean specific heiut s
Q= mC Ty~ T;)
1%
Thus (- =

— e LBk
rPTE i

2,8 WORK

Wik like heat 15 also o form of emeney in frunsil,
It is defined as the energy transfer associated with
force acting through a distance. It is an interaction
between a svatem and its surroundings.

Energy can cross the boundary of the system ay
heat or work, Therefore, il the epergy crossing the
buuntary is ol heat, then it must be work. A mov-
ing piston, @ rotating shaft, a rsing weight arc all
aspociated with work imeraction.

Work is also measured in k). Work done during
a process fram the state 1 10 the state 2 15 denoted
by W, s or W, The work done per unil Mass [w) s
defined as

w=" Kk 20m
1]

An insulated chamber continng @ sysiem of
pas, anid exchanging encrgy as work transfer only
i shiswn in Fig. 2.7. The heat energy docs ni s

Emengy and Wk Trumjir 1%

— Mg Bietiry
:rl-'ﬂ:nl I} _f..-""
L rT
e — l' o Syt :
“— Nl el it

I

Fig 27 A eorcit anebevan o are ark frwm ifer h i
Prisiilietiof il

P =4 WY
W= 14 g

Fig 1M Bt ooy b tuvwny W 1Y andd o

the system boundary o8 the instlaved wall and ihe
o hlades add miermal enerey 10 the system

281 Thermodynamic Definition of Work

I thermody namics, forde and distance are nol casily
recognized in some energy inlemehions. Aceording
10 the thermodymamic definition of work., an ey
ireraction berviven a seseem ad ies sarvonndingy
dirrting @ process can e consedencd ax work rans-
Soe A by wde effecr o every tliing external o the
vt Confd Rave Boek i raiae a widiht,

Thermodymamnuie work relers o ransfer of én-
eriy due to potential dilTerence olher than wempery-
ture difference, without ransfier of mass ocross {he
system boundary, It s an extension ol the condepl
of work m michanics.

Consader a svatem consesting of an electrcal
battery, swich, and a resistance epil outside the
svstem as shown i Fig, 29a) When the switch
5 closed, the current flows through the resistance
eail, Thus, elevtrical enérgy crossing the houndany
of the system is converted inmo heat enerpy, At the
boundary of the system, Torce and motion ane nol
evident; and thus necording to mechamcs, this ener-
ey interaction connot be repurded as work wansier,



hEater

(a) Batery work through a resistance

i ch r.....nr... - 'F:—FIJ"-H?
L — o

| = |

e -

i |

¥ ]

E | ] : P—

! Electrolytic ‘ ﬂ‘"’“""

1 batery ! .i':

:, [ =— Baundary

R i i
IR

{1} Battery works through an electric motor-pulley
anid weight

Fig. 2.9 Concept of thermodynamic work

However, an electne current is driven by an
electrical potentinl difference external to the system.
Thus, the work is done by the hattery according to
thermodynamic definition. This concept can he
ilustrated by replacing the extemnal resistance by
an imaginary motor-pulley and weight as shown in
Fig 2.9(b). When the switch is closed, the battery
drives the motor. The pulley rotates and in tum
raises the suspended weight, Thus, the sole effect
externil 1o the sysiem becomes to raise a weight.

2.8.2 Power

The quantity of work transfer per unit time is called
power 1t is actually the rate of work transfer. It 1s
denoted by £ and megsured in kW (= klis),

p= w)

il

< 2.18)

Sometimes the power is also expressed in
power {(lip). The relation between hp and kW iy
1 hp = 0.746 kW

2.8.3 Sign Convention for Work Transfer

The complete specification of work transfer alg
requires magnitude and direction. The universall,
accepted sign conventions. for work: trunsfer g
shown in Fig. 2.10.

|. The production of work is desirahle, there.
fore, the work done by & system s consig-
ered posinive.

2. The consumption of work is alwayvs unde
sirable, therefore, work done on a system o
considered us negative.

Siprouraiings

i [ e e ey

—— V(]

Fig. 2.10 Sign concention for work transfer

By the sign convention, work produced by a car
engine, hydraulic maotor, steam, and gas turbines
is positive and work consumed in operation of 2
compressor, 4 pump, a refrigerator, a fan, ete,, 8
negative.

2.8.4 Salient Features of Work Transter
The features of work transfer are given below

(i) Work is recognized ot the system boundar:
thus it is a boundary phenomenon.

(i) Work is transferred in specific direction 101
process; thus it is a path function.

(it} T the parwre of the process changes hetwee?
two given states, the magnitude of work !
change.

(iv) Magninide of work transfer
tained by calculating the area u
of the process.

can also be ot
et the pad?



245 Similanities between Heat and Work
Transfer

Heat and work both are the intercnon of enerpy
metweent 3 shstemn and its surroundimgs anl they
have some similanties between them,

1. Both are revoenized at the boundiary of the
vstéim as they eross it thas, both b anil
work are boundary phemomens,

A system may have energy, but oot heat or
work, because, heat and work are transtent
phenomena.

Both are associated with a process, net o
state. Therefore, unlike properies heat or
work has no meaning at a s1ate.

4. Bothare path functions They tre pepresented
by a path followed durng the process.

The equations for heat and work transfer
cannot be dilTerentinted exacily. The differ-
ential quantities of heoat and work ane repre-
sented ns 80 und SV, respectivelv.

L

aa

L

186 Dissimilarities between Heat and Work
Transfer

1. Heat is a ivn-grade energy, wherens the

work 15 a feeh-grade ehergy.

Hieat transtzr takes place due to femperation

difference only, while work transler nry

take place due to any patential differcnee in
pressure, volage, height, velocity, lemper-

ture, e,

3. A stationary system cannot do wirk, while
such a restriction is nol imposed on heal
transfer,

4. The entire quantity of work gan be converted
into heat or any other form of energy, w_hllt-
conversion of the entire guantity of heat into
work is not possible.

5. Conversion of work into heat or another
furm of energy is possible wilh_ a single
process, while conversion of heat ito work
reyuires a complete cvilic process. like o
steam power plant,

P
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2.9.2 Mechanical Wik

Lt rvvew barties, Uhe oo b desne b ss stenmses prosseid
asn ptm!ucl ol leree (F 1 andd displaceinent (40
W =Fs (221
I il Torve s ol comstant, (he work done s b
] by g e dbiteremtial amwunts of wonk,
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2,93 Muoving Boundary Waork

Ty piy Wermodviane  problems, mwechunm Al
work s the fonn of woving boudary wark The
“”'“'i“l’r Doy work i ssociated w wh real en-
gines and compressors. The pressare difenemee s
the driving force for meclomical wiork



Consider the gas enclosed in o frictionless pis-
ton cylinder armangement as shown in Fig. 212, Let
the gas pressure is p, volume 17 and piston cross-
sectional arena is 4. 17 the piston is allowed 1o move
through a distance o in a quasi-equilibrivm mans
ner, the force applied on piston s

F = pressire x cross-sectional area of piston
=nd

P

Fig. 212 Schematic and p-V diagram of rteehamical
work

Then differentinl work transfer through a dis-
placement of ds during this process
SW = pAds = pdV .(2.23)
Thus, the moving boundary work of a system in
differentinl form is equal to the product of absolute
pressure and differential change in its volume JF
(= Ads).
The total boundary work can be obtmined by
adding all differential works from the initial state |

1o the final state 2 a8
1
W= _[ pidV (k1)
1

This work transfer durning a process 15 equal 1o
the area under the curve on @ p-V diggram and the

work dune by each kg of system IS
w = j'_m!u!!-:.ﬁ'ligl (2.25)
1

wel2.24)

294 Gravitational Wark

The work done agunst fhe gravitational force ix
called gruvitational work or change o potentiol

energy. The gravitation force Fj acting on 4 be,
ol niss s

Fy =mg f22g
where @15 the aceeleration due 1o graviy,
gravitational work done 1o rose the bady from g,
elevition =) 1o 2; 15

m=fﬂ¢;mr¢

= mglz; =) Coules) 22y
It is an increase in potential energy of the bod,
due to gravitation work dune on it

2.9.5 Acceleration Work

The work associnted with change i velocity of
a system s defined as the geceldration wor
Acceleration force, F, according to Newton's s
and law of motion is
F, =ma el 2:28)
where a is the acceleration, which is defined
terms of the velocity 17 as
v’
= —
lt
and the velocity ¥ in terms of the displacement o
15 defined as

= ﬂ L4230
ot
the dy = 2d

Thus. the acceleration work
. b N 2 [ 4V o N ¢ sy
W= jl F, di = L m[I][hﬁ} = mL_. 1

= (172} rm'I-'l1 -'l"|]‘| [ Jowies) (230
where ) and ¥y are the nitial and final vehoitis
of the moving mass m. The accelerahon wark
recopniscd as the change in kinetic encrer

2.9.6 Shaft Work

The shaft work is the work associed with Wm::
transnission with & rotating shaft. 18 the prodt*
of torue (prroduet of force and rufius of shall]
gigedar displovement, : N
Consider a shafl of radius r, m:a‘tr:ﬂ W e
pevolulnnm per minuie as shown in Fig. = I



\ =5
P
F
Fig 213 Wik it i i sl

forve B is acting theough an

armn eailivs e ithen e
T TR

I'=Fr o F I
r

This force acts through o displacemeni et uit
e,
=) N -

ol

Then the shath work per unit tine (shafl power)
can be expressed s

":‘ﬂ. = 'F‘I‘ e zn'r'![_hl_.]" .[
ikl r
28NT
Ll

—

(watls) AN

2.9.7 Spring Work

When the force s applicd on a spring. s fength
vhanges as shownin Fig 204 1 dy s the change in
the length of o spring under the miluence of a force
F then the work done by the spring 13
L p——
where the force Fexérted van be défined in terms of
the spring constant & (N} a5
F =Ahx(N)

By
=

E
Fig, 2.4 Flongation of spramg wwdir the effedt of furce

Hhen the sprimg wark
l‘il-l-'_ﬂmi - kwale
11 the sprvoge bemerh chaegees Do 2 dindisturbed

peeslom) Bo vy umder the action of force, the spring
wink 1

W = & j e

rI:LAn_?' rﬁ {2 133)
Evimniple 2.5 A pos b cdnvigiressesd fem an initial
Vedirne o 008X " 0 o fnad weiome of 00 m0 Thiees
W sppeasisoqutfibrsinm proeeys, the presaure s ameser vith
vaaliinne ivewfing te the rclutim g a b = B owileer g
1200 A 0wl by SRR afelitte: the w ek doie
elieniing this prv ey

Sobutien
Giiven  Comprossoom ol s i quasi-aidila mainnar
¥~ 3¥m, ¥y =tim,
g = 1200 kPam’, b il ki
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Totind  The work done by the sysem

Analyais  The wark done by a syetem can be caloulsted
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Uising the npumenical values

01 =0 3%
Wo=—120 = % = B g ] - 103Ky
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Example 26 I u mversible  wonfhne  prisces,

the work ax dome by a subsionee m gecordunce with
280
Vo T m', where p s the provare in bar Find the

wiirk done o or By svstem ay preoune imoresus from
0.7 har tar 7 b,

Suilu i

Given A reversible non-flow process with
pi = 07 bar = T0 kP, i3 = 7 bar = 70 kia
2ED 4

aril relation I = m
n
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113 TIMPERATURE AND ZEROTH
LAWOOF THERMODYNAMICS

1131 Temperature

Temperatiune & nbhe d fined asa measure of hotness
or coldneX., but it 1s not the exact defimtion,
Temperature is a basic property, such as mass, length
and time thus cannot be defined precinely Based on
our schaation, we express the level of temperature
qualitatively with wordl ke ‘cold’, *freezing cold’,
‘warm’, ‘hot’ and ‘1ed hot', However, a numerical
value cannot be assigned to these feelings, because
our sensatioh  may be misleading¥ or examnple, a
mctal chair will fecel much colder than a wooden
one. even when both are at the same temperature.

1.13.2 Equality of Temperature

If a hot system and cold system ar¢ brought into
contact with each other, isolated from their sur-
roundings, the hot system gives its heat energy to
the cold system till they reach a common tempera-
ture, which is the requirement for thermal equilib-
rium. Two systems attain equal temperature if no
changes occur in any property when they remain
In contact.

1.13.3 Zeroth Law of Thermodynamics

It states that when two systems are in thermal
equilibrium with a third system, they in turn have
thermal equilibrium with each other.

Consider two systems S; and S, which are
scparated by an adiabatic wall, and a third system
Sy is in communication with both the systems as
shown in Fig. 1.29.

If systems S; and S, are individually in thermal
equilthrium with a third system S, then the systems

Asdratatic well

TR 2B I PTG ""\-_. ¥ o |
f e e cae A TR = T |
{
. o %F I3 < N
{ sppterrdt g L BAEm ST L Daitermad e
,..,,,,.._._..«—-J‘i_.-—»-—‘-’j_ |
¥
| |
| | fl pubfiny Sy lsciaton from
]
| | lg’wrroundmm
=

1 " e —— l
A TP —— O L

Fig 1.29 Three systems in thermal eqilibriym

S5, and 5, will also be in thermal cqt'xilihrium with
cach other, even though they are not in contact.

The zeroth law serves a basis for the validity of
terperature measurement, by replacing the third
system by a thermometer. The zeroth law can be
restated as two systems are in thermal equilibrium
if hoth have the same temperature reading even if
they are not in contact.



First Law of Thermodynamics

4.1 FIRST LAW FOR A CLOSED SYSTEM UNDERGOING A CYCLE

The transfer of heat and the performance of work may both cause the same
effect in a system. Heat and work are different forms of the same entity,
called energy, which is conserved. Energy which enters a system as heat

may leave the system as work, or energy which enters the system as work
may leave as heat.

Let us consider a closed system which consists of a known mass of water

contained in an adiabatic vessel having a thermometer and a paddle wheel,
as shown in Fig. 4.1. Let a certain amount of work W,_; be done upon the

ﬁ / Pulley
~Lil o

Adiabatic —— "—'j
vessel — et v ] '

D‘nghi

FIG. 4.1 Adabatic work

system by the paddle wheel. The quantity of work can be measured by the
fall of weight which drives the paddle wheel through a pulley. The system
was initially at temperature [y, the same as that of atmosphere, and after
work transfer let the temperature rise to 15 The pressure is always 1 atm.
The process 1-2 undergone by the system is shown in Fig. 4.2 in generalized
thermodynamic coordinates X, Y. Let the insulation now be removed. The
system and the surroundings interact by heat transfer till the system returns

i e e




- =

FG. 42 Cyole complated by a system with two enorgy nferac tiors.
acobatic work rorsfor W, ; foelowed by heal rarfed 9, ;.

to the original temperature £, attaining the condition of thermal equilibrivm
with the atmosphere. The amount of heat transfer Q4 from the system
duﬁng this process, 2-1, shown in Fig. 4.2, can be cstimated. The system
thus executes a cycle, which consists of a definite amount of work inpu
Wy2 to the system followed by the transfer of an amount of heat Q4 from
the system. It has been found that this W, is always proportional to the
heat (.4, and the constant of proportionality is called the Joule’s equivalent
or the mechanical equivalent of heat. In the simple example given here, there
are only two energy transfer quantities as the system performs a
thermodynamic cycle. If the cycle involves many more heat and work
quantities, the same result will be found. Expressed algebraically.

(£ Wigde = ] (£ Qleyate 4.1)
where | is the Joule's equivalent. This is also expressed in the form

§aw=1§ aQ

where the symbol § denotes the cyclic integral for the closed path. This is

the first law for a closed system undergoing a cycle. It is accepted as a general law
of mature, since no violation of it has ever been demonstrated.

In the 5.1, system of units, both heat and work are measured in the
derived unit of energy, the Joule. The constant of proportionality, |, is
therefore unity (J = 1 Nm/J). ¥

The first law of thermodynamics owes much to J.P. Joule who, during
the period 18401849, carried out a series of experiments to investigate the
equivalence of work and heat. In one of these experiments, Joule used an
apparatus similar to the one shown in Fig. 4.1, Work was transferred to the
measured mass of waler by means of a paddie wheel driven by the falling
weight. The rise in the temperature of water was recorded. Joule also used
mercury as the fluid system, and later a solid system of metal blocks
which absorbed work by friction when rubbed against each other.
Other experiments involved the supplying of work in an electric current.
In every case, he found the samwe ratio () between the amount of work



and the quantity of heat that would produce identical effects in the

Prior to Joule, heat was considered to be an invisible fluid flowing from a
body of higher calorie to a body of lower calorie, and this was known as the
caloric theory of heat. It was Joule who first established that heat is a form of
energy, and thus laid the foundation of the first law of thermodynamics.

4.2 FIRST LAW FOR A CLOSED SYSTEM UNDERGOING
A CHANGE OF STATE

The expression (£ Wy ae = (£ Q)yae applies only to systems undergoing
cycles, and the algebraic summation of all energy transfer across system
boundaries is zero. But if a system undergoes a change of state during
which both heat transfer and work transfer are involved, the net energy
transfer will be stored or accumulated within the system. If Q0 is the amount
of heat transferred to the system and W is the amount of work transferred
from the system during the process (Fig. 4.3), the net energy transfer (Q - W)
will be stored in the system. Energy in storage is neither heat nor work, and
is given the name internal energy or simply, the energy of the system.

Therefore Q-W=AE
where AE is the increase in the energy of the system
or Q=4AE+ W (4.2)

Here Q, W, and AE are all expressed in the same units (in joules). Energy
may be stored by a system in different modes, as explained in Article 4 4.

If there are more energy transfer quantities involved in the process, as
shown in Fig. 44, the first law gives

[Q;-IF&—Q]}:.E!E-F{W;* W;-W,—W‘}

Q, Q,
W, =/~ system a
1
w
w1 w4
Q W,

Surroundings
Surroundings
FG. 4.3 Meaf and work interactionsof @ FIG. 44  System-surroundings inferaciion
systern with ifs suroundings in @ in a proces involving many
procass enorgy fluves

Energy is thus conserved in the operation. The first law is a particular
formulation of the principle of the conservation of energy. Equation (4.2)
* may also be considered as the definition of energy. This definition does not



give an absolute value of energy E, but only the change of energy AE for m
process. It can, however, be shown that the energy has a definite valyg :.
every state of a system and is, therefore, a property of the sysiem, :

4.3 ENERGY—A PROPERTY OF THE SYSTEM

Consider a system which changes its stale from state 1 to state 2 by following
the path A, and returns from state 2 to state 1 by following the path B (Fig,
4.5). S0 the system undergoes a cycle. Writing the first law for path A

Qu = AE, + Wy (4.3)

—
FiG. 45 Energy—a property of a sysfem
and for path B
' Qp = AEg + Wy (4.4)
The processes A and B together constitute a cycle, for which
(£ Wiyae = (£ Deyete
or Wa+ Wg=0Q4+ Qs
or . Qa-Wa=Ws-0Q5 (4.5)
From equations (4.3), (4.4), and (4.5), it yields
AE, = -AEp (4.6)

Similarly, had the system retumed from state 2 to state 1 by following
the path C instead of path B

AE, = - AE, 4.7)
From equalions (4.6) and (4.7)
AEg = AE- (4.8)

Therefore, it is seen that the change in energy between two states of a
tem is the same, whatever path the system may follow in undergoing
that change of state. If some arbitrary value of encrgy is assigned to state 2,
the value of encrgy at state 1 is fixed independent of the path the system



follows. Therefore, energy has a definite value for every state of the system. ‘
Hence, it is a point function and a property of the system.

The energy E is an extensive property. The specific energy, e = E/m (J/kg),
is an intensive property.

The cyclic integral of any property is zero, because the final state is

identical with the initial state. § dE=0, § dV =0, etc. So for a cycle, the
eqquation (4.2) reduces to equation (4.1).

44 DIFFERENT FORMS OF STORED ENERGY

The symbol E refers to the total energy stored in a system. Basically there
are two modes in which energy may be stored in a system:

(a) Macroscopic energy mode
(b) Microscopic energy mode

The macroscopic energy mode includes the macroscopic kinetic energy
and potential energy of a system. Let us consider a fluid element of mass m
having the centre of mass velocity ¥ (Fig. 4.6). The macroscopic kinetic
energy Ej of the fluid element by virtue of its motion is given by

72

If the elevation of the fluid element from an arbitrary datum is z, then the

macroscopic potential energy E, by virtue of its position is given by

EP = mgz

The microscopic energy mode refers to the energy stored in the molecular
and atomic structure of the system, which is called the molecular internal
energy or simply internal energy, customarily denoted by the symbol U. Matter
is composed of molecules. Molecules are in random thermal motion (for a
gas) with an average velocity 7, constantly colliding with one another and
with the walls (Fig. 4.6). Due to a collision, the molecules may be subjected
to rotation as well as vibration. They can have translational kinetic energy,
rotational kinetic energy, vibrational energy, electronic energy, chemical
energy and nuclear energy (Fig. 4.7). If € represents the energy of one
molecule, then

£ = Eqara + &t + Evib + Echem ¥ Edectronic + Enudcar (4.9
If N is the total number of molecules in the system, then the total internal

El'li."fg}"
Ll = Ne (4.10)

In an ideal gas there are no intermolecular forces of attraction and
repulsion, and the internal energy depends only on temperature. Thus
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U= A1) only (4.11)
for an ideal gas

Other forms of energy which can also be possessed by a system are

magnetic energy, electrical energy and surface (tension) energy. In the
absence of these forms, the total energy E of a system is given by

E= Ey + Ep + (4.12)
Et e

where Ey, Ep, and U refer to the kinetic, potential and internal energy,
respectively. In the absence of motion and gravity
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E[ =1, Ep =0
E=U
and equation (4.2) becomes
Q=AU+ W (4.13)

U is an extensive property of the system, The specific internal energy u is
equal to U/m and its unit is ] /kg. i i

In the differential forms, equations (4.2) and (4.13) become

dQ = dE + dW (4.14)
40 = dU + 4W (4.15)
where AW = dWpiy + TWoran + dWaearial + -+

considering the different forms of work transfer which may be present,
When only pdV work is present, the equations become

4Q = dE + pdV (4.16)
40 = dU + pdV (4.17)
or, in the integral form
Q=AE+ I pdv (4.18)
D=AU+ J- pdV (4.19)

45 SPECIFIC HEAT AT CONSTANT VOLUME

The speciﬁn: heat of a substance at constant yolume cy is defined as the rate

of change of specific internal energy with respect to temperature when the
volume is held constant, i.e.

du
Cy = [ﬁ)ﬂ (4.20)
For a constant-volumne process
T
{.v_lu‘.l.,-:J Cy *dT (4.21)
Ti

The first law may be written for a closed stationary system composed of
a unit mass of a pure substance

R=dau+ W
or 4Q = du + dW
For a process in the absence of work other than pdV work
dW=pdV




dQ = du + p dV

hl "'r;'j
When the volume is held constant
(Q)y = (Au),
T3
@i = [ “eudr 2y
i

Heat transferred at constant volume increases the internal ENeTREY of fhe

system,
If the specific heat of a substance is defined in terms of heat transfer, thig,

()

Since Q is not a property, this definition does not imply that ¢, is a property
of a substance. Therefore, this is not the appropriate method of defining the
specific heat, although (1Q), = du.

Since u, T, and v are properties, c, is a property of the system. The product
mc, = C, is called the heat capacity at constant volume (J/K).

4.6 ENTHALPY
The enthalpy of a substance, b, is defined as
h=u=+py (4.24)

It is an intensive property of a system (k] /kg).

Internal energy change is equal to the heat transferred in a constant
volume process involving no work other than pdV work. From equation
(4.22), it is possible to derive an expression for the heat transfer in a constant
pressure process involving no work other than pdV work. In such a process
in a closed stationary system of unit mass of a pure substance

4Q = du + pdV
At constant pressure
pdV = d(pv)
- (dQ), = du + d(pv)
or (I, = dlu + pv)
or (dQ), = dh (4.25)

where b = u + pu is the specific enthalpy, a property of the system.
Heat transferred at constant pressure increases the enthalpy of a system.

For an ideal gas, the enthalpy becomes
h=u+RT (4.26)

Wﬁm the internal energy of an ideal gas depends only on the temperature
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EE. 4i.11}, the enthalpy of an ideal gas also depends on the temperature
y, i.e.

h=J{T) oaly (427)
Total Eﬂl‘h&!pjr H=mh
Alﬁu H = u + Pv
and h=H/m (J/kg)

4.7 SPECIFIC HEAT AT CONSTANT PRESSURE

The specific heat at constant pressure , is defined as the rate of change of
enthalpy with respect to temperature when the pressure is held constant

dh
Ep = [ﬁl (4.28)

Since h, T and p are properties, so Cp is a property of the system. Like ¢,
¢y should not be defined in terms of heat transfer at constant pressure,
although (40, = dh.

For a constant pressure process

T3

(Ah)y = J' cpdT (4.29)
Ti

The first law for a closed stationary system of unit mass
dQ =du + pdV
Again h=u+pu
i dh = du + pdV + v dp
= dQ + vdp
Q2 = dh - vdp (4.30)
A Q) = dh
or (), = (4h),
. From equations (4.19) and (4.20)

T2
@, -=_[r ¢,dT
1

¢, is a property of the system, just like ¢, The haat capacity af constant pressure
6, is equal to mg, {J/K).

4.8 ENERGY OF AN ISOLATED SYSTEM

An isolated system is one in which there is no interaction of the system with
the surroundings. For an isolated system, #0 =0, W =10.



dE=0(
or E = constant
The energy of an isolated system is always constant.

4.9 PERPETUAL MOTION MACHINE OF THE FIRST KIND—PMM

The first law states the general principle of the conservation of ener

Energy is neither created nor destroyed, but only gets transformed from one form 1:;
another. There can be no machine which would continuously supply

machine of the first kind, or in brief, PMM1. A PMMI is thus impossible.

converse of the above statement is also true, i.e., there can be no
machine which would continuously consume work without some other
form of energy appearing simultaneously (Fig. 4.9).

Q
Q

T
: t

FiG. 48 A PMMI FG. 49 The converse of PMM]




32.2 pdV-Work in Various Quasi-Static Processes

(a) Constant pressure process (Fig. 3.7) (isobaric or isopiestic process)

Va
WI—E = p‘dv = P{VI i VI} ﬂl”
v
(b) Constant volume process (Fig. 3.8) (isochoric process)
Wiy = J pdV =0 (35)
o f (R
‘ 1 2 Ii :I
W, e — 12
2 k
—_—

vV v

| )
FiG. 37 Conslant prosswe process

(¢) Process in which pV = C (Fig. 3.9)
Va
WI_? = FJ’V
Vi

FIG. 3.8 Consfant valume proces

;JV-'F!,'I"F! =

(Vi)
1
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4|
=pmVyin — (3.6)
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(d) Process in which pV " = C, where n is a constant (Fig. 3.10).

i n=0 2

p"l,"" = E L
(Cuasistatic)
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FIG. 3.9 Processin wiich pV=constant  FIG. 310 Process mwhich pV" = consfant
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I L Y
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Va
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- {p]lll"r-i ][-H + i]vi
n
= {:‘_v; W=
paVE x V" = pa V] X v, "
= - 1 — ﬂ

n=1'n
pVi-paVa _ Vs [1_(5_1] } (3.7)



Exampe 4.1

A stationary mass of gas is compressed without friction from an initial state
of 03 m® and 0.105 MPa to a final state of 0.15 m® and 0.105 MPa, the pressure
remaining constant during the process. There is a transfer of 37.6 kJ of heal
from the gas during the process. How much does the internal energy of the
gas change?

Solution  First law for a stationary system in a process gives

RQ=au+w
o Qra=lUh-U, + Wy, Ll
H Va

Wia= | pdV=pVs - V)
1

= 0.105 (0.15 - 0.30) M]
=~ 15.75 k]
Qi2=-376K]



. Substituting in equation (1)

=376k = U~ U -15.75 k]
U - Uy =-21.85 k] Ans.
The internal energy of the gas decreases by 21.85 k in the process,
Examvme 4.2

When a system is taken from state a to state b, in Fig. Ex. 4.2, along path ach,
84 k] of heat flow into the system, and the system does 32 k] of work. (a)
How much will the heat that flows into the system along path adb be, if the

_—.-'UF

FIG. EX. 4.2

work done is 10.5 kJ? (b) When the system is returned from b to a along the
curved path, the work done on the system is 21 k. Does the system absorb
or liberate heat, and how much of the heat is absorbed or liberated? (¢) If
LI, = 0 and U = 42 k], find the heat absorbed in the processes ad and db.
Solution

Qucp = 84 KJ
W = 32 K]
We have
Quep = Uy = Uy + Wi
Uy- U, =84-32=52K] Ans.
(a) Qaip = Uy = Uy + Wany
=52+ 105
=625k Ans.
(b) @4=U.-U5+WH
==52-21
=-T3 k] Ans
The system liberates 73 k] of heat,
(c) Wiy = Wa + Wiy = Wag= 105K]



Ou = Uy - U, + Wy
=42-0+105=525K
Now Quip = 625 k] = Qus + Qus
: Qu=625-525=10k] Ang

Examvpie 4.3

A piston and cylinder machine contains a fluid system which passes through
a complete cycle of four processes. During a cycle, the sum of all hog
transfers is 170 k]. The system completes 100 cycles per min. Complete the

following table showing the method for each item, and com pute the net rate
of work output in kW.

Process Q (k]/min) W (k]/min) AE (k] /min)
a-b 0 2,170 —
b 21,000 0 —
c—d -2,100 — -36,600
d-a -

Solutien Process g-h:

Q=AE+ W
D=AE + 2170
AE = =2170 k] /min
Process b-c;
Q=4E+ W
21.000 = AE + 0 =
AE = 21,000 k] /min
Process c—d:
RQ=AE+W
= 2100 = - 36,60 + W
W= 34,500 k] /min
Process d-a;

r.;:-:lt Q=-170K
The system compleles 100 cyeles/min.
Qut + Qs + Qua+ Qua = — 17000 k] /1nrin
0+ 21,000 = 2100 + Qu = - 17,000
Qg = = 35,900 kJ/min

Now § dE = 0, since cyclic integral of any property is zero.



AE, 4+ AE, . + AE 4+ AE; , =0
= 2170+ 21,000 - 36,600 + AE;, =0
AE;4 = 17,770 k] /min
Wie=Que-4AEs,

=~ 35,900 - 17,770
= - 53,670 k] /min
The table becomes
Process Q (k]/min) W (k] /min) AE (k] /min)
a-b 0 2170 - 2170
b—<c 21,000 0 21,000
c—d =210 34,500 - 36,600
d-a - 35,900 - 53,670 17,770
1 0= X W
EIH'CE q.-‘d:q cyce
Rate of work output
== 17,000 k] /min

=-2833 kW Ans.



6.1 LIMITATIONS OF THE FIRST
LAW OF THERMODYNAMICS

The first luw of thermodynamics states that i:lun'ng
any eyelie process. the net work transfer is olways

directly proportional to heat transfer and therefore,

work and heat are mutually convertible one infto
another, A certain energy balance must be held
when a system undergoes a process,

But the first law of thermodynamics does not
i pise any restriction on the direction in wlﬂll'nh the
process 1s feasible, As for as the first law 15 con-
cemed, all heat transferred to a heat engine could
be converted 1o useful work. But we all know it is
hot possihle to convert net heat into work.

Further, it is our experience that if a glass of hot
milk is left in the room, it eventually cools off after
a certiin period, The amount of heat rejected by the
milk is gained by the room air and the quantity of
heat is balanced. Now let us consider the reverse
of the process, e, getting cold milk hotter as o
result of heat transfer from the room air. But such a
process is impossible in nature,

Another common example is that an electrical
work can be converted into heat energy through an
electric heating element, but its reverse process—
supplying an amount of heat to this heating
element—will not genemite any amount of electric
wiark.

Other common example is when o evele rider



Heal

et

W

sl Hot mlk losng bl fo surnmnlings

Heat

/

() Transferring heat o heating element will mof
Semenale clechnciv
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stops his cvele by applving friction brakes. The
Kinetic energy of the moving wheel is absorbed by
brake blocks, whose temperature nses, and hence
the Kinetic energy lost by the moving wheel is
converted into heat energy. The first law should be
equally satisfied, if the brake blocks are to cool off
and they give their energy back to the cvele wheel,
causing it o rofate, However, it is never seen in
practice.
Other commuon experiences are the following:

(i) Heat alwavs flow in the direction of decreas-
Ing temperaure,

(1) ‘Water alwavs flows downwards.

(iii) A paddle wheel is operated by falling weight,
As it rotates, it stirs a fluid within an insu-
lated contmner. The decrease in potential
energy of werght 1s equal to incrense of in-
ternal energy of the flind mass. However, the
reverse of the process—rsing the weight
by decreasing internal energy of the fluid—
does not eocur m noture,
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Fig. 6.3 Provss ocvtirs i a Citrla l“ﬁ"vﬁ._-” My
it eperse vt |
It 1s clear Trinm the above ilihl.‘ili.!g.u:“ that i
processes proceed in @ certain 1I|r‘¢:unm] only g
ot in the reverse direction, The first law of fhe:
modynamies does ot |11:u‘r: any resiriction an th |
dim.:linu of process. Satisfymg the first low gy,
ot ensire that the process will actunlly occyr, b
cause it only keeps the account of energy in que.
tity during any process. The second law of therme
dynamics is introduced to overcome the remedie.
of the first lnw of thermodynamics, The yecond i
of thermodynamics takes into account the direcior
of process as well as quality of energy, and it stits
that in any process, high-grade encrzy can oaly &
eonverted to low-grade energy. The energy cann
be upgraded by its own. According to the second
law of thermodynamics. heat and work can be clas
sified as Jow and high-grade energy, respectivel)
Therefore, met quantity of work can be comeried
any form of energy, but net quantity af hoat eanedl

6.2 THERMAL RESERVOIR

It is a Ivpothetical body with an infinite heat (R
itv. A thermal reservoir can supply or absor &
amount of heat withowt affecting its temperati®
For example, large bodies of water such as o=
rivers s well as the atinosphere can be conside™
s thermal reservoirs. ;
A two-phase system of fluids can also be “"']Tu:
as a thermal reservoir as long as it does ! ﬂl.m
To single phase, since the two-phase sysern L“,
absorb or release any amount of heat while
wining a constant temperature. similarly:
industriul fumaces can ko be treated 98 8
reservoins. They are maintnined almost 4t nm:w
tempetitures and are capable of tra nsferning? r
Guanhity of heat energy in an isothermal ™



Second Law of
Thermodynamics

6.1 QUALITATIVE DIFFERENCE BETWEEN HEAT AND WORK

The first law of thermodynamics states that a certain energy balance will
hold when a system undergoes a change of state or a thermodynamic process.
But it does not give any information on whether that change of state or the
process is at all feasible or not. The first law cannot indicate whether a
metallic bar of uniform temperature can spontaneously become warmer at
one end and cooler at the other. All that the law can state is that if this
process did occur, the energy gained by one end would be exactly equal to
that lost by the other. It is the second law of thermodynamics which provides the
criterion as to the probability of various processes.

Spontaneous processes in nature occur only in one direction. Heat always
flows from a body at a higher temperature to a body at a lower temperature,
water always flows downward, time always flows in the forward direction.
The reverse of these never happens spontaneously. The spontaneity of the
process is due to a finite driving potential, sometimes called the ‘ferce’ or
the ‘cause’, and what happens is called the ‘flux’, the ‘current’ or the ‘effect.
The typical forces like temperature gradient, concentration gradient, and
electric potential gradient, have their respective conjugate fluxes of heat
transfer, mass transfer, and flow of electric current. These transfer processes
can never spontaneously occur from a lower to a higher potential. This
directional law puts a limitation on energy transformation other than that
imposed by the first law. '

Joule’s experiments (Article 4.1) amply demonstrate that energy, when
supplied to a system in the form of work, can be completely converted into
heat (work transfer — internal energy increase — heat transfer). But the
complete conversion of heat into work in a cycle is not possible. So heat ani
work are not completely interchangeable forms of energy.
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The arrow indicates the direction of energy transformation. This is
illustrated in Fig. 6.1. As shown in Fig. 6.1{a), a systemn is taken from shl:e_l
to state 2 by work transfer W,_5, and then by heat transfer (54 the system is

@ u:1 @
wl.; _ u: 1
W, Q,.

W,
Q..>W,
(b)

(a)
Fig. 6.1 Quolitative distinction between heat and work

brought back from state 2 to state 1 to complete a cycle. It is always found
that Wy2; = Q,.,. But if the system is taken from state 1 to state 2 by heat
transfer (J; 5, as shown in Fig. 6.1(b), then the system cannot be brought
back from state 2 to state 1 by work transfer W,_,. Hence, heat cannot be
converted completely and continuously into work in a cycle. Some heat has
to be rejected. In Fig. 6.1(b), W; 3 is the work done and (5, is the heat rejected
to complete the cycle. This underlies the work of Sadi Camot, a French
military engineer, who first studied this aspect of energy transformation
(1824). Work is said to be a high grade energy and heat a low grade emergy. The
complete conversion of low grade energy into high grade energy in a cycle 15
impossible.

62 CYCLIC HEAT ENGINE

For engincering purposes, the second law is best expressed in terms of the
conditions which govern the production of work by a thermodynamic svstem
operating in a cycle. _

A heat engine cycle is a thermodynamic cycle in which there is a net heat
transfer fo the system and a net work transfer from the system. The system
which executes a heat engine cycle is called a heut engine.

A heat engine may be in the form of a mass of gas confined in a evlinder
and piston machine (Fig. 6.2a) or a mass of water moving in a steady flow
through a steam power plant (Fig. 6.2b). '

In the cyclic heat engine, as represented in Fig. 6.2(a), heat Q, is transfermad
to the system, work Wp is done by the system, work W, is done upon the
System, and then heat (, is rejected from the system. The system is brought
back to the initial state through all these four successive processes which
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FIG. 62 Cyclic heat engine
(a) Heat engine cycie performed by a closed sysfem udangoing four

succassive energy interochions with fhe sumoundings . _
(b) Heat engine cycle performed by a steady flow system inferocting
with the surroundings as shown

constitute a heat engine cycle. In Fig. 6.2(b) heat Q, is transferred from the
furnace to the water in the boiler to form steam which then works on the
turbine rotor to produce work W, then the steam is condensed to water in
the condenser in which an amount (J, is rejected from the system, and finally
work W, is done on the system (water) to punp it to the boiler. The system

repeats the cycle.
The net heat transfer in a cycle to either of the heat engines
CQnet = 1 - & (6.1)
and the net work transfer in a cycle
Wml WT—r WF lﬁ.?!

{or HI’,_, = WE - Wc}
By the first law of thermodynamics, we have

E Q=
o = e Y

o et = Whet
or Q[ -(h=Wr-Wp (6.3)
Figure 6.3 represents a cyclic heat engine in the form of a block diagram
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AG. 83 Cyclc heot engine with energy interactions
reprosanted in o ook diagram

indicating the various ene gy interactions during a cycle. Boiler (B), turbine
(T), condenser (C), and pump (P), all four together constitute a heat engine.
Ahutenghteiahmamrhinqmnﬁtfﬂfwnmrundﬂg:ﬁngﬂww
interactions, as shown, in cyclic operations to produce net work from a
certain heat input.

The function of a heat engine cycle is to produce work continuously at
the expense of heat input to the system. So the net work W, and heat input
(, referred to the cycle are of primary interest. The efficiency of a heat

engine or a heat engine cycle is defined as

_ Net work output of the cycle
" = “Towl heat input to the cydle

= %?L (6.4)

From equations (6.1), (6.2), (6.3), and (6.4)
Wiet _ Wr - Wp _ Qs -
- g 25

This is also known as the thermal efficiency of a heat engine cycle. A heat
engine is very often called upon to extract as much work (net) as possible

from a certain heat input, i.e., to maximize the cycle efficiency

6.3 ENERGY RESERVOIRS

A thermal energy reservoir (TER) is defined as a large body of infinite heat
capacity, which is capable of absorbing or rejecting an unlimited quantity of
heat without suffering appreciable changes in its thermodynamic coordinates.
The changes that do take place in the large body as heat enters or leaves are
s0 very slow and so very minute that all processes within it are quasi-static.

The thermal energy reservoir TERy from which heat , is transferred to
the system operating in a heat engine cycle is called the source. The thermal
energy reservoir TER to which heat , is rejected from the system during a
cycle is the sink. A typical source is a constant temperature source where
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fuel is continuously burnt, and a typical sink is a river or sea O the
atmosphere itself.

A mechanical energy reservoir (MER) is a large body enclosed by an
adiabatic impermeable wall capable of storing work as potential energy (sug,
as a raised weight or wound spring ) or kinetic energy (such as a rotating
flywheel). All processes of interest within an MER are essentially quasi-static
An MER receives and delivers mechanical energy quasi-statically.

Figure 64 shows a cyclic heat engine exchanging heat with a source and
a sink and delivering Wi in a cycle toan MER.

] TEHH
' (Saurce) !

p
i MER

TEFIL
(S}
FIG. 64 Cycic heat engine (CHE) with source and sink

6.4 KELVIN-PLANCK STATEMENT OF SECOND LAW
The efficiency of a heat engine is given by

W,
=g

Experience shows that W,y < Q,, since heat (O, transferred o a system
cannot be completely converted to work in a cycle (Article 6.1). Therefore,
1 is less than unity, A heat engine can never be 100% efficient. Therefore,
Q; > 0, i.e,, there has always to be a heat rejection. To produce net work in
a thermodynamic cycle, a heat engine has thus to exchange heat with two
reservoirs, the source and the sink.

The Kelvin-Planck statement of the second law states: It is impossible for a
heat engine to produce et work in a complete cycle if it exchanges heat only with
bodies at a single fixed temperature.

If Qz = 0 (iie., Wit = Qy, Or 17 = 1.00), the heat engine will produce nét
work in a complete cycle by exchanging heat with only one reservoir, thus
violating the Kelvin-Planck statement (Fig. 6.5). Such a heat engine is called
a perpetual motion machine of the second kind, abbreviated o PMM2. A PMM2
is impossible,

A heat engine has, therefore, to exchange heat with two thermal energy
reservoirs at two diffeient temperatures to produce net work in a complete




cycle (Fig. 6.6). S0 long as there is a difference in lemperature, motive power
the. work) can be produced, If the bodies with which the heat engine

: g
exchanges heat are of finite heat capacities, work will be produced by the
heat engine till the temperatures of the two bodies are equalized.

\ . ‘ ‘ Source at 1, |

{ C.
K Tt

@ o W=, l Q
M

lgz.n I Sink at 1, I

H&E. 85 A PMM2

FiG. 6.4 Heal engine procucmg nat work
in o cycle by exchanging heat af
hwo different fermperafures

6.5 CLAUSIUS’ STATEMENT OF THE SECOND LAW

Heat always flows from a body at a higher temperature to a body at a lower
temperature. The reverse process never occurs spontaneously,

Clausius’ statement of the second law gives: It is impossible to construct a
device which, operating in a cycle, will produce no effect other than the transfer of
heat from a cooler Lo a hotter body.

Heat cannol flow of itveli © -+ a body at a lower temperature to a body
at a higher Ly onature. Sume work must be expended to achieve this.

6.6 REFRIGERATOR AND HEAT POMP

A refrigerator is a device which, operating in a cycle, maintains a body at a
temperature lower than the temperature of the surroundings. Let the body
A (Fig. 6.7) be maintained at f;, which is lower than the ambient temperature
t;. Even though A is insulated, there will always be heat leakage Q, into the
body from the surroundings by virtue of the temperature difference. In
order to maintain, body A at the constant temperature f;, heat has to be
removed from the body at the same rate at which heat is leaking into the
body. This heat () is absorbed by a working fluid, called the refrigerant,
which evaporates in the evaporator E, at a temperature lower than t;
absorbing the latent heat of vaporization from the body A which is cooled
or refrigerated (Process 4-1). The vapour is first compressed in the
compressor Cy driven by a motor which absorbs work We (Process 1-2), and
is then condensed in the condenser 5’.‘; rejecting the latent heat of
condensation () at a temperature higher than that of the atmosphere (at 1)
for heat transfer to take place (Process 2-3). The condensate then expands
adiabatically through an expander (an engine or turbine) producing work
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FIG. 67 A cyciic refigeration plont

Wi, when the temperature drops to a value lower than #; such that heat Q,
flows from the body A to make the refrigerant evaporate (Process 3-4). Such
iqrclicdeﬁmniﬂuwthrmgh E\-C~Cr-E; is called a refrigerator. In a
refrigerator cycle, attention is concentrated on the body A. Q; and W are of
primary interest. Just like efficiency in a heat engine cycle, there is a
performance parameter in a refrigerator cycle, called the coefficient of
performance, abbreviated to COP, which is defined as

o Desired effect _
con orkinput W

[COP] e = ﬁ (6.6)

A heat pump is a device which, operating in a cycle, maintains a body,
say B (Fig. 6.8), at a temperature higher than the temperature of the
surroundings. By virtue of the temperature difference, there will be heat
leakage Q, from the body to the surroundings. The body will be maintained
at the constant temperature I, if heat is discharged into the body at the
same rate at which heat leaks out of the body. The heat is extracted from
the low temperature reservoir, which is nothing but the atmosphere, and
discharged into the high temperature body B, with the expenditure of work

W t . The fluid operates in a
in a cyclic device called a heat pump s ety

cycle flowing through the evaporator E;, compressor G,
expander [;, similar to a refrigerator, but the attention is here focussed on
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FiG. 68 A cyclic heat pump

the high temperature body B. Here ; and W are of primary interest, and
the COP is defined as d 1 a5

’ Atmosphers '

cor=
f;.il = .}; i ?
[COP]yp = ﬁ . Sy - (6.7
From equations (6.6) and (6.7), it is found that -~ 1 % 5 : Tory
[COPlp. = [COPJg + 1 | (6.8)

The COP of a heat pump is greater than the COP of a refrigerator by
unity. Equation (6.8) expresses a very interesting feature of a heat pump.
Since

& =[COPlyp W
=[COP g+ 1] W (6.9)

Q, is always greater than W.

For an electrical resistance heater, if W is the electrical energy consumption,
then the heat transferred to the space at steady state is Wonly, i.e, Q= W.

A 1 kW electric heater can give 1 kW of heat at steady state and nothing
more. In other words, 1 kW of work (high grade energy) dissipates to give 1
kW of heat (low grade energy), which is thermodynamically inefficient.

However, if this electrical energy W is used to drive the compressor of
a heat pump, the heat supplied ; will always be more than W, or Q; > W.
Thus, a heat pump provides a thermodynamic advantage over direct
hea
Ft;?g.heath:ﬂnw&nm&mnlertua hotter body, W cannot be zero, and



hence, the COP (both for refigerator and heat pump) cannot be infinity,
Therefore. W > 0, and COP < =.

67 EQUIVALENCE OF KELVIN-PLANCK AND CLAUSIUS STATEMENTS

At first sight, Kelvin-Planck’s and Clausius’ statements may appear to be
unconnected, but it can easily be shown that they are virtually two paralle]
statements of the second law and are equivalent in all respects.

The equivalence of the two statements will be proved if it can be shown
that the violation of one statement implies the violation of the second, and
VICC Versa.

(a) Let us first consider a cyclic heat pump P which transfers heat from a
low temperature reservoir (f;) to a high temperature reservoir () with no
other effect, i.e., with no expenditure of work, violating Clausius statement
(Fig. 6.9).

| Hot Reservoir at 1,
E ey

‘ Cold Reservoir at t, I

Let us assume a cyclic heat engine E operating between the same thermal
energy reservoirs, producing Woy in one cycle. The rate of working of the
heat engine is such that it draws an amount of heat O, from the hot reservoir
equal to that discharged by the heat pump. Then the hot reservoir may be
eliminated and the heat (; discharged by the heat pump is fed to the heat
engine. 50 we see that the heat pump P and the heat engine E acting together
constitute a heat engine operating in cycles and producing net work while
exchanging heat only with one body at a single fixed temperature. This
violates the Kelvin-Planck statement.

(b) Let us now consider a perpetual motion machine of the second kind

(E) which produces net work in a cycle by exchanging heat with only one
thermal energy reservoir (at ;) and thus violates the Kelvin-Planck statement

(Fig. 6.10).
Let us assume a cyclic heat pump (P) extracting heat Q; from a low

temperature reservoir at t; and discharging heat to the high temperature
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FG. 6,10 Vielation of the Kelvin-Planck sfaternent

reservoir at !y with the expenditure of work W equal to what the PMM2
delivers in a complete cycle. So E and P together constitute a heat pump
working in cycles and producing the sole effect of transferring heat from a
lower to a higher temperature body, thus violating the Clausius statement.

6.8 REVERSIBILITY AND IRREVERSIBILITY

The second law of thermodynamics enables us to divide all processes into
two classes:

(a) Reversible or ideal process.
(b) Irreversible or natural process.

A reversible process is one which is performed in such a way that at the
conclusion of the process, both the system and the surroundings may be
restored to their initial states, without producing any changes in the rest of
the universe. Let the state of a system be represented by A (Fig. 6.11), and

A

— e

FiG. 6,11 Viclalion of the Kelvin-Planck siaterment

let the system be taken to state B by following the path A-B. If the system
and also the surroundings are restored to their initial states and no change
in the universe is produced, then the process A-B will be a reversible process.
In the reverse process, the system has to be taken from state B to A by



It enough engines are placed in series to make the total work outp,
equal to Qy. then by the first law the heat rejected from the last engin v
be zero. By the second law, however, the operation of a cyclic heat eNgine
with zero heat rejection cannot be achieved, although it may be approachyy,
as a limit. When the heat rejected approaches zero, the u-ml|:|-¢1-:-aa|1nuras,-.nrn-,l._,ijl
refection also approaches zero as a limit. Thus it appears that a definite 7,,,
poent exssts om the absolute temperature scale but this point cannot be rm:pw
wethout @ violation of the second low. -

Thus any attainable value of absolute temperature is always greater thy, |
2ero. This is also known as the Third Law of Thermodynamics which may by
stated as follows: It is impossible by any procedure, no matter how idealized, 1,
raduce any systen to the absolute zevo of lemperature in a finite member of operation:

This is what is called the Fowler-Guggenheim statement of the third law
The third law itself is an independent law of nature, and not an extension of
the second law. The concept of heat engine is not necessary to prove the
non-attainability of absolute zero of temperature by any system in a finite
number of operations.

6.16 EFFICIENCY OF THE REVERSIBLE HEAT ENGINE
The efficiency ot a reversible heat engine in which heat is received solely al

T, is found to be
o= e = 1= () =1-22

or ’]'n-t:ILi_Tl

It is observed here that as T; decreases, and T; increases, the efficiency of
the reversible cycle increases.
Since 1 is always less than unity, T; is always greater than zero and
tive.
The COF of a refrigerator is given by

{r:.nm....-:ﬁ@-é:f

For a reversible refrigerator, using

Ium]m = ﬂ—tz'r; (6.24)

[COPg Pl = T—TLF (625!




SOLVED EXAMPLES

ExampLe 6.1 -
A cyclic heat engine operates between a source temperature of 800°C and a
sink temperature of 30°C. What is the least rate of heat rejection per kW net
output of the engine?
Solution For a reversible engine, the rate of heat rejection will be minimum

(Fig. Ex. 6.1).

T, = 1073K
| Source ‘




T-
ﬂm‘ﬂm"‘“ﬁ

-1 W + 273

B0+ 273
=1-0282=(718
Now Wf'_-q = (718
' AN
Q,=ﬁ=l_w1kw
Now Q=0 - W =1392 -1
= 0392 kW
This is the least rate of heat rejection.

Examme 6.2

A domestic food freezer maintains a temperature of -15°C. The ambient air
temperature is 30°C. If heat leaks into the freezer at the continuous rate of

1.75 k]/s what is the least power nec had! o
continuously? po essary to pump this heat oul

Solution  Freezer temperature,

T:=-15+273=258K
Ambient air temperature,

Ti=30+273 =303 K

The I'Efrigt'raiur C}"CIE MImOvVes hli‘.‘ﬂt from the : )
which heat leaks into it (Fig. Ex. 6.2). he freezer at the same rate at

Ambient ar
T |

QO
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SECOND LAW OF THERMODYNAMICS !_i,[
-’

| &l
For minimum pﬂWErrequj_[m[ L:'f.a’*il' - 1,,'{} = F-t_f-
[ i s 5
=2 I3 25¢
T s e
1.75 l WV ol —15%
Q1=———H333=2.D£.kjfs _
5 | 3w = 0:3] AV
W=0, -0 |
= 1.@~ 1.75=031k/s |
=(0.31 kW |

Exampie 6.3 |

A reversible heat engine operates between two reservoirs at temperatures of
600°C and 40°C. The engine drives a reversible refrigerator which operates
between reservoirs at temperatures of 40°C and - 20°C. The heat transfer to
the heat engine is 2000 k] and the net work output of the combined engine
refrigerator plant is 360 kJ.

(a) Evaluate the heat transfer to the refrigerant and the net heat transfer
to the reservoir at 40°C.

(b) Reconsider (a) given that the efficiency of the heat engine and the

COP of the refrigerator are each 40% of their maximum possible values.
Solution

(a) Maximum efficiency of the heat engine cycle (Fig. Ex. 6.3) is given by

‘ T‘H‘E‘?EK‘ | T:_"EE"EH*]
'al.zn‘m“‘ u.‘
W, W,
o
l:}? W=380 fﬂﬂuﬂw:r
[_ T, =313K ]
FG. EX. 6.3

,,m_=1_%=1_-g%=1-u353=ﬂ5ﬂ

.
Again .g:} = 0642
W, = 0,642 x 2000 = 1284 k]
Maximum COFP of the refrigerator cycle



S | . EE
(CDP}M_ﬁ_m_mJﬂ

Also CDF=%=4.ZE
2

Since Wy- Wy = W=360Kk]
W, = W, - W= 1284 - 360 =924 kJ
Q= 4.22 x 924 = 3899 K]
Oy = Q4 + Wy = 924 + 3899 = 4823 kJ
Qs = Q) — W, = 2000 - 1284 = 716 k]
Heat rejection to the 40°C reservoir
=y + Q4 =716 + 4823 = 5539 K]
(b) Efficiency of the actual heat engine cycle
N =04 Tma =04 x0642
W; = 0.4 x 0.642 x 2000
=513.6 K]
W, = 513.6 - 360 = 153.6 K]
COP of the actual refrigerator cycle

Cﬂl":%ﬂ 04 x 422 = 1.69
Therefore
Q4 = 153.6 X 1.69 = 259.6 k]
Qs = 259.6 + 153.6 = 4132 k]

Q> =@y - W, = 2000 - 513.6\c 1486.4 k]
Heat rejected to the 40°C reservoir

= +(Q3=4132 + 14864 = 18

Ans. (a)

Ans. (b)

Ans. (b



Example 1.5, An engine works between the temperature limits of 1775 K and 375 K, Whe
can be the maximum thermal efficlency of this engine 7
Solution, Given : T, = 1775K, T, = 375K

We know that maximum thermal elficiency of the engine,

-7 =
72 MTT3-305 _ hogr or TRMTR Ams.

— r— —

e N F T

Example 1.6. A reversible engine is supplied with heat from two constant temperatury
sonerces at Y00 K and 600 K and rejects heat to a constant temperature sink at 300 K. The engine
develops work equivalent to W) kJ/s and refects heat af the rate of 56 ks, Extimate . [, Heat supplied

by each source, and 2, Thermal efficiency of the engine.
Solution.  Given T, =90K; Ty,=600K, T,=T,=30K; W,="9kIk

@, +Q, = 56kifs
V. Hear supplted by vach setrce

Let @, = Heat supplied by the first

source, and
@, = Heat supplied by the second g "';_‘:”'“ 5““":?”“
ROcCe. ﬁ'ﬂ K El'.'ﬂ:.".‘ K
We know that efficiency of the engine when
the heat is supplied from the first source, e |
PP . e,
_ Waork obtained _ W,
™ = Hear supplied @, Engina L W,
_ Q- 0, _ =T,
- ﬂ| - T. 1!.'_'}'I -ﬂ‘
o o Sink
Fﬂfﬂfﬂmihhﬂnﬂiﬂh,# = -T J l"‘::'.';=3mg
| i
0N = 300
=“gm - 0¥ Frge 1 14

- Work obtained by the engine from the first source,
wl = ET_E? - n.ﬁ'-'ﬂl

und heat rejected to the sink,
Q,=0-W =@-067¢ =0330,

Similarly, efficiency of the engine when the heat is supplied from the second source
W, UJ__‘E Y T'_i‘ - mﬁ:.‘ﬂ = 0.5

N = u_! e Qi - T| (M

- Work obtained by the engine from the secontd source,
w;- =0,-0Q, =050,



and heat rejected to the sink,
ﬂ‘ = fh - W:, = al""'-j ﬁlj ='0.5 02,
We know that total work obtained from the engine (W),

90 = W, + W, = 0670, +05 @, R 1
and total heat rejected to the sink,
56 = Q4+ Q, = 033Q,+05Q, TR
From equatons (1) and (i),
- @, = 1N k¥s and 0, = 46KV Ans.
> Thermt! efficiency of the engine

We know that maximum thermal efficiency of the engine,
_ Workobtained _ Wy

-

Tlm.u. - Hgn[mpp"tﬂ i Qt+aj

L .
= — = (A6 or OlO% Ans
100 + 46
Example 1.7. A cold storage is o be maintained at — 5°C while the surmoundings are @
I59C. The heat leakage from the surroundings into the cold storage is estimated to be 29 kW, The
acrual C.O.P of the refrigeration plant is one -third of an ideal plant working between the same
temperatures. Find the power required to drive the plant.

Solution. Given : T, = —59C = ~54+273 = 268K T, =35C=235+272 = s K
@, =29 kW (C.OP) .., =3 (C.OP),,

The refrigerating plant operating between the temperatures |5:_ﬂ:9m |
T, and T, is shown in Fig. 1.15. |

Let W, = Waork or power required to drive the plant

a
. . i i
We know that the coefficient of performance of an ideal refrig- < =
; W -
eration plant, T, B n m'“ﬂ'"
ciﬂl = -
= 268 _ _ 6.7 "Cold storage
308 — 268 r?- 2Ea K

-, Actual coefficient of performance.

(COP) s = i:»:[«t:.u':.':.P]mmr = 1%67 = 2233

3 i
2,
We also know thut COP= o
R
W = @, B 0RIAW Ask
K~ (COP),,4 223
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First Law Applied to Flow
Processes

5.1 CONTROL VOLUME

For any system and in any process, the first law can be written as
Q=4AE+ W

where E represents all forms of energy stored in the system.
For a pure substance

E=Ex+Ep+ U

where Ey is the K.E., Ep the P.E,, and U the residual energy stored in the
molecular structure of the substance.

Q = AEx + AEp+ AU + W (5.1)

When there is mass transfer across the system boundary, the system is
called an open system. Most of the engineering devices are open systems
involving the flow of fluids through them.

Equation (5.1) refers to a system having a particular mass of substance,
and it is free to move from place to place.

Consider a steam turbine (Fig. 5.1) in which steam enters at a high
pressure, does work upon the turbine rotor, and then leaves the turbine at
low pressure through the exhaust pipe.

If a certain mass of steam is considered as the thermodynamic system,
then the energy equation becomes

Q:d.EK'I'-ﬂEp + Al + W

and in order to analyze the expansion process in turbine the moving system
is to be followed as it travels through the turbine, taking into account the
work and heat interactions all the way through. This method of analysis is
similar to that of Lagrange in fluid mechanics.




Q Exhaust pipe
FIG. 5.1 FAow process involving work and heal inferacfions

fu.lt]mugh the system approach is quite valid, there is another approact
which is fnu_nd to be highly convenient. Instead of concentrating attention
Upon a certain quantity of fluid, which constitutes a moving system in flow
processes, attention is focussed upon a certain fixed region in space called 4
control volume through which the moving substance flows. This is similar to
theTanalyﬁis of Euler in fluid mechanics.

o distinguish the two concepts, it may be noted that while the svstem
(closed) boundary usually changes shape,}rpnsiliun and orientation re}!:lﬁw
to the observer, the control volume boundary remains fixed and unaltered.
Again, while matter usually crosses the control volume boundary, no such

flow occurs across the system boundary,
The broken line in Fig. 5.1 represents the surface of the control volume

which is known as the control surfuce. This is the same as the system boundary
of the open system. The method of analysis is to inspect the control surface
and account for all energy quantities transferred through this surface. Since
there is mass transfer across the control surface, a mass balance also has to
be made. Sections 1 and 2 allow mass transfer to take place, and Q and W

are the heat and work interactions respectively.

52 STEADY FLOW PROCESS
As a fluid flows through a certamn control volume, its thermodynamic
perties may vary along the space coordinates as well as with time. If the

P'I'ﬂ
rates of flow of mass and energy through the control surface change with
time, the mass and energy within the control volume also would change

wilh time.
‘Steady flow’ means that the rates of flow of mass and energy across the

control surface are constant.

In most engineering devices, there is a constant rate of flow of mass and
energy through the control surface, and the control volume in course t
time attains a stcady state. Al the steady state of a system, any !ﬁmﬂﬂﬁf““r’ff
property will have a fixed value at a particular location, and will not alter wil



time. ﬂﬂ.‘!!“l‘l‘lﬂdj‘fﬂﬂﬂ‘\iﬁ propertics may vary along space coordinates, but do
not vary with time. ‘Steady state’ means that the state is steady or invariant
with time.

5.3 MASS BALANCE AND ENERGY BALANCE IN A SIMPLE
STEADY FLOW PROCESS

In F*& 5.2, a steady flow system has been shown in which one stream of
fluid enters and one stream leaves the control volume. There is no

accumulation of mass or energy within the control volume, and the
properties at any location within the control volume are steady with time.
Sections 1.1 and 2.2 indicate, respectively, the entrance and exit of the fluid
?E rss lffzmnhtﬂ surface. The following quantities are defined with reference
o Fig.

J dt
el s = i
: aft

|
q) Steady flow device %
Flow in *

—— W

=] g W
1\-1::.5.

FIG. 5.2 Steady flow process

AI, Az—CTDEE-EECﬁﬂﬂ of stream, I'I'l? C] n
' Vot
uy, wy—mass flow rate, kg/s R agll
p1, pr—pressure, absolute, N/ m’
vy, ur—specific volume, m*/kg
uy, ug—specific internal encrgy, 1/kg
V,, Vo—velocity, m/s
Z,, Zy—elevation above an arbitrary datum, m

%g.-_-net rate of heat transfer through the control surface, J/s
T

T_‘,._.nut rate of work transfer through the control surface, /s

T
exclusive of work done at sections 1 and 2 in transferring the fluid through

the control surface,
—hme, §.
Subscripts 1 and 2 refer to the inlet and exit sections.



5.3.1 Mass Balance

By the conservation of mass, if there is no accumulation of mass wijh;y, i
control volume, the mass flow rate entering must equal the mass floy ray
leaving, or

M=w 2 K0V R,
AV _ AV,

by U2
This equation is known as the equation of continuity.

or

(53

5.3.2 Energy Balance

In a flow process, the work transfer may be of two types: the external uon
and the flow work. The external work refers to all the work transfer across
the control surface other than that due to normal fluid forces. In engineering
thermodynamics the only kinds of external work of importance are shear
(shaft or stirring) work and electrical work. In Fig. 5.2 the only external work
occurs in the form of shaft work, W,. The flow work, as discussed in Sec.
3.4, is the displacement work done by the fluid of mass dm, at the inlet section
1 and that of mass dm; at the exit section 2, which are (—pyv; dm,) and (+ Pt
dmy) respectively. Therefore, the total work transfer is given by

W= W, - pyuy dmy + povy dimy (5.3)
In the rate form,
W W, dm, dm
dr = dr P01 tPva T
dw W,
or " i gf- - WPy + WaPaTa (5.4)

Since there is no accumulation of energy, by the conservation of energy, the
total rate of flow of all energy streams entering the control volume must
equal the total rate of flow of all energy streams leaving the control volume.
This may be expressed in the following equation

W:Iﬂ]'li'??:lﬂzﬂz'ﬁ—dﬂf—

Substituting for -igf— from Eq. (5.4)

dQ dW;
e + ‘a—"r* = Unty + -ET_ = WMty + Wapatz

dW,
wney + wypty + %—?- = Whey + Wapavs + ?T_t (5.5

where ¢, and e; refer to the energy carried into or out of the control volume
with unit mass of fluid.



The specific energy e is given by

e=ey +e, + U

o i
"3 +Zg+u (5.6)
Substituting the expression for e in equation (5.5)
V2 a0
wt[—z‘- + 218+ u,} + WPy + =
2
= wg[lrl +Z33 + uz] + Wapatz + ﬂ
2 dt
v2
or w;[h + -i!- + z‘lg] + %
\£i aw
- w:[h + _23. + 213] + dr’ (5.7)
where h = u + pu.
dm
And, since wy=uwy let w=wy =uwy =E?
. dm
Dividing equation (5.7) by ——
vy 4Q
ht + T + Z,g + H
Vzi dwl =
=hy + -+ Z2g+ (5.8)

Equations (5.7)-and (5.8) are known as steady flow energy equations (S.F.E.E.),
for a single stream-of fluid entering and a single stream of fluid Teaving the
control volume. All the terms in equation (5.8) represent energy flow per
unit mass of fluid (J/kg), whereas all the terms in equation (5.7) represent
energy flow per unit time (J/s). The basis of energy flow per unit mass is
usually more convenicnt when only a single stream of fluid enters and |
leaves a control volume. When more than one fluid stream is involved the
basis of energy flow per unit time is more convenient.

Equation (5.8) can be written in the following form,

v _y1?

¥
Q- Wy = (hy = hp) + —5——+8(Z; - Zy) (59

where Q and W, refer to energy transfer per unit mass. In the differential
form, the SFEE becomes



dQ - dW, = dh + VdV + gdZ 53y

. When more than one stream of fluid enters or leaves the contro] Vol
(Fig. 53), the mass balance and energy balance for steady flow are Eiﬁ

below.
{:{jr" “““““““““ I (3
T t _—=w,
| |
@, | @ _ owy
| =
i Y M =g
@ Ll— = — @
4Q ‘\G.E.
dz
FIG. 53 Steady flow process involving fwo fluid sfreams of
the infal and exf of the confral volume
Mauss balance
Wy + Wy = 1y + Wy (5.11)
Aﬁ", A;‘F; _ A;.‘V_-, A;V,.
o + w0 * U (5.12)
Energy balance

V2 6,
wt[h1+—:§-+313]+w; h3+—i?-+i.'g_g)+§

!

V2 ) A\ aW,
= H’J[ﬁa + T3+Z;.3 +w;[ﬁ. +-2-‘!-+E¢g]+?f—‘ (3.13)
A

The steady flow energy equation applies to a wide variety of processes
like pipe line flows, heat transfer processes, mechanical power generation
in engines and turbines, combustion processes, and flows through nozzies
and diffusors. In certain problems, some of the terms in steady flow energy
equation may be negligible or zero. But it is best to write the full equation
first, and then eliminate the terms which are unnecessary,

54 SOME EXAMPLES OF STEADY FLOW PROCESSES

The following examples illustrate the applications of the steady flow energY
equation in some of the engineering systems.

54.1 ﬂnuln and Diffusor

A nozzle is a device which increases the velocity or K.E. of a fluid at
expense of its pressure drop, whereas a diffusor increases the pressure

he
pid



fluid at the expense of its K.E. Figure 5.4 shows a nozzle which is insulated.
The steady flow energy equation of the control surface gives

FIG. 5.4 Steady flow process involving fwo fluid streams af
the inlet and ext of the confral volume

Q- AW, : :
Here Im 0, gk 0, and the change in potential energy is zero.
The equation reduces to
2 2
h + }%L =hy + l_;z- (5.14)
The continuity equat'iun gives
_AV AV,
= (5.15)

When the inlet velocity or the “velocity of approach’ V, is small compared
to the exit velocity Vs, equation (5.14) becomes

=l 4 =2
h| -;I'1+ 3

or V, = J2(hy - hy) m/s

where (hy = hy) is in J/kg.
Equations (5.14) and (5.15) hold good for a diffusor as well.

5.4.2 Throttling Device

When a fluid flows through a constricted passage, like a partially opened
valve, an orifice, or a porous plug, there is an appreciable drop in pressure,
and the flow is said to be throttled. Figure 5.5 shows The process of throttling
by a partially opened valve on a fluid flowing in an insulated pipe. In the
steady-flow energy equaltion (5.8),

dQ aW

hac SIS Tomblhs SRRF,

dm dm



Control surface Insulation
FIG.55 Fow through a valve

and the changes in P.E. are very small and ignored. Thus the S.F.E.E. reduc
o

Often the pipe velocities in throttling are so low that the K.E. terms are
also negligible. So

hy = hy {5.16)

or the enthalpy of the fluid before throtiling is equal lo the enthalpy of the fluid
after throttling.

54.3 Turbine aond Cormpressor

Turbines and engines give positive power output, whereas compressors

and pumps require power input.

. For a turbine (Fig. 5.6) which is well insulated, the flow velocities are
often small, and the K.E. terms can be neglected. The S.F.E.E. then becomes

Insulation

m
FIG. 54 HFow Mrough a tubine

dw,
L dm

W,
or ™ (hy = h3)



[t is seen that work is done by the fluid at the expense of its enthalpy.

Similarly, for an adiabatic pump or compressor, work is done upon the
fluid and W is negative. 5o the 5.F.E.E. becomes

W

h|=.l|!2-?
or HE'=F[‘1-|'11
™

The enthalpy of the fluid increases by the amount of work input.

54.4 Heat Exchanger

A heat exchanger is a device in which heat is transferred from one fluid to
another. Figure 5.7 shows a steam condenser, where steam condensers

W

L]
_§ E Exhaust steam |
—

FiG. 5.7 Steom condenser

outside the tubes and cooling water flows through the tubes. The S.F.E.E.
for the C.5. gives
why + wohy = w hs + w, hy

or wylhy = hy) = welhs - )
Here the K.E, and P.E. terms are considered small, there is no external work
done, and energy exchange in the form of heat is confined only between the
two fluids, i.e., there is no external heat interaction or heat loss.

Figure 5.8 shows a steam desuperheater where the temperature of the

superheated steam is reduced by spraying water. If wy, un, and w; are the
mass flow rates of the injected water, of the steam entering, and of the

steam leaving, respectively, and hy, hy, and hy are the corresponding
enthalpies, and if K.E. and P.E. terms are neglected as before, the S.F.EE.

becomes
unhy + wyhty = waks
and the mass balance gives
wh + Wy =y




where the subscript p refers to the constant state of the fluid in ¢

If the tank is initially empty, m; = (. ® pimth
mohy = mauy
Since
My, = 1y
hy = uy

If the Aluid is an ideal gas, the lemperature of the gas in the tank after iy is
charged is given by

Cplp =y
or T = YT, (5.33)

SOLVED EXAMPLES

Examme 5.1

Air flows steadily at the rate of 0.5 kg/s through an air compressor, entering

at 7 m/s velocity, 100 kPa pressure, and 0.95 m*/kg yolume, and leaving at

5 m/s, 700 kPa, and 0.19 m°/kg. The internal energy of the air leaving is 90

k]/kg greater than that of the air entering, Cooling water in the compressor

jackets absorbs heat from the air at the rate of 58 kW. (a) Compute the rate

of shaft work input to the air in kW. (b) Find the ratio of the inlet pipe-
diameter to outlet pipe diameter.

Solution Figure Ex. 5.1 shows the details of the problem.

TS
w

'
: K : - EI = 5m/s
| AlirCompressor |, @ P, =700 kPa
'U" =7Tm/s —==gj | \ —: 'IJ'I =0.19 mjﬂ'lﬂ
P=100kve d) N cs. Q—58kw

v, = 0.95m¥kg U, = (u,+90) kd/kg
FIG. EX. 5.1

(a) Writing the steady flow energy equation, we have
v!
w[uz Pt + -+ 213] +%?—
2
=w(uz + path +-‘-;1+313]+%z—'

- vi-v? L
. ﬂ:rrn - w[{uz = Uy + (pavg = pyiy) + _Li_1 +(Zy - 21?3:[* dr



My o X8lo0 ¥ L o019 - 1 %095 100 2L
dt 5 kg kg
2 _ =2 3
LT =TIXW0T M gl sgrw
2 kg
= -05[90 + 38 - 0012] k] /s -58 kW
=-122 kW Ans. (a)
Rate of work input is 122 kW.
(b} From mass balance, we have
= AVi _ AV,
i th Uz
Ay 1y Va 095_5
A _y Mz _U% o
A "0 Vi 019 7 3
8t = {357 = 189 Ansib)
i
Exanpie 5.2 ~

In a steady flow apparatus, 135 k] of work is done by each kg of fluid
specific m}{um of the fluid, pressure, and velocity at the inlet are 0.37 m’/kg,
600 kPa, and 16 m/s. The inlet is 32 m above the floor, and the discharge
pipe is at floor level. The discharge conditions are 0.62 m”/kg, 100 kPa, and
270 m/s. The total heat loss between the inlet and discharg_e is 9 k]/ kg of
fluid. In flowing through this apparatus, does the specific internal energy
increase or decrease, and by how much? '

Solufion 'Writing the steady flow energy equation for the control volume,
as shown in Fig. Ex. 5.2.

@ — w"c‘s'

P. =.Eﬂ-ﬂ hPﬂ 1 o I
KV I E V.= uu‘EE ma-l'kg
‘uf',r = 16m/s l/ : PJ. i =W
Z =32m ¥ L R ol T
Q=—90k =77 V, =270 mis
Z,%0

FiG. EX. 5.2

$ W
vi 40 ' 2
i vk =+ g g = P 8 g

vi-v] aw, 19
Uy — uz = (pavz '—F:Uﬂ*‘—l—z‘— +(Z2 '311'3""‘_31," o



2
= (1% 062 - 6 x 037) x 102 + LT =160 x 9

+(~32 x 9.81 x 107) + 135 - (-9.0)
=-160 + 36.45 - 0.314 + 135 + 9
= 20.136 k] /kg

Specific internal energy decreases by 20.136 k].



Exampe 5.4

A certain water heater operates under steady flow conditions receiving 4.2
kg/s of water at 75°C temperature, enthalpy 313.93 kj/kg. The water is
heated by mixing with steam which is supplied to the heater at temperature
100.2°C and enthalpy 2676 k]/kg. The mixture leaves the heater as liquid
waler at temperature 100°C and enthalpy 419 kJ/kg. How much steam must
be supplied to the heater per hour?

Solution By mass balance across the control surface (Fig. Ex. 5.4)
Wy +in = U

L

' Water
@ \h ®

_@
=1

r‘/-— C.S.

h
1

Waler healer

1_. |
Steam : |
@ !
| ey )
® ‘f‘ ©)
Mixture
FIG. k. 5.4
By energy balance
v2 v2
w,[h, + -T‘ + z,g] + % + w:[h; + TI + Ezg}

V3 W
:w;[ﬁg +T3+ Zgg] + T‘l:i

By the nature of the process, there is no shaft work. Potential and kinetic
energy terms are assumed to balance zero. The heater is assumed to be
insulated. So the steady flow energy equation reduces to



wyhy + wahy = Wikt
4.2 % 313.93 + wy x 2676 = (4.2 + wy) 419
wy = 0.196 kg/s
= 705 kg/h
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21.- Introduction

A perfect gas (or an ideal gas) may be defined s a state of o substance, whose evaporation
from its "iquid state is complete®, and strictly obeys all the gas laws under all conditions of temperatur
and pressure. [n actual practice, there is no real or actual gas which strictly obeys the gos liws ove
the entire range of temperature and pressure. But, the real gnses which are ordinarily difficulr w
liquify, such as oxygen, nitrogen, hydrogen and air, within certain temperature and pressure limits,
may be regarded as perfect gases,

e E.mrs of Perfect Gases
The physical properties of a gas are controlled by the following three variables :
|, Pressure exerted by the gas, 2. Volume occupied by the gas, and 3, Temperature of the gas

The behaviour of a perfect gas, undergoing any change in the above mentioned varinbles, i
governed by the following laws which-have been established from experimental results.

1. Boyle's law, 2. Charles’ law, and 3. Gay-Lussac law.
These laws are discussed, in detail, in the following pages.
2.3. DBoyle's Law

This law was formulated by Robert Boyle in 1662. It states, " TTie alusolute pressire of o give
mass of @ perfect gas varies imversely as s volume, when the temperaturye remims constan!

Mathematically,

p o= i or pv = Constant
The more useful form of the above equation is :
iU = Py = a0y = e = Constant

where suffixes |, , and , ... refer to different sets of conditions.

* I e evaporation bs parial, the substance s called vapour, A viponr, therelore, contains some painls

Weguaiad ity suspension, 01w thus ebvious, thin steam, carbon diosade, sulphur dioside aid amimani S
reparded as vapours, I miy e noted thit o viapour beanimes dry, when i s comgpletely ev it L
dry wispeoat bs Further hesited, the process o ealled super feanng and thie vapour is called supreriteuted wini
Flie behasionr of superheated vapour is similae o that of a perfect gos



24, Charles” Law

This law was formulated by a Frenchman Jacques A C. Charles in about 1787. 1t may be stated
in the following two different forms -

“.] j.ﬁir Iﬂh""r r{f RO ML £ il ,f'l"-r.i'l'l. { By WIFEc adrrets BV als b Ul'll.qll!.u!:' ]‘fﬂuh-m“r...
whiett the abvwolute presaure remaiins confant Mathematically,

v=T or == Constant

i1
L WL - P

or Ftn:l,.—:=ﬁ=._._=ﬂumm

where suffixes | and | ... refer to different sets of conditions.

El‘f} r--I'.I“I Pfrf{qf Hfl.\'tl_‘ l-h:f.‘ﬂ.ur' (1T T*‘r‘“”“ [IF .'I.f:‘_'qlﬂll il LA gy ‘H”IHII. 1;1“.””.. ‘“! ij' t' r‘"_ F I'i'l"l
.I'I|r {- IfJ!H ngr 1] l'ﬂilf'-"ffﬂf]’ﬂ't‘. M hﬂ!r ﬂ:r PFI"I_'- FPE PRty ramafigaes

Let Uy = Volume of o given mass of gas at (' C, and
v, = Yolume of the same mass of gas at 7 C,
Then, sccording to the above statement,

3 r £ 5] (i} (et 4
ﬂrﬂﬂu‘i‘mﬂhr#ﬂn[ eYE ] an_rn
B _ T
or ===
Tﬂ
where T = Absolute temperature corresponding to ' C.

T, = Absolute temperature corresponding to 0° C.

A little consideration will show, that the volume of a gas goes on decreasing by 1/273th of its
original volume for every 1° C decrease in temperature. It is thus obvious, that at a temperaiure of
— 277 C, the volume of the gas would become *zero. The temperiture at which the volume of & gas
beromes 2ero is called absolure zere lemperatisre |
Note. In all caleulations of a perfect gas, the pressure and temperature values are expressed in absolute unis.
25, Gay-Lussac Law

This law states, ~The whiolute pressure af a given maxs of a perfect gos wWiries direcilv s ix
alisolute remperainre, when the Velime FEMans comnsiant " Mathematically

p=T or *Fi.=l.'.'.'l:ﬂﬁum

By _P B comstant
. rl--Tl r]- :

where suffixes lilmd".l .- refer to different sets of conditions.

26, General Gas Equation L
I i ich gi the relation ecn
In the previous section we have discussed the gas laws which give us : |
lwo vn-it;blnnpwtm the third variable is constant. But in actual practice, all thn three variables i.e.,
pressure, volume and temperature, change simultaneously. In order to deal with all practical cases,
the Boyle's law and Charles® law are combined together, which give us a general gas equation.

* i is only theoretical, lis exact value b — 27316 "C. But for all practical purposes, tis value 18 tuken as
-3




RS R ::HEH‘H"HM
According 1o Boyle's law j
- .
> AT - - - [Keeping T conyg,,
and sccording to Charles' law
mae -« + (Reeping p cong,

It is thus obvious that

H“—InndTbulh ﬂru:I
P P
ppve=T or pp=CT

where C is a constant, whose value depends upon the mass and properties of the gas concemed
The more useful form of the general gas equation is :

Pty %
¥ , 1
where suffixes |, and , refer to different sets of conditions

/Enmple 2.1. A gas occupies a volume of 0.1 m" at a temperature of 2(P C and a pressur

of 1.5 bar. Find the final temperature of the gas, if it is compressed to a pressure of 7.5 bar and
occupies a volume af 0.04 nt’,

Solution. Given : v, =0Jm’ ; 7, =20°C=120+273=293K; p, = |5ha
=*0.15x 10° N/m* ; p, = 7.5 bar = 0.75x 10° N/m*; v, = 0.04 m*

= ... = Constan

Let T, = Final temperature of the gas.
v o
We know that 2 2 = 27
T T,

- =P1"":T| _ 075 10F x 0.04 x 293
S % 0.15% 107 % 0.1

= 586-273 = 11V (O Ans.

= 586 K



2.8. Characieristic Equation of a Gas

It is a modified form of general gas equation. If the volume () in the general gas equation is
wken as that of | kg of gas (known as its specific volume, and denoted by v}, then the constant C (in

the general gas equation) is represented by another constant R (in the chamcteristic equation of gas).
Thus the general gas equation may be rewritten as

o, = RT

where R is known as characteristic gas constanr or simply gas constant.
For any mass m kg of a gas, the characteristic gas equation becomes
mpv, =mRT

or pt=mRT iy MO, = p)
Notes : 1. The units of gns constant (R) may be obtained as discussed below:
_P"  Nim'xm N-m
R= o™ kgxK nkgurz-"'mﬂ“n]’uﬁ
el . INm=11)

2. The value of gas constant (/) is different for different gases. In 8.1 units, its value for atmosphenic
mir is taken 287 Jkg K or 0.287 kikg K.

3. The equation pr = m R T may also be expressed in another form /e,
F=ERT'=FHT [ 'ﬂ=p]

Ir
where p (rho) is the density of the given gas.

Example 2.2. A vessel of capacity 3 m comains air at a pressure of 1.5 har and a
temperature of 25° C. Additional air is now pumped into the system until the pressure rises to 30 bar
and temperature rises to 60° C. Determine the mass of air pumped in and express the guantity av a
volume at a pressure of 1.02 bar and a temperature of 20° C.

If the vessel is allowed to cool until the temperature is again 25° C, calculate the pressure in
the vessel

Solution. Given : v,=3m’; p,=15bar=0.15x10°Nin'; T,=25"C=25+273
=298K; p, = 30bar'=3x10°Nm’; T, =60°C=604273 =333K; p, = 1.02bar
=0.102 = 10°N/m*; 7y = 20°C = 204273 = 293K

Mass of air pumped in
Let m, = Mass of air initially filled in the vessel, and

m, = Mass of air in the vessel after pumping.

Weknow that p v, = m RT,
Yy 015%10%%x3

M =RT, T 287x298 = 526k
.o o { Taking R for air =287 Jkg K)
Similarly, pyty = myRT;
_F:":-=3!Iﬂ“:3=q4'”kg )

2= RT, T 287x333



.. Mass of air pumped in,
m=m~—m =9417-526 = BR9| kg Ans.

Volume of air pumped in at & presswure of 102 bar and temperature of 200 C

Let vy = Volume of air pumped in.
We know that
pPy0y =mRT,
& |
o, = A, - 3891 x 287 x 293 = 733m’ Ans,
M 0.102 x 10

Pressure in the vessel after cooling
Let py = Pressure in the vessel afier cooling,
We know that the temperature after cooling,
T,=T, =25°C = 298K
Since the cooling is at zonstant volume, therefore

n_T

Py T
. ToPy 208 % 3% 10" " .
o py= ‘.:..: =35 = 268xICPN/m’ = 208 bar Ans.

.. fﬂh

Example 23. A spherical vessel of 1.5 m diameter, containing air at 40° C is evacuar®y til
the vacuum inside the vessel becomes 735 mm of Hg. Calculate the mass of air pumped out. If the
tank is then cooled to 3° C, what will be the final pressure in the tank ? Take atmaspheric pressur

as 760 mm of Hg.

Solution. Given:d=15m; I =4rC=404+273=313K; p, =735 mmof Hg

T, =3°C =3+4273 = 276K: p, = 760 mmof Hg

Mass of air pumped ot
. Let m = Mass of air pumped out.
First of all, let us find out the initial mass of air (m,) in a vessel. We know that volume of 1
spherical vessel,
n(1.5)°
, v, = ,::a = Iﬁ*ﬂ = 1.767 m*

*We know that pvy =m RT,
A% _ (760 x133.3) 1.767

™ = RT, 2W7x313 - OPkE

... 1 mmof Hg=133.3 N/m® ; and R for air = 287 Jkg M
Let m, = Mass of air left in the vessel after evacuation.
We know that pressure after evacuation,

P, = Atmospheric pressure — Vacuum pressure

= 760-735 = 25 mmof Hg = 25% 133.3 = 3332.5 Nim’




m, = Pa% _ 33325%1.767
RT; 287 x 313

= 0.066 kg

(=0 and T, =T)
. Mass of air pumped out,
m=m-~m = 1.993-0066 = | 927 kg Ans.

Final pressure in the tank

Let py = Final pressure in the tank,
Since the cooling is at constant volume, therefore
i
L T,
PaTy _ 3332.5%276

- - [
o " - Ps 7 113 = 2938 N/m" = 22 mm of He Ans.

29. Avopadro's Law

It states, “Equal volumes of all gases, at the same emperatre and pressiire, contain equal
mumber of molecules.”

Thus, according to Avogadro’s law, 1 m’ of oxygen (0,) will contain the same number of
molecules as 1 m® of hydrogen (H,) when the temperature and pressure is the same. Since the
molecular mass of hydrogen is 2 and that of oxygen is 16, therefore a molecule of oxygen has a mass
which is 3272 = 16 times the mass of hydrogen molecules. Moreover, as | m’ of these two guses
contdin the same number of molecules, and a molecule of oxygen has n mass 16 times than that of
hydrogen molecule, therefore it is evident that density of oxygen is 16 times the density of hydrogen.
Hence, the Avogadro’s law indicates that the density of any two gases is directly proportional to their
molecular masses, if the gases are at the same temperature and pressure.

The density of oxygen at Normal Temperature and Pressure (briefly written as NT.P.) fe.
0°C and 1.013 bar is 1 429 kg/m’,

. Specific volume (of | kg) of oxygen at NTP,,

e, W [ .
. U, = 1.429"‘*5 s Specific volume Dm:i:;,r]
and volume of 32 kg (or | kg molecule briefly written as | kg-mal)
|
= I.#I?Hﬂ 224m’

Similarly, it can be proved that the volume of | kg mol of any gas at N-T.P. is 22.4 m.
Note: | g-mole (molecular mass expressed in gram) of all gases occuples a volume of 22.4 lires st NTP.
The values of molecular mass for some common gases are given in the following table :

Table 2.1, Mplecular mass for sume CoMmmon gases.

3. No, Gy Molecular | 3.No, Gas Molecular
mass mass
I. | Hydrogen (H,) 2 5. | Carbon dioxide (CO,) 44
2, Oxygen (0,) 32 6. Methane (CH,) 16
3, Nitrogen (N, 28 7 Acetylene (C.H,) 26
| & Carbon monoxide (CO) 18 8. Sulphur dioxide (S0,) 64




The universal gas constant or molar constant (generally denoted by R ) of a gas is the Produg
of the gas constant and the molecular mass of the gas, Mathematically,
R, = MR

where M = Molecular mass of the pas expressed in kg-mole, and

R = Gas constant,

In general, if M, M,, M,, etc. are the molecular masses of different gases and B, Ry, R, ey
are their gas constants respectively, then

MR, = MyR, = M\R; = ... = R,
Notes : 1. The value of R, is same for all gases.
2. In S.L units, the value of R, is taken as 8314 J/xg-mol K or 8314 kikg-mol K.

3. The characteristic gas equation (Le. pv = R T) may be writien i lerms of mlzllir:‘ular TIASS il -
pr=MRT FY = nRuT N=% w 2R

""&mﬂ: 24. A mass of 2.25 kg of nitrogen occupying 1.5 m’ is heated from 257 € to 200° ¢
at a constant volume. Calculate the initial and final pressures of the gas. Take universal gas constan
as 8314 Jikg mol K. The molecular mass of nitrogen is 28.

Solution. Given: m = 225kg; v, = L.5m'; 7, =25°C = 254273 = 298K,
T, =200°C = 200+273 = 473K; R = 8314JkgmolK; M =28

We know that gas constant,
R, 8314
R = M- 28 297 Mkg K
Iminial pressure of the gas
Let p; = Initinl pressure of the gas.
We know that
pyvy =mRT,

mRT, _ 225297 x 298

I

P, = 0.133x 10° N/m? = 1.33 har Ans.

U 1.3
Final pressure of the gas
Let p, = Final pressure of the gas.
Since the volume is constant, therefore
PP _PTs_ 133%4T3 _ 441 bar A
R R BT 298

éumph 2.5. Nitrogen is to be stared at pressure 140 bar, temperature E.F Cin HHEF,:T:
of 0.05 m’ volume. The flask is to be protected against excessive pressure by a fusible plug whic
melt and allow the gas to escape if the temperature rises too high, Find ;

1. How many kg of nitrogen will the flask hold at the designed conditions ” Take molecid’
mass of nitrogen asx 28 ; and

2. At what temperature musi the fusible plug melt in order to limit the pressure of the fullf s
lo a maximum of 168 bar ?



solution. Given:ip, = 140 bar = 14 % 10" Nim’ |

Tyow 210 = 274270 = WHK |
p, = 005m'; M=28

1. Mars aof mitrogen

Let m = Mass of nitrogen in kg which the Mask will hold
We know thit gas constam,

g - Universal gas constant . HA14

Moleculnr mnss M m Sl
(e fos Wl panen = KAIA 1 g K
We also know that
mvy = mRT,
u .
m e = | = Ak Am
2 Melnng emperature of fusible pluyg
Let T, = Meling temperature of fusible plug, amd
P, = Maximum pressure = 168 bar = 16,8 = [P N/im? iChven)
Since the gas is heated at constant volume, therefore
Py _ P2
non

o m Ty 168 % 10% % 300
) =

- = 0K = KT'C Ams.
P 14 % 10° Asn

2.11. Specific Heats of a Gas

The specific heat of a substance may be broadly defined as the amount of heat required to riise
the temperature of its unit mass through one degree. All the liguids and solids have one specific heat
only. Bt o gas can have any number of specific heats (lying between zero and infinity ) depending
upon the conditions, under which it is heated. The following two types of specific heats of a gas are
important from the subject point of view : o
I Specific heat ar constant volume, and 2. Specific heat al constant pressure. -X‘ =M-C:- AT
These specific heats ure discussed, in detail, as Tollows :

2.12. Specific Heat at Constunt Volume i£ -y AT =) r:-' fne AT

It is the amount of heat required o raise the temperature of a unit nmss'::nffil thqmugh one
degree when it is heated at a constant volume. It is generally
denoted by ¢, .

Consider o gas contained in a container with a fixed lid as
shown in Fig. 2.1. Now, if this gas is heated, it will increase the
+ temperature and pressure of the gas in the container. Since the lid
of the comainer is fixed, therefore the volume of gas remains
Unchamged.
- Let m = Mass of the gas,
T, = Initial temperture of the gas, and

T, = Final temperature ol the gas,

_T

T T

5|
E = O g R
|

Fog. 2 0. Blead beeibigs sagopd aod gt
CrRn s il



. Total heat supplied to the gas at constant volume,
El-! = Mass x Sp. heat at constant volume x Rise in bemperatune
= mc, (T,-T))

];mhnmud‘lhu'WI;uhmumﬂum.mmi.isdmebﬂhgm
mu.-rnn!emnnmyl:unhﬂ:n:nﬂmingﬂumummmunhumInuthgrm
:II:henrwnmfhwmllﬂmwnmmdﬂ:mmmnuﬂuwrm,
internal energy of the pas. !
2.13. Specific Heat at Constant Pressure

Ithﬂ'ﬂmnlufﬁﬂmﬁuﬂlnrﬁmlhwﬁauni:muh as through o

l;;ilﬂmwhmitismmummmhisgcmﬂydﬁm ; y o
fﬂq

Consider a gas contained in a container with a movable lid
as shown in Fig. 2.2, Now if this gas is heated, it wil] increase the
temperature and pressure of the gas in the container. Since the lid of
the container is movable, therefore it will move upwards, in order
1o counterbalance the tendency for pressure 1o rise.

Let m = Mass of the gas,
T, = Initial iemperature of the gas,
v, = Initial volume of the gas, and Fig. 2.2 Heat being supplicd m

T,, v, = Corresponding values for the <OMELING pressure

final condition of the gas.
2 Total heat supplied to the gas, at constant pressure,
2, , = Mass x Sp. heat at constant pressure % Rise in temperature
= mc, (T,-T))
Whenever a gas is heated at a constant pressure, the heat supplied to the gas is utilised for th
following two purposes :
|. To raise the temperature of the gas. This heat remains within the body of the gas, an
represents the increase in internal energy Mathematically, increase in intemal energy,
dU = me, (T,-T,)
2. To do some external work during expansion. Mathematically, workdone by the gas,
W_,=plt-1)=mR(T,-T) |
It is thus obvious, that the specific heat at constant pressure is higher than the specific heat #
constant volume.

From above, we may wrile as
Q,=dU+W,_, or #2Q, ,-W,_,=dU . (First Law of Thermodynamis
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2.14. Enthalpy of a Gas

In thermodynamics, one of the basic quantities most frequently recurring is the sum of the
internal energy ([f) and the product of pressure and volume ( p v), This sum fU +p ) is lermed as
enthalpy and is written as M. Mathematically,

Enthalpy, H=U+pv
Since (U + p v} is made up entirely of properties, therefore enthalpy (H) is also a property.
For a unit mass, specific enthalpy,
=u+pun
where u = Specific internal energy, and
v, = Specific volume.
Note. We know that Qs =dU+W, ;= dU+pdy

. When gas is heated at constant pressure from an initial condition | to a final condition 2, then change in
inlermal energy, "

dt = Uy= U,
and workdone by the gas,
Wii = pdv = pin-m)
1 @ =W =-U)+plo,=ny)
= (U +pog)=(U, +pw) = H, - H,
ang for o umil mass, Giez = hy= Wy

Thus, for i constant pressure process, the heat supplied to the gas is equal to the change of enthalpy.
2.15. Molar Specific Heats of » Gas o

The molar or volumetric specific heat of a gas may be defined as the amount of heat required
to raise the lemperature of unit mole of gus through one degree. Mathematically, molar specific heat,

¢, = Mc
where M = Molecular mass of the gas.
In the similar way as discussed in Art. 2.11, the molar specific heat at constant volume,
Com = Me,

and molar specific heat al constant pressure,
Ey = M €,
Example 26. A cloved vessel containy 2 kg of carbon dioxide ar temperature 208 C and
pressure 0.7 bar. Heat is supplied to the vessel till the gas acquires a pressure of 1.4 bar. Calculate ;

I. Final temperature ; 2. Work done on or by the gas ; 3. Heat added ; and 4. Change in internal
energy. Take specific heat of the gas at constant volume as 0,657 kifkg K.

Solution. Given:m = 2kg  7/=20'C=204273=293K ;p, =07 bar , p,=14 bar
| Final temperutnre

Let T, = Final lemperature.

Sincie the gos is heated in u closed vessel, therefore the volume of gas will remain constant.

P _ P
We know thal T T,



M1, 14%293
e & et PR

|
d 0.7

= §86K = 586273 = 330 Any,

2 Workdome on oir by the gus

Since there is no change in volume, theretore workdone on or by the gas (W, 1115 zero. o,
¥ Heat adided

We know that heat added mt constant volurme,

0,.. = me, (T,=T,) = 2x 0,657 (586—-293) = HHIKI Ans.

A Clainge i et el eneri

Lt dll = Change in internalenergy.

Weknowthat Q, , = W _, +dU

& dU = @, , = I85k) Ans (e W=

Example 2.7. A mass of 0.25 kg of air in a closed system expandy from 2 bar, 607 Cto | by
and 407 C while receiving 1,005 kJ of heat from a reservoir at 100° C. The swrrounding atmosphe

is at 0.95 bar and 27° C. Determine the maximum work. How much of this work weuld be done o
the atmosphere ?

Solution. Given :m = 0.25kg; p, = 2bar = 02x 10°N/m?; 7, = 60" C = 60+ 27
= 333K, p; = lbar = QIx10°N/m*; T,=40PC=40+273 = 313K, @ = 1005
*Tp = 100°C; p = 095bar = 0.095x 1P N/m*; T = 27°C
Muecemniem Weorkdone

First of all, let us find the values of initial volume (v, ) and final volume (4} of nir. We knm

that
mRT,
BrE'_F ...'['.f-"ll-'r"_'mm
I
= “-Huﬁ?l;m = 0.119m - (Taking fe = 287 Ik K
- mRT, 025%287x313
Similarl Bbiisic, SEJ. === (.22 m'
1 y EI ."-2 0] x ”-rl!| "

. Workdone on the atmosphere,
Wy = p(oy-v,) = 0095 10° (0.224 ~ 0,1 19) = 9475) = 9975k
We know that change of internal energy,
dU'= me, (T,-T)) = D25x0.712(313=333) = 356k
.- (Taking ¢, = 0,712 bk b
The —ve sign shows that there is a decrease of internal energy.
Net workdone, W, = Q-dU = l,mﬁ—[; 3.56) = 4.565 kJ

< Maximum workdone,
W= W +W, =9975+4.565 = 1454 4] Ans,



2.17. Relation between Specific Heats

Consider a gas enclosed in a container and being heated, af 3 constant pressure, [rom the inntig

state | to the final state 2.
Let m = Mass of the gis,
= Initial temnperature of the gas,
T, = Finaliemperature ol the gas,
v, = Initial volume ol the gas,
t, = Final valume of the gas,
¢ = Specificheat at constant pressure,
¢, = Specificheat at constamt volume, and

p = Constant pressure.
We know that the heat supplied 1o the gas at constant pressure,
Qs =me,(T,-T)

As already discussed, a part of this heat is utilised in doing the external work, and the res

remains within the gas, and is used in increasing the internal energy of the gas,
. Heat utilised for external work,
Wia=piv,-1)
and increase in internul energy, dU = me (T,-T,)
We know thut Q.= W_,+dU
S me, (T,=T) =piv,=v)+mc,(T,-T)
Using characteristic gas equation (Le. pr = m R T), we have
pu, =mRT,
and pv,=mRT,
P{H.l*-tl.r} = HI-R{TI"'TJ
Now substiluting the value of p (v, - ©,) in equation (iv),
me, (Ih=-T) =mR(T,=T)+mc, (T,-T))

- 0= R+c, ofr ¢,—c, =R

i
(ar}
o= (i

. vl

__(for initial condiom
. .. [Tor linal conditiony

I L



The above equation may be rewritten as :

€
e,~c, =R or ¢,(y=1)=R [whﬂ:'r-;:]
TN
& “ = T-D voo (¥i)

Notes. 1. The equation (v) gives an importunt result, as it proves that charscieristic constant of & gos (R) i
equal 1o the difference of its two specific heus (ie. ¢, = ¢, ).

2. The value of R is 1aken as 287 Jfkg K or 0.287 kl/kg K.
3. Interms of molar specific heats, the equation (v) may be written as
Com ™~ Coy = R,
where R_ is the universal gas constant and its value is taken BI3ld Mg Kor8.314 kg K.
2.18. Ratio of Specific Heuts

The ratig of two specific heats (ie, ¢ /c,) of a gas is an important constant in the field of

Thermodynamics and is represented by a Greek letter gamma (y). It is also known as adiabatic index.
Since ¢, is always greater than c,, the value of y is always greater than unity.

We have seen in Art. 2,17 that

=€y =R ofc, =c, +R
Dividing both sides by Gy
R R

or y=1+—

L.

=1+

5} I."'i

-]
™
|

The values of £, €, and  for some common gases are given below :

Table 2.2. Values of ¢, and ¢, for sume common gases.

i Name of gt Ay Ky wigy | 1T
i Air 1.000 0.720 1.40
2. | Carbon dioxide (COy) 0,846 0.657 1.29
3 Oxygen (Oy) 0.913 0.653 1.39
4 Nitrogen (N,) 1.043 0.745 140
5. | Ammonia (NH,) 2471 1.692 1.29
6. | Curbon monoxide (CO) 1,047 0.749 1.40
7. | Hydrogen (Hy) 14.257 10.133 1.40
B | Armgon(A) 0.523 0314 1.67
9. | Helium (He) 5234 3.153 166
10, Methane (CH,) 2.169 LG50 1.31

Example2.9. One kg of a perfect gas occupies a volume of 0.85 nr’ ar 1 5° C and at a constant
Pressure of | bar. The gas is first heated ar @ constant volume, and then a1 o comstant pressure. Find
the specific heat ar conviant volume and consiant pressure of the gas, Takey = 1.4.

!inlullun.ﬁiﬂn'.mvzlhg;u=ﬂ.ﬂﬂm“:TEIﬁ“C=]5+113=]33H;F=|bm-
=0l 10PN iy = cfe, = 14



Specific beol of gas o constant wolume 1

Let ¢y = Specific heat of gas at constant volume, and
R = Charactenistic gas constant.
We know that
pv=mRT
PP 0Ux10"x085
= = = J9 = .29 !
R T % 288 SMkg K = 0.295 kifkg K
We also know that
R 0.295 .
- = = (7375 WMk K
Cy =1 14-1 07375 M/kg K Anx,

Specific heat of gas at constant presvure
We know that specific heat of gas at constant pressure,
¢, = bdc, = ldx 07315 =1 0325 kMg K Ans Coowde, = 1A

Rl

Example 2.10. A gos mixmre obeying pedfect gax law has a molecular mass of 267
Assuming a mean molar specific heat ar constant volume of 210 klkg K. determine the values of
characreristic gas constant, molar specific heat o constam pressure amd the ratio of specific heat

Solution, Given: M=267 ;¢ =211 kl/kg K

Characteristic gas constant

We know that charncteriste gas constant,

Universal gas constant _ K, R314 |
o Molecular mass M- 267 - UMK R Am.

L. R forall gases = 8314 KD/ kg Kl
Modar spectfic heat af constanl pressury

Let
We know that

€ = Molar specific heat at constant pressure.

A L R, or ¢, = R, +c,, =8314+20L1= 20014 L)kg K Ans
Ratio of specific heats
We know that ratio of specific heats,

Com _ 29414
¢ 21.1

]

Example 2.11. One kg of ideal gas is heated from 18.3° C 10 95.4° C. Assuming R = 0.261

kifkg K andy = 1.18 for the gas. find : 1. Specific heats ; 2, Change in inrernal energy ; and 3, Changy
in enthalpy.

Solution. Given :m= 1 kg T, = 183" C=183+2T3=2913 K . T,=934"C=034+ 2n
=I04K I R=0264 kg K 1 ¥=c e, = 118

Specific heats
Let

'r::

= L. Ans,

¢, = Specific heat ot constant pressure, and
¢, = Specific heal at constant volume.



Propernes of Perfect Gaae's 18

R
We know that c, = =1 I[:rgﬁdj = 147 Klifkg K Ans

C, =Ye, = LIBX 147 = |73kl K Ans.

Change i imtermal energy
We know that change in internal energy.

dU =me (T,-T) = 1 % 1.47 (3664 -291.3) = 1104 K] Ans.
Chamige in enlbfualpy
We know thut chunge in enthalpy,
dH = mi, (=T = 1% 1.73 (3664 -291.3) = |30 k] Ans.

Example 2.12, A gas, having initial pressure, volume and lemperdture as 273 EN/m’, 0.09
we' and 185° C respectively, iy compressed al constan! pressyre until its remperatire s 15 C.

Culculate the amount of hear trunsferred and work done during the process. Take R = 290 Jkg K
ﬂmd{'r = L.OG5S Li%ke K

Solution, Given : p, = 275 kNim® = 275 % 10" Nim® ; o, = 009 m" 1 T, = 1857 C= 185+
Mi=4S8K:T,=15°C=15+27T3=288 K : R=290 kg K ; ¢, = 1.005 kIikg K
Amaowns of heet tramaferred

First of all, let us find the mass of the gas (m), We know that

p,v, =mRT,
; Y 295 x 107 %009
2 M= RT, = 200 x 458 = (.186 kg

We know that the amount of heat trunsferred,
0, = me, (T,~T;) = 0.186 x 1.005 (288 - 458) kJ

= - 3].T8 k] Ans.

The —ve sign indicates that the heat has been extracted from the gas during the process. In
ather words, the gas is compressed,

Warkdone during the pracess
First of all, let us find the final volume of the gas (v,). Since the process takes place at constant
pressure, therefore
v, %
Tl Tl
We know that the workdone during the process,
W,y = p(t;-v)) = 275x 10" (0.056 - 0,09) = -9350)
= -935k) Ans.

The —ve sign indicates the work is done on the gas. In other words, the gas is compressed.
Example 2.13. A certain gas hasc, = 1.96 ki/kg K and ¢, = 1.5 ki/kg K. Find its malecular

mass and gas constant, A constant volume ﬂmb:raf&im’mpacﬂymumwzkgq’mhmm
fﬂ The heat s transferred to the gas until the temperature is 100° C. Find the workdone, heat
rred and change in internatl energy.

%
-

or o =



Hnlminn.GivEn:rF= 196 kikg K e, = 15kikg K:p=03 m":m=2kg;T,=5“ C
=5+273 = 2K T, =100°C=100+273=373 K

Maoleowdar mass and cas constem
et M = Molecular mass, and

R = Gas constant,

We know that gas constant,

R=c¢,—c,=19-15=040kIkgK

and molecular mass. M = Universal gas constant _ Ty _ 5.019
Gas constant R 046

...( . R, forall gases = 8.314 kl/kg K)

Workdone

Since the volume is constant, therefore workdone (W, ,) is zero. Ans.
Heat transferred

We know that heat transferred,

Q.3 =mec,(T,=T,) = 2x1.5(373-278) = 285 k] Ans.

Change in internal energy

Let dU = Change in internal energy.

Weknowthat @, ., =W, ,+dU = 0+dU = dU

dU = Q, , = 285 k) Ans.



3.5. Heating and Expansion of Gases in Non-flow Processes
. The heating and expanding of a gas may be performed in many ways. But the following are
the different non-flow processes (reversible and irreversible) as applied to perfect gas :
1. Reversible non-flow processes. These processes are as follows -

(a) Constant volume process (or Isochoric process),

(b) Constant pressure process (or Isobaric process),

(¢) Hyperbolic process,

(d) Constant temperature process (or Isothermal process)

(e) Adiabatic process (or Isentropic process), and

(f) Polytropic process

2. Irreversible non-flow processes. The free expansion process is an irreversible non-flow
process.

These above mentioned processes are discussed, in detail, in the following pages.

Note: The above mentioned processes are also applicable to the cooling and compression of gases. Cooling 1¢
regarded as negative heating, and compression as negative expansion.
J.ﬁ. Constant Yolume Process (or Isochoric Process)

We have already discussed that when a gas is heated at a constant volume, its temperature and
pressure will increase. Since there is no change in its volume, therefore no work is done by the gas.
All the heat supplied to the gas is stored within the gas in the form of internal energy. It may be noted
that this process is governed by Gay-Lussac law. Now consider m kg of a certain gas being heated al
constant volume from initial state | to a final state 2. |

Let p;. v, and T| = pressure, volume and temperature at the initial state |, and

py. vyand T, = Pressure, volume and temperature at the final state 2.



The process is shown on the pressure-volume { p-v) and pressure-temperature { p-T) diagmms
in Fig. 3.4 (a) and (b) respectively,
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Fig. 34 Cometant Yolume prixess
Now let us derive the following relations for the reversible constant volume process,
| Pressure-volume-temperatire (p0-T) relationihip

We know that the general gas equation is

POy _ PPy )
TF T‘.t
Since the gas is heated at constant volume, therefore vy, = 7.
. %:_l = % 0 1;; = Cinsiant . . [From equation (i}]

Thus the constant volume process Is governed by Gay-Lussac law.
1. Warkdone by the gas

We know that W = pdo

On integrating from state | to state 2,

2 ] 2

fﬁ“"=fpﬂ‘ﬂ=.ﬂjdﬂ

| | i
or ldl"|:-=-""Eﬂ:'r'L'—'=rI TR AT Tk

1. Change in internal energy

We know that change in internal energy,

dt! = mc,dT ... (Joule's law)

On integrating from staie | to state 2,
1 2
fav = me,[ar
I I

or thy -1y = me, (T;=T))

4. Meat yupplied or heal framisfer
We know that B0 = dU +5W




On integrating from state | to state 2,

| 1 3
[80 = [av+[ow
1 i L
or @y = W=+ W,
Since W, _, = 0, therefore heal supplied or heat transfer,
Q.= U=V, = me,(1,-T)
This shows that all the heat supplied to the gas is utilised in increasing the internal energy of
the gus.
5. Change in enthalpy
We know that the change in enthalpy,
dH = di/ +d ( p)
On integrating from state | to state 2,

3 2
dH = Id!.H_[d{pﬂ]

| 1
or Hy=Hy = (U= U) +(pyv5-p, 1))

N a1 T

=mc, (T,-T,)+m R{T,-T,)

A gty =mRT candpyo, = mRT)
= M I.'Tg"' Ttl':fp"'ﬂj ="""F ':T: - TI.} - TR | I'F—{‘" = Rj

Note :  The change in internal energy (d2/) and the change in enthalpy (df) huve the same expression for each
process,

Example 3.3. A certain gas occupies a space of 0.3 m' at a pressure of 2 bar and o
temperature of 77° C. It is heated ar a constant volume, until the pressure is 7 bur. Determine :

i. temperature ar the end of the process ; 2. mass of the gas ; 3. change in internal energy ; and
4. change in enthalpy during the process.

Assume ¢, = 1005 kitkg K ¢, = 0712 klfkg K ; and R = 287 kg K.

Solution. G?WﬂTﬂ't=n.3 m'ip =2bar =02 x 10° I"'-1.|’1111;]"l =TIC=T1+273=350K;
py=Tbar=07x10°Nim"; ¢, = 1.005 kikg K ; ¢,= 0.712 kI/kg K ; R = 287 Iikg K

|. Temperature at the end of the procexs

Let T, = Temperature at the end of the process.
PL Py
We know that i —
s LA

2Ty 07 % 10°%% 350
T‘ — = =] - o, - .
2~ V1o 225K=1225-273=052C Ans.

2. Muss of the gas
Let m = Mass of the gas,
Weknowthat p v, = mRT,



phermuslvstimic Provesses of Ferfevt Ciaves

MU 02x 10 %03 '
. = - — I B
A m R Tn 387 = 350 i 597 kp Ans,

3 e i it red CHEERS
We know that change m internal energy,
dif = Uy= U = mi, (T,-T))
= (L5972 0,712 (1225~ 350) = 372 0] A

3 henpe in enthalpy
We know that change in enthalpy.,
dH = H, =M = mc, (1,-T))
= 0.597 x 1.005 (1225- 350) = S5 k] Am.

17,  Constant Pressure Progess (or Isobaric Process)

We have already discussed that when a gas is heated at a

and volume will increase. Since there is a change in its volume, there
is utilised 10 increase the internal energy of the gas and for doing some externi

that this process is governed by Charles” law,
Now consider m kg of o certain gas being

to a final state 2.
Let py v and T, = Pressure, volume and remperature at |

Py Uy and 7, = Pressure. volume and temperature at the final state 2.
The process is shown on the p-v and p-T diagrams in Fig. 3.5 (a) and (&) respectively.

mstant pressure, s lemperaiure
fore the heat supplied w the gas
| wark. It may be noted

heated at 3 constaat pressure from an mitial state |
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Fig. 3.5 Conslint prossu process
Now let us derive the following relations for the reversible constant pressure process,

I Prevswre -volme-temperaiure (p-o-1 relationship)

We know that the general gas equation is

P% _ Pt
Tl T almd {n
Since the gas is heated at constant pressure, therefore p, = p..
FI' l':.. I | .
= o L. = Constan + « - [From equation ()

This, the constunt pressure process is governed by Charles” law
. Warkdane by the gas

We know that &W = pdv
On integrating from state | to state 2,



: i H
[ow = [pdo = pfav
I | |

or 'l'lI A F i miRIT, T,

Lopp, ® mk'ﬂmdpllr - ﬂ'f]r]

A Chunge in internal energy
We have discussed in the previous article that the change in internal energy (L) is same [

all the processes. Therefore, change in internal energy. ,
-.ff { i F' | PR | , | h

A, Heat supplivd or heat transferred

We know that 80 = dl/ +5W
On integrating from state | o state 2,

2 2 2
[80 = [dv+[sw
I I I
i = {.H:-ul}lr HI"I__: Lifh

=me (F,=-T)+rmR(T,-T,)

= m(ly =T )e, +R)

nrﬂ:_lf, I R T |

r
The equation (1) shows that the hear supplied to the gas i alilsed i increising thae il
energy of the gas and for doing same externnl work P

5. Change in enthulpy

We have discussed in the previous article that the change in enthalpy () 18 same for all e
processes. Therefore, change in enthalpy,
= H=H =me (T,-T)
We see that change inenthalpy i equal to the beat supplicd o heat iransfensd

Notes. L. jf he pus is cooled at a constunt pressure, then there will be a compression 1t is thus obwvious thi
during cooling, the temperature and volume will decrease and work 18 said 1o be done on the gas. In diis case

Workdone ol the Las, w._; = N LF-| ‘H;'.l ='m H{Tl = T..'.]
Decrease in internal energy, dU/ = U, = U, = me (T, =T}

and heat rejected by the gas, Py =me, T =T

2. During expansion or heating process, work is done by the gus (e W, 15+ ve) < internal energy
the gas increases (Le. dL/ is +ve ) and heat is supplied to the gas (i.e. Q) 5 is +ve)

X.During compression or cooling process, work 18 done on the gas e, W,y 18 <ve) ; internal ener?
of the gas decreases (i.e. di/ is —ve) and heat is rejected by the gas (be. ;15 =ve)

Example 3.4. The values of specific heats at constant pressure and at constant volume fo!
an ideal gas are 0.984 kg K and 0.728 k1&g K. Find the values of characteristic gas canstant { R/
antd ratio of specific heats (y) for the gas. If one kg of this gas is heated ut constant pressure from 2y
C 10 200P C, estimate the heat added, ideal workdone and change in internal energy. Alyo calcullt

the pressure and final volume, {f the initial volume was 2 nv'.
Solution. Given : ¢, = 0.984 kifkg K ; ¢, = 0.728 Kifkg K :m = | kig ;7 = 25°C = 25 + 27
=298 K;T,=200°C=2004+273=473K:p;=2m’



The heating of gas at constant pressure Is shown in Fig. 3.6

R e TN i e
We know that characteristic gas constant,
R = c,=¢, = 0.984 - 0728
= {1256 kkg K Ans,

1
Ppe——3
Rigidor oof spwictiia: Mg ix

We know that ratio of specific heats,

Y =¢,/c, = 0984/0728 = 135 Ans.

— Pressurg —e

v,
—Volume —e

AT £

I"Fj.: {7
Heear added

We know that heat added during constant prnﬁaum operalion,
Q,=m 6, (T,=T) =1 % (0.984 (473 - 208) = 1722 k) Ans,
Workalone
We know that workdone durir p constant pressure operation,
W..=pi,-0)=mnR(,-T) A pp=mRT)
= | x0.256 (473 - 298) = LR K] Ans.
Chigrngee indnpernal energy
*We know that change in intemal energy,
dU = U,-U, = me, (T,-T) = 1% 0,728 (473 —298) kJ
= |74 k] Ans.
Pressure and fivial volime of the gas (f the inital volume, 1, =2 m'
Let p, = p, = Pressure of the gas, and
v, = Final volume of the gas.

P, % L !

—— B ... . Pressure is constant)
'M:knnwmm‘. T, T, or Tt
n Ty 2x473 -

= = =% i
by = T, 9% iIVTm Ans
We also know that

p v = mRT,

. i e | XZOXDE - 38 140N . (Ris taken in IR K)
= 0,

= {13814 bar Ans. ...{ | bar = 10* N/m®)

] and a temperature
xample 3.5. A quantity of gas has a volume of 0.14 ', pressure 1.5 bar ture
1o {‘_E;'fmg :um mmpiﬂedara constant pressure, wntil its volume becomes (. 12m’, determine :




b |

I the wemperanire at the end of compression ; 2. work done in compressing the gas .
devreave in internal energy ; and 4 heat given out by the gas.,
Assume = LOOS KAg K o, = 071210048 K and R = 285 Jkg K

Solutlon. Given 11, = 014 m' p= S har =015 =100 Nim? ; T, = 1007 C= 1004 2%
« WVK om0 112m' 0, = LO0SKIKg K [0, =0.712 kikg K ; R =285 kg K
The compression of gas al constant pressure is shown in Fig. 3.7

b Pemperatiore ot the emd of comprestion 1
Let T, = Temperature at the end of compression. s ,‘
P.........'_-—'
o, Iy i i
We know that = = ¢ 1 y
T g T
v, 7, 0,112x373 v v
m ot g s o R4 K 2 1
=" o - Vo
Fg 17

= MR4=2713 = 254" C Ans.

o Workdome vy commprressing e gas

We know that workdone in compressing the gas,
W, = p(v, =) = 0.15x10°(0.14 - 0.112) = 4200J = 4 2 k) Ans.

1. Decrease in mlermul energy
First of all, let us find the mass of gas (m) admitted for compression. We know that

pvy =mRT,

m= ;';: - ”'l;‘;ﬂfﬁ'” = 0.197 kg op =P
We know that decrease in internal energy,
di= U -Uy,=me,(T,-T,)
= 0.197x0.712(373-2984) = 1046k} Ans.

d Mreat prven out by the gas
We know that heat given out by the gas,
Q. =me (T, -T)
= 0,197 x 1.005 (373-2984) = 1477k} Ans.
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19, Constant Temperature Process (or Isothermal Process)

A process, in which the temperature of the working substance remains constant during its
expansion or compression, 15 called constant temperature process or isothermal process. This will
happen when the Wﬂl"‘““ﬂ substance remains in a perfect thermal contact with the surroundings, so
that the heat *sucked mr or “squeezed out” is compensated exactly for the work done by the gas or on
the gas respectively. It is thus obvious that in an isothermal process :

| there is no change in temperature,

2. there is no change in internal energy, and

3. there is no change in enthalpy.

Now consider m kg of a certain gas being heated at constant temperature from an initial state
I to final state 2,

Let P, v, and T, = Pressure, volume and temperature at the initial state 1, and

Py v, and T, = Pressure, volume and temperature at the final state 2.

The process is shown on the p-v and p-T diagrams in Fig. 3.9 (a) and (b) respectively.

Ip...

-

— Pressura

Fig- 3.9, Constani temperature (lsothermal} process.

Now let us derive the following relations for the reversible constant temperature process or
isothermal process. ,
I Pressure-volume-remperature (p-uv-T) relationship

We know that the general gas equation is

LY - Py
TR =oo)
Since the gas is heated at constant temperature, therefore 7, = T,
Py, = pyty or pv = Constnt - « » |From equation (i)

Thus, the constant temperature process or jsothermal process is governed by Boyle's law,
2 Warkdone by the gas

We know that oW = pdv

On integrating from state | to state 2,
2 P |
Jﬁ“"l Iplﬂi'

i
or W, =|pdv . (i)
i



Since the expansion of the gas is isothermal, Le. pp = C, therefore
P % A=V

po=pty o p= D

T / 'i’
Substituting this value of p in equation (if), we have -l.f]l—-.-. %L.
fru fee P
“*_ﬁ'{Tdﬂ = p, naﬂ v - PV L“-(:;ﬂ

=F1“1['°54“]::=F| B, 1“5'[7:; ::ﬂ‘r’lt"{\?; -.hl.'"',-_

The above equation may be expressed in terms of corresponding logarithm to the base 10,

v, B N2 I“r
W]_3=13p,l:l:lng;: =23p v dogr |
i,
where r::ﬂ- and is known as expansion ratio
:

The equation (iv) may also be written as follows :
Weknowthat p, v, =p,0,=mRT

v
- Work done, W,_==ijmﬂfln;[n—1)=13mﬂﬂngr
|
e T
i = , therefore — = —
Sincep, v, = p, 1, B Py

P
5 Workdone, W,, = “P‘"'h’[p:]

. Volume at the end of expansion
Hm:“}&mm“r=?n|Mnﬂu Srdieg ¥ ex _

mpression - Yolume at the beginning of compression
?) Co e r Volume at the end of compression

3. Change in imternal energy

We know that change in internal energy,
dti = U/,=-U, = m ¢ AT=T,)
Since it is a constant lemperature process, i.e, T, = T,, therefore
diu = [,-":-:,'_.n’1 =10 or U = Ua
4. Heat supplied or heat transferred

We know that heat supplied or heat transferred from state 1 10 state 2,

Q. =dUsW, =W, o (dy=

This shows that all the heat supplied to the gas is equal 10 the workdone e
8. Change in enthalpy
We know that change in enthalpy,
df = Hy=H, = mc (T,-T)



Simuulmmm feT, = Tz,lhu:'u:ﬁm
di = H, “H i Fl.
Example 3.6. Am#wmamlwnfﬂim’mammdibﬂrmtl

temperature of 80° C. It is expanded in a cylinder at a constant emperamre o a pressure of | bar.
Determine the amount of work done by the air during expunsion,

Solution. Given: v,=04m’; Pt=5hlf=ﬂj:lﬂ“ﬂfm’: *T=80°C: p,=1bar
=0.1 x 10° Nfm?

First of all, let us find the volume of air at the end of expansion (Le. ©,). We know that

N Y _05x1Px04 _ , o
S B P 0.1 x10° =
and expansion ratio, r=uv,/v, =2/04=35

We know that workdone by the air during expansion,
Wi,=23p v logr=23x05x10°x04log5]

= 046 10°%x0699 =321540) = 1 5140 An

Example 3.7. 0.1 ' of air ar a pressure of 1.5 bar is expanded isothermally = =
Calculate the final pressure of the gas and heat supplied during the process

Solution.Given : v, = 0.1m'; p, = 1.5bar = 0.I5x 1P N/m’: v, = 0.5 m’
Final pressure of the gac

Let p, = Final pressure of the gas.

Weknowthat p,v, = p0,

PP 015x10°%0.1

Py = = 0.03% 10°P N/m* = 103 biw Ans.

v, 0.5
Heat supplied during the process
We know that expansion ratio,
r=o,/0, =05/01 =35

W,_,=23p,vlogr=23x015x10°x0.1 log5]

= 00345 x 108 %0699 = 24 115) = 24,115 KJ

We know that in an isothermal process, heat supplied (Q, ,)is equal to the workdone during
the process.

- El—l = 1-2 = 3-!; tli“ Ans.
310, Adiabati¢ Process (or Isentropic Process)

A process, in which the working substance neither receives nor gives out heat 1o its surround-
ings, during its expunsion or compression, is called an **adiabatic process. This will happen when



-
the working substance remuins thermally insulated, so that no heat enters or leaves it during i
process. It is thus obvious, that tn an adiabatic or isentropic process

|. No heat leaves or enfters the gas,
lThEIﬂﬂpﬂ:l‘ll!url:ﬂﬂhngliEhlngﬂ.nllhewmthanMIhnﬂlnfimmﬂﬂHn,w
3. The change in internal energy is equal to the work done,

Now consider m kg of a certain gas being heated adiabatically from an initinl state 1 10 4 i,
state 2.

[} T
Let P 0 and 7} = Pregsure, volume and tempera- 1 ’F

ture at the initial state |, and

Py vy a0d Ty = Pregsure, volume and lempera- Pt

ture at the final state 2. | o,

The process is shown on the p-v diagram in Fig. 3.10.

Now let us derive the following relations for a reversible :
adiabatic process. —_— Vohima —
Fig. 3.10. Adiahalic proces,

I. Pressure-volume-temperature (p-v-T) relationship

We know that 60 = W+ dU/ (First law of thermodynamics) . ;
Since in an adiabatic process, no heat transfer takes places, therefore
80 =0
W+dl = 0
or pdv+me,dl = 0
- p dv
. = :r:, W
We know that Pv=mRT

Differentiating this expression, we get
pdv+vdp = mRdT

dv+vp do
d‘T=F dp pdo+vdp

mR  mi,-c) B
sl Rnrpv—rrl
Equating equations (if) and (iif),
-pdv  pdv+vdp
mec, m (e, —c,)
=% pdv+udp vdp
: Bl oo
Cy _'qu Fdﬂ



LN M -
T ]

dr dp
foiors _l_ [ -
R0

Integrating both sides,
viog, v+ log, p = Constant wr log, pot = log, €
P = C o o === C )
The equation (iv) may ulso be expressed in the following forms ;
L - ( 3 ]' - 1¥)
" o |
From the general gax equation, we know that

b o T, &
F!t_-":g “ P 1"

Of — m — ¥ —= .. ()
T F r Ty
Equating equations (v) and (v),
i) ¥ i i
ﬂ - I!.HH_-' ar I_', - L | ;n:i'- I My ‘ by
28 B a7 A )l 8 B
I.I i llll_ [ L .
. J_. I_-_ ] - wid
From equation (iv), we dlso know that
]
L W .
i | 3 o L ¥rne)
¥ [ " J
From the general gas equation, we know thit
A R | o TP
— O — g == S
1 T P v, T, p iy
Equating equations (viif) and (ix), |
1 i | P P
vy T T Y T
Py " o Zugfn o 2 8T 8y LRy
P T p , |p T
=1
. n )" B
{3 7, P -t

2. Workdone during adiabatic expansion

We have already discussed that workdone,
&W = pdv
On integrating from state | (o state 2,

1 1 2
{EW-{pdﬁ or H’l,1=.[-pdu o v« (i)



Since adiabatic expansion of the gas follows the law,
piv]
poT =R O P= Ty

Substituting this value of p in equation (i),

inﬂ'fdn Flu'ffu"dﬂ mﬂT[ 1:1]?

Py “T! - _
= l‘*'l'[pil L—-I‘: TJ
pyvjvy T-p o] oY
_Pln N -p @y 7Y)

=7
_P%hmhY
-9

PyC=P 0
= —-—?—_ I .« « (For expansiy

0 o] = gl

e R :
= —T-f - . . (For compressie
Note : The above equation for work done may also be expressed s ;

(a) We know that p, v, =mRT, mﬂﬁﬂ;=mﬂ?‘,.5uhsﬁmﬁnglhmnhuinm=ﬂqumimh

=1 =T y=i - - - (For expansio
mR(T;-T,)
e -+ + (For compressio:
(5) We also know that work done during expansion,

Ll oL O Eﬂ[ I_M]

W=

¥-1 =1 mo
N mRT, - Py
7-1 mo, (v po=mRT

3. Change in internal Energy

We know that change in internal energy,

di) = ;- UI = m t'“l:r-_. - i",!l

4. Hear supplied or hear transferred

We know that head supplied or heat transferred in case of adiabatic process is zero, therefo®

=0

5. Change in enthaip

We know that change in enthalpy,

dtl = Hy~H, = mc, (1,~T))



Exampile 1.8, ﬂn:lﬁm;#’h;ﬂmmﬂﬂ'ﬂhm!mdmmﬂm’mmlm
Findl the change hf"ww" af the gas, if the ratio of two specific hﬁmﬁ:r hwdrogen is 1.4,

Soluthon Given © o, = | litre ; T, =0'C=0+27T3=213K ; v, =0 2= 1/2 =05 litre ;
Y= 1.4

Lt Ty = Final tempemuure of the gas.
0.5

= |
-[3] -
T, =T,/0758 = 273/0.758 = 360.16 K

= 3016 =273 = 7. 16" C Ans

Example 3.9.  The initial volume of 0.18 kg af a certain gas wax 0.15 m' ar a temperature

af 15° C and a pressure of | bar. After : r
be 4 bar. Find * After adiabatic compression to 0.056 m”, the pressure was found to

. Gas constant ; 2. Molecular mass of the gas ; 3. Ratio of specific hears ; 4. Two specific
heats, one at @ constant pressure and the other af o constant volune ; and 5. Change of internal
Solution. Given:m=018kg; v, =015m*;7, = 15°C=15+273=288K; p, = | bar
=0.1 % 10° Nfm* , v, = 0.056 m ; p, = 4 bar = 0.4 x 10° N/m®

The p-v diagram is shown in Fig. 3.11.

|
™

T’
We know that L
Tl

4=
] = (05" = 0.758

v
L

| . Gy comstant l
Let R = Gas constant. 4
We know that g
Fl FI = InEI'R‘FI 2 | Pl .....:-------- 1
E=FI"I rﬂ.lxlﬂ"xal.‘i J, i
mT, 0.18 % 288 e Nl
= 2894 kg K = 0.2894 kl/kg K Ans, Fig. 311
2 Molecular mass of the gas
We know that molecular mass of the gas,
Universalgas constant (R ) 4314
M = Characteristic gasconstant (R) ~ 289.4 — 23 kg Ams.
o0 R, = 8314 Jkg K, for all gases)
Y. Remvor of specifec heats \
We know that ratio of specific heats,
(P 4% 10°
g _J I“E[g e mﬁ}
yutP)  AOIXI0T)  egs _osmo
£ 0.15 log 2678 ~ 04278
log ;:] '“‘[ﬂ-,usﬁ

a3

= | A7 Ans,



4, Specific heat ur a conatant volume and conxiant pressure

Let ¢, = Specific heat at a constant volume, and

¢, = Specific heat at a constant pressure.
We know that ¢, —¢, = R or 1407¢,—c, = 0.28%

¢, = 0.2894/0.407 = 0.711 ki/kg K Ans.

by T G0, = 14

and ¢, = 1407 ¢, = 1407 %0711 = | kg K Ans.

5. Change in internal energy
First of all, let us find the final temperature (T,). We know that

- b 1.407- |

4

S [ﬂ] F o [l) T (025 = 067
T'I

Pz

T, =T,/0.67 = 288/0.67 = 430K
We know that change in internal energy,

dU = U,-U, = me, (T,~T,) = 0.18x 0,711 (430 - 288) kJ

= |8.1Tk] Ans.

Example 3.10. A system contains 0.15 m’ of ¢ yas at a pressure of 3.8 bar and 150° C. |
n_rpmd’rd adiabatically till the pressure falls to | bar The gas is then heared ar a constant presn
till its enthalpy increases by 70 ki. Determine the total work done. Takee, = 1 kifkg K and c, =07

kitkg K.

Solution. Given: v, =0.15m’ ;p, =38 bar=038x 10° Nim? ; 7, = 150° C = 150+
=428 K ;p,=1bar=0.1x10°Nim® ;dH =70k ; ¢, = | Ki/kg K ; c, =0.714 kikg K

In Fig. 3.12, process 1-2 represents adiabatic expansion

of the gas and the process 2-3 represents heating at constant Prp=--
pressure.
First of all, let us find the temperature (T.,) and volume
(v} after the adiabatic expansion. |p’¢:
We know that adiabatic index,
vy B B
T‘Eflfﬂv= 1/0.714 = 1.4 — Volume —=
Fig. 3.
. I;—l 141 e
A A" 38\ _ oo
T, [P:] [ | ] = (3.8) = |.465
or T,=T,/1465 = 423/ 1465 = 288.7K
vy _ [P _ ()4 L
and ﬂ:'[m] _[3_3] = (0.263)9"" = 0.385

v, = v, /0385 = 0.15/0385 = 0.39 m?



hermontynamic Provesses of Perfect Gavey
Now let us find the temperature (T, ) and volume (o, ) after constant pressure heating.
Let m = Mass of gas contained in the system,
We know that gas constant,
R=c,=c,=1-0714 = 0286 kIkg K = 286 Jkg K
and my, =mRT,

m o, _ 038 x 10° % 0,15
RT, 286 x 423
We also know that increase in enthalpy (dH),

0 =mc,(T)-T)) =047x | (T, - 288.7) kJ

g 10
., Ty = 5a7 + 2887 = 437.6K

Since the heating is at constant pressure, therefore

o TP _u Ty 039x4316

T, " T, or oy = F = "3 = 059 m’
We know that work done during adiabatic expansion,

W= Py~ Py 0y 038 10°x0.15 - 0.1 % 10°x 039 ]
vy -1 1.4-1

— e

= 57:1ﬂ’n-43!ixlﬂ’ - 45000) = 451

and workdone during constant pressure heating,
Wy, =pylo,—vy) = 01x 10° (0.59 —0.39) = 20000] = 20 kJ

- Total work done, W= W _,+ W, , =45+20 = 65k Ans

. - = 047 kg

Example3.11. 0.336m’ of gaxat 10 bar and 150° C expands adiabatically, wnitil its pressure

ir 4 bar It is then compressed,

isothermally, 1o its original velume. Find the final temperature and

pressure of the gas. Also determine the change in internal energy. Take ¢, = 0.996 kg K and

¢, =0703 kg K.
Solution. Given - D,

=0336m’; p, = 10 bar= 1 x 10F N/m® ; 7, = 150° C = 150 + 273

=423 K ; p, =4 bar=04x |(F Nim’ ; v, = v, =033 m’; c, =0996KI/kg K ; ¢, = 0703 ki/kg K

In Fig. 3.E3.p¢mml-1mprtﬁnﬁ“ﬂuadmﬁpm_
sion of the gas and the process 2-3 represents the isothermal 1 P
compression Lo ils original volume.
We know that adiabatic index, paf
Y=g fe, = 0.996/0),703 = 1417

Fingl temperatute of the g

Let T, = Final temperature of the gas, and
T, = Temperature of the gas after adiabatic
expansion.




We know that
r-l 14171

"
No_[P]" J[10) M7 ospme =12
T, P 4

T, = T/1.31 = 423/1.31 = VK
Since the compression is isothermal from 2 1o 3, therefore
T] = 1"2 = 13K = 5" C Ans.

Fnal pressure of the gas

Let p, = Final pressure of the gas.
We know that for a constant volume process 3-1,
Py _P
T, T
TPy 33x1x108 .
. = = = 0.76 x 10° N/m* = 76 bar Am.
= Py T, a3 0

Change in internal energy
First of all, let us find the mass of the gas (m).
We know that gas constant,
R = ¢,~c, = 0.996-0.703 = 0293 kifkg K = 293 JkgK
We also know that
pv, =mRT,

m=F'Dl 1 x 10° % 0.336

= RT, = 293x43 ~ ke
. Change in internal energy,
dU = Uy=U, = mc(T,~T)) = 2.7x0.703 (323 -423) J
= = |898 kJ Ans.

Ihm_ ) .ﬂp.immmﬂhlminhtﬂnﬂw.



311. Polytropic Process
The polytropic process is alsa known as the general law for the expanston and compres,,
of gases, and is given by the relation :
pe" = Constant
where n is a polytropic index, which may have any value from zero to infinity, depending upon -
manner, in which the expansion or compression has taken place. _
The various equations for polytropic process may be expressed by changing the index »-

¥ in the adiabatic process. .
Now consider m kg of a certain gas being heated polytropically from an initial state | 1oafs

state 2,
Let p,. v, and T, = Pressure, volume and temperature at the initial state |, and

Py, Uy and T, = Pressure, volume and temperature at the final state 2.
The process is shown on the p-v diagram in Fig. 3.15. Now let us derive the following relais
for the polytropic process.
|. Pressure-volume-temperature (p-v-T) relationship
The following relations for the polytropic process are derived in the similar way as discos
for adinbatic process.

(a) pvi=pti=..=C
T (v "
I 2
(b) i | .
Tz \ Y J
i
v, I'{p: "
ic) —tom | -
o T .
n- |
4 Violimea —+
i) Tr = ,ﬂ ' "
5 Ty P Fig. 3.15.  Polytropic process.

2. Workdone durtng polytropic expansion

The equations for the work done during a polytropic process may also heﬂpmﬁ’dr
changing the index n for ¥ in the adiabatic process, ?



7 Workdone during a polytropic process fram state | o state 2,
w o Mompe mR(T-T)

- a=1 A=l - - - (For expansion)
_ Mty mR(T,-T)
n=1_ " a-1 ++ - (For compression)

1 Change wn internal energy

We know that change in internal energy,

dif = ”I_ U, = ﬂ;,ﬂ'IL{T: - ':.'"_]

4. Heat supplivd or heat transfer

We know that the heat supplied or heat ransferred,

Qs = W, _s+dU
ﬂ -
= oSl B0 +mc, (T,-T)
n=1| S S

R(T,~T)
=M+m,ﬂ.ﬁ,g -T) [ K
n—1 ¥—

' fo ot
mR (T, ~Ty) ﬁ'-.rq}

.
=mR(T=T) {:n-iusrnauj]

- - o Tl s

¥Y—n 1 . : .
=MR{TL_TJ}I-{H_I}{T"I]J "l':" : . |

y-n MR -T) - 10303

= " Mo - . 2

‘I" I fn= I ‘.gf\‘

5. Change in enthalpy e
We know that change in enthalpy, B

S i

Notes : Thﬂmqmnn:furhﬂtuﬂufﬂmulmhu:pmmu

_Y=n PU—P T
(a) Q2= %jx“’m'kdm Y= Ix 1)

(k) We know that

".F".II I'I'IR':T T, I—HHt.{.ﬂ T) [.L=:']
Qi3 = = l a=1 i

=I——lxt‘:htm=iuinmﬂmugy
ﬂ-—-

ernnwﬂlﬂlr’—f,nﬂ'

. Dividing throaghout by oy, We have

R ;
f#.-]z—ﬂ-ur'r [ o=, AN

_—
o=
r. tll F‘ll 1



I Rl T

3. The ahove equations give the amount of heat, wtdchhnpludhmﬂﬂﬂlﬂm!huﬁtﬂm
walls as the gas expands. It may be noted that this will happen only when n is less than ¥, "h“"""""-'f-“i‘ll'q
than y, then heat is rejected by the gas.

3. Similarly, during compression, work done will be negative, Le. work will be done o the g,
Moreaver, heat will be rejected by the gas. This will happen only when a is less than ¥,
4. The relation for work done may also be exprossed as !
D
Frwl[l"f!#J
_bvy ey 1o
e (n=1) (n=1)

=P1ﬂ:“_r“r} ..EI= ol = r" and %=r"x—l=r--
fr=1) Py o Py J
Example 3.13. A certain quandity of air has a volume of 0.028 nt’ at a pressure af 1.25 by
and 257 C. It is compressed to a volume of 0.0042 m' according 1o the law pv'? = Constant Findi
[final temperature and work done during compression. Also determine the reduction in Pressure i,
constant volume required to bring the air back to its original temperatre.
Solution. Given: v, = 0,028 m’; p, = 1.25 bar = 0,125 x 10P N/m? ; T, = 25° C = 25 4 71
=208 K ;v,=00082m’ ;n=13

The p-v diagram is shown in Fig, 3.16.

1 B,
Final temperature
Let T, = Final temperature. § Pt
We know that [
TSN N=1 13=1 l i ' :
I (&) _(ooos E E
4 v, | 0.028 L ¥

] = ([0.15" = 0.566 Fig. 3.16

Ty = T,/0566 = 298/0.566 = 5265K = 5265273 = 2535°C Ass
Workdone during compression

- n L E-“ 0.0042 Y-
Pi% =P wpi_[ﬂl] —[m] -={!r.DE§

Py = p,[0.085 = 1.25/0,085 =

14.7 bar = 1.47 x 108 N/
We know that workdone during compression,

W, = PrUa™P % _ 147 10° % 0.0042 - 0.

Y= Iﬂ_lmxmﬁxn.nﬂ
= m?%‘——%:i-hm =8913] = 8913 Ans,
Pressure at a constant volume
Let Py = Pressure at a constant volume required to bring the air back

its initinl temperature, T, =28 K,



e ol

We know that for a constant volwme process 2-1,

L Ty 14T
N Ty = NUTE TR o

(. m=p and T, = T)

Example 1.14. A gar muture obeving perfect gar lnw has o molecular mazs of 26 7 The
gar mixswre 11 compressed hrough a compression ratio of 12 acconding 1o the law po’ 7' = Constant,
frvm sreitaal comdinons of .9 bar and 155 K Assuming o mean molar specific heat a2 consians volume
of 21 1 kig K. find, per kg of magy, the workdone and heat flow aerons the cylinder wally,

For the above gas. determine the walue of characteristic gus constant, molar specific heur ot
 comstant presure gnd rano of specific heats -

m.ﬂM'HIH.?,IIHJD‘lEI;n: I_lﬁ_pl:ﬂ.thﬂ.mﬂllrw;
T,=30Kic, =201 kikgK im=1 kg

The p-v diagram is shown in Fig. 1.17.
Workdowme prr L of pold

| af-
First of all. bet us find the imtal volume (1, ), final volume !

(z7,) and final pressure ( py).
We know that  p, o = p,of

b "
h= n[;i] = 09(12)'®

= 20.1 bar = 201 x 10f N/m’
i’:mhmrduipmn;m‘ .

R, w34
ﬂ'u—i = 26.7 Jlld4lkg K

RT
" [} Ix3114x303 - Ilj'llll

and p,v, =mRT, or v, = ) = P xIP
vy, = ufI2 = LINIZ = 0096 m’ (L By = 1)
We know that workdone
PSP 009 x 10Px 115 - 201 x 1P x 0.09
Wia = n—1 = 1235=1
C mHI:];ﬂHQ = —-15T840 J = = 15784 k) Ans

The negarive sign indicates that the work is done on the gas.
Hew flow werons the ovinder walls

Let f’-ﬁlﬂlﬂnlﬁflﬂlﬂ-
r " = I -\
p: - w 3 v
We know tha r'_:-[".I [III 057

. T, = T,/0337 = 133/0537 = 620K



and specific heat at constant volume,
€, = Cp /M =21.1/267 = 0.79 kikg K

-« Change in internal energy,
dU = Uy=U, = me,(T,-T,) = 1 x0.79 (620 - 333) = 22671y

WEknﬂthmnﬂwHumghqﬁnhwﬂl&
Q ;=W _,+dlU = -35784+ 2267 = - 131.1 kJ Ans.

The negative sign indicates that the heat is rejected through the cylinder walls.
Characteristic gax constant

We know that characteristic gas constant,

s Molecular mass M = 267
(. R = 8314 Mg K. forall gue

=3114kgK = 031 14kke K Ans.

Melar specific heat at a constant presvure
Let Cu = Molar specific heat ot a constant pressure,

We know that e I R or ¢, —079 = 03114
€, = 031144079 = 11014 kifkg K

and Com = Mc, = 26T%1.1014 = 294 k) K Ans.
Ratio of specific heats
We know that ratio of specific heats,

Y=c /e, = LI014/0.79 = | 394 Ans.

Example 3.15, An internal combustion engine has the Jollowing dimensions -

I_Hdm:ur of eylinder = 530 mm ; Stroke = 750 mm ; Compression ratio = 13.5. Ar the enddf
the suction stroke, the pressure is | bar and femperature is 316 K. The compression followys the [
pu' Y = C. Determine :

I. the pressure and temperature at the end of compression ; 2. the mass of the charge . 3. i
work done during compression ; and 4. the hea rejected during compression. S

Take ¢, = 0.996 kifkg K and c, = 0.707 kiikg K.

Solution. ﬂiun:ﬂ=55[lrrm=ﬂ.55m;£=?iﬂmm Pyl - --
=075m;vfo,=135;p, =1 bar=0,] x lﬂ"Nﬁn’:Tl =316 l
Kin=137 ¢, =096 klkg K ¢, =0.707 klikg K

In the p-v diagram, as shown in Fig. 3.18, point 1 refers é
to the end of suction mnkﬂmdpnimlmfﬂ‘stnltu:ndnf

- E W

C-[H]IFEHFJII Etl’ﬂh'ﬂ. I P’ e l:-..._...; —— ;.. -
1. Pressure and temperature at the end of compression T J N
Let P;lﬂdT:lﬁﬁImMmmﬂﬂt _"'. 1
end of compression respectively. Volume
We know that Fig. 3.18

P Uy = pyuy



"
= FT[;i ]. = 0.1 % 1P (13.5)" 7 N/m?

= 3.536 x 10° N'm* = 3536 bar Anw.

We also know that
T T, F=1
4 = | =2 _l_ T » -
T, [U. ] = [ |3,5j = (0.074)°7 = 0.3816
T, =T, /03816 = 316/0.3816 = 424 K Ans.
2. Mss of the charge
Let m = Mass of the charge.
We know that swept volume,

v -y = %xﬂ‘x}; = 70557075 = 0.178 o’

or n—lzﬂl?ﬂ 2te 138
I | T S s [
v, = 0178x% 135/ 125 = 0.192 m’
and gas constant, R=¢,—c,=0996-0707 = 0289 kifkg K = 289 Jkg K

Weknowthat p v, = mRT,

. mo=trl _ 01x10°%0.192
o T RT, T 289x316

3. Workdone during compression
We know that workdone during compression,

mR(T;-T))  021x0289 (828—316)
Wia="01 = 1371 M

4. Heat rejected during compression

We know that adiabatic index,
Y=clc,= 0.996/0707 = 1.4]

Q.= TL:? » Workdone during compression

_ 141-137

= < al=1 x84 = B.195 k] Ans.



3.14. Free Expansion (or Unresisted Expansion) Process

The free expansion (or unresisted expansion) process is an irreversible non-flow process. A
free expansion occurs when a fluid is allowed to expand suddenly into a vacuum chamber through
an orifice of large dimensions.

Consider two chambers A and B separated by a partition as shown in Fig. 3.23 (a). Let the
chamber A contains a perfect gas having volume ,, pressure p,, and temperature T, and the chamber
B is completely evacuated. These chambers are perfectly insulated so that no heat transfer takes place
from or to its surroundings. Now, if the partition is removed, the gas will expand freely and occupy
the whale space as shown in Fig. 3.23 (b). By this, the volume of the gas increases to v,, pressure

decreases to p, and the temperature may also decrease (o T,



¥

Since there is no expansion of the boundary of the system, because it is rigid, tharef,,,, .
work is done. Thus, for a free expansion process, y

Q=0 W _,=0unddl=0

The following points may be noted regarding the free expansion of a gas
1. Since the system is perfectly insulated o that no heat iransfer takes place (ie O 0,
therefore the expansion of gas may be called us an adiabatic expunsion,

2. Since the free expansion of the gas from the equilibrium state | to the equilibrium s,
tukes place suddenly, therefore the intermediate states will not be in equilibrivm states, as showy,
the p-v diagram in Fig. 3.23 (¢). Thus the process is irreversible and the expansion is, therefore, ki,
as irreversible adiabatic expansion.

E H‘; F
|

(1) Before expansion () Alter ex pansion () p-U dagrasn

EHTSETLE, (I L S TTTS,
i
2
# a2
A

o

PETFFFFHIIIT ST EETL,

=

*

)

W
A LR
AR,

Fig. 323 Free cxpunsion

‘ 3. Since there is no resistance to overcome during free expansion process, therefore no work
is done by the system (Le. W\_, = 0). Thus, the free expansion process is also known as * unresived

EXPANSIOn Pprocess.
4. According to the first law of thermodynamics,

Qg = Wiy +dU
Since for the free expansion, @, , =0and W, _, =0, therefore the change in internal energy,
d”"ui'ulﬁ'u“ U1= UI

In other words, the intesnal energy of the system, in a free expansion process remains constant
Thus, the free expansion process is also known as constant internal ENErgy process.

5. We know that change in internal energy,
dU = me,dTl = mc,(T,-T,)

Since dU/ = 0, therefore dT = 0 or T, = 7,, i.e. there is no change in temperature of the

system. In other words, the temperature of the system, in a free EXPansion process remains constant

Note : [t can not be called an isothermal process because in an actual isoth i the
o s othermal process. work is done by

. We know that change in enthalpy,
di = H,-H, = me, dl

Since dT" = 0, therefore dH =0 or H, = H,. In other words, the enthalpy of the sysiem in 4

free expansion process remains constant. Thus the free expansion process may also be called constat!
enthalpy process.
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INTERNAL COMBUSTION ENGINE

INTRODUCTION
Heat engine:

A hemt engine is a device which transforms the chemical energy of a fuel into thermal energy
and uses this energy (o produce mechanical wark. 11 s clasgilied into two Ivpes-

() External combistion engine
(h) lnternal combusiion engine

External combustion engine:

In thig engine, the products of combustion of air and fuel rransfer hear 1o a second fluid which
18 the working fluid of the cycle.

Examples:

*In the steam engine or 4 steam turbine plant. the heat of combustion is employed 10 generale
stearn which is used in a piston engine (reciprocating iype engine) of a turbine (rotary type
engine) for useful work

*In & closed cycle gas wrhine, the hear of combustion in an extemal fumace is transferred 1o
gk, usually sir which the warking fuid of the cyele

Internal combustion engine:

In this engine, the combusion of xir and fuels 1ake place inside the cylinder and are used as
the dect motive force. 1 can be classified into the following rypes:

I. According to the basic engine design- {a) Reciprocating enpine (Use ol cylinder piston
mrrangement ), (b) Rotary engine (Uke of turbine)

2 According 1o the type of fuel used- (a) Petrol engine, (b) diesel engine, (c) gas engine
(CNG, LPG), (d) Alcohal engine (ethanol. methanol eic)

3. According 10 the number of strokes per cyele- (a) Four stroke and (b) Two stroke engine

4. According 1o the method of igniting the fuel- (a) Spark ignition engine, (b) compressinn
ignition engine and (<) hat spot ignition engine

5. Accordimg o the working cyele- (a) Opo cyele (constant volume cycle] engine. (b) diesel
eyele (constant pressure cyele) engine. (¢ dual combustion cycle (iemi diese] cyele) engine,



6. According to the fuel supply and mixture preparation- (a) Carburetted type (fuel supplisd
through the carburerioel, (b)) Injection type (oel injected into inket ports or inler manifold,
fuel mjected mio the cylinder just before ignition),

7. According ta the mumber of cylinder- (a) Single cylinder and (b) multi-cylmder engine

8. Mathod of coolimg- water cooled or air conled
9. Speed of (he engine- Slow speed. medium speed and high speed engine
10, Cylinder armangement-Vertieal, horizontal, inline. Votype, radial, oppesed cylinder o

[rsTOn Sngites,

11 Valve or port design and location- Overbead (1 hemd ), side valve (L head); in two stroke
ghigines: ormss scavenging. loop scavenging, uniflow scavenginge

12, Method goverming- Hit and miss poverned engines, quantimtively governed engines and

qualitatively governed engine

14, Apphcation- Automdative engines [Or land inimsport. manne engines {or propulsson of
ships. gircroft engines for aircraft propulsaon, indusirial engines, prime movens for elecincal

Extemal combywstiom engine

Imemal combustion sngine

*Coinbistion of abr-fuel is outside the éngine
cylinder (in a hoiler)

*The engmes are manning- smoothly and
silently due 1o outside combustion

*Higher rotio of weight and bulk 1o outpat
due 1o presence of auxiliary apparsus like
bailer and condenser. Hemce it is heavy and
cumbersome.

*Working pressure and lemperature  insde
the engine cyhoder 15 low; hence ondimary
alloys are used for the manuficmre of engine
cylinder and i parts.

"I can wse cheaper fuels meludmg solid fuels

*Lower efficiency shout 15-20M%

* Higher requirement of waler for dissipation
of energy through cooling sysiem

*High starting toajue

* Combustion of pir-fuel is inside the engine
eylinder (in o boiler)
* Very noisy operated engine

* It is Light and compoact due 1o lewer mtio of
wetght and bulk 1o outpur,

* Working pressure and temperidure inside
the engine cyhnder 15 very much high; hence
special alloys ane used

*High grade fucls are wsed with proper
filtration

“Higher efficiency shout 35-300%

*Lesser requirement of wiler

*IC engines are mA sell-starting

Cylinder: It 1s the mpain part of the engine inmde which pision reciprocaies o angd fro, Ti
should have high strength (o withstand high pressune above 50 bar and temperniure sbove



2HWH) "C. The ordinary engine is made of cast iron and heavy duty engines are made of steel
alloys ve wluminum alloys. In the multi-cylinder engine, the cylinders are cast in one block
kndwn as eylinder hlock.

Cylinder head: The top end of the cylinder is covered by cylinder bead over which mlet and
exhatst vilve, spark plig or mjecton are moutteld. A copper or asbestos gasket is provided
between the engine cylinder and ¢ylinder head to make an mir tight joint

Piston: Transmil the force exeried by the buming of charge 1w the consecting rod. Usually
made of alummivm alloy which has good beat condocting property and grester sirength ot
higher temperature.

Figure | shows the different components ol 1C engine.

Fip. 1. Different paris of 1C engine

Piston rings: These are housed in the cireumferential grooves provided on the outer surfsce
ol the piston and made of steel alloys which retain elastic properties even ot high temperiture.
2 types of nngs- compression amd o1l rings. Compression nng is upper ring of the piston
which provides air tight seal to prevent lepkage of the burmt gases into the lower portion, Oil
ring i lower ring which provides effective seal 1o prevent leakage of the oil into the éngine
cylinder,

Comnnecting rod: It converts recipmcating motion of the piston into circolar motion of the
crunk shaft, in the working stroke, The smaller end of the connecting rod is conpected with
the piston by gudgeon pin and bigger end of the connecting rod is connected with the crunk



with crank pin. The special steel alloys or alominium alloys are used for the manufactore of
coanecting rod.

Crankshaft: It converts the reciprocating motion of the piston info the rotary motion with the
help of connecting rod. The special sieel alloys are used for the manvfactoning of the
crankshaft It consists of eccentnic portion called crank.

Crank case: 1 houses cylinder and crankshaft of the IC engime and also serves as sump for
the lubricating oil.

Flywheel: I is big wheel mounted on the crankshafi, whose function is 10 maintain its spesd
constant. It is done by sioring excess enerpy during the power stroke, which is refurned
durmg other stroke

Terminology used in IC engine:
I. Cylinder bare (D). The naminal inner diameter of the working cylindes
2 Piston area (A): The area of circle of diameser equal 10 the cylinder bore.

3, Suoke (L) The nominal distance through which a worlinig piston moves between two
successive reversals of s direction of monan.

4, Dead centre! The position of the working pision amd the moving paris which are
mechanically connected 1o il ot the moment when the direction ol the piston mation s
reversed (at either end point of the siroke)

ta) Botwom dead centre (BDC): Dead centre when the piston i nearest 1o the crankshafi.
(b} Top dead centre (TDC): Dead centre when the position s farthest from the crankshafy,

5 Displacement volume or swept volume (V.- The nominal volume gerermied by the
working puston when travelling from the one dead centre 1o next one and given as,

VA« L

& Clearsnce volume (V.1 the nominal volume of the space on the combuastion side of the
piston ot the top dead centre. '

7. Cylinder volume (V) Total volume of the cylinder.
V=V.+ V¥V

B Compression miio (1) r = 'E



15, Sequence of Operations in a Cycle

Strictly speaking, when an engine is working conti nuously, we may consider a cycle starting

fom any stroke. We know that when the engine returns back to the stroke where it started we say
hat one cycle has been completed. .

The readers will find different sequence of operations in different books. But in this chapter,
we shall consider the following sequence of operation in a cycle, which is widely used.

| Suction stroke. In this stroke, the fuel vapour in correct proportion, is supplied to the
engine cylinder.

2. Compression stroke.  Inthis stroke, the fuel vapour is compressed in the engine cylinder.

3. Expansion or working stroke, In this stroke, the fuel vapour is fired just before the
compression is complete. It results in the sudden rise of pressure, due to expansion of the combust:on
products in the engine cylinder. This sudden rise of the pressure pushes the piston with a great force,
and rotates the crankshaft. The crankshaft, in turn, drives the' machine connected to it

4. Exhaust stroke. In this stroke, the burnt gases (or combustion products) are exhausted
fom the engine cylinder, so as to make space available for the fresh fuel vapour.



26.6. Two-stroke and Four-stroke Cycle Engines

In a two-stroke engine, the working cycle is completed in two strokes of the Pistoy .
revolution of the crankshaft. This is achieved by carrying out the SUChon and compressygy, , * '
in one stroke (or more precisely in inward stroke), expansion and exhaust processes i, the g,

([

stroke (or more precisely in outward stroke). In a fou r-stroke engine, the i H_"E eycle is """'f-h.'; '
in four-strokes of the piston or two-revolutians of the c_runkshuﬂ, This is achieved by Catying ol
stiction, compression, expansion and exhaust processes in each stroke. e

It will be interesting to know that from the thermodynamic Pf*iﬂt of view, there is 10 iffrepeq
between two-stroke and four-stroke cycle engines, The difference is purely mechanical,

26.7. Advantages and Disadvantage of Two-stroke over Four-stroke Cycle Engines

Following are the advantages and disadvantages of two-stroke cycle engines over foyr. Srilke
cycle engines :
Advantages

I. A two stroke cycle engine gives twice the number of power strokes than the four .4,
eycle engine at the same engine speed. Theoretically, a two-stroke eycle engine should develop e
the power as that of a four-stroke cycle engine. But in actual practice, a two-siroke Cycle o e
develops 1.7 to 1.8 times (greater value for slow speed engines) the power developed by four-simie
cycle engine of the same dimensions and speed. This is due to lower compression ratio and effecue
stroke being less than the theoretical stroke.

2. For the same power developed, a two-stroke cycle engine is lighter, less bulky ond
occupies less floor area. Thus it makes, a two-stroke cycle engine suitable for marine engines o
other light vehicles.

3. As the number of working strokes in a two-stroke cycle engine are twice than ihe
four-stroke cycle engine, so the turning moment of a two-stroke cycle engine is more aniform. This
it makes a two-stroke cycle engine to have a lighter flywheel and foundations. This also ledds 103
higher mechanical efficiency of a two-stroke cycle engine,

4. Theinitiol costof ntwo-stroke cycle engine is considerably less than a four-stroke cycle engine

5. The mechanism of a two-stroke cycle engine is much simpler than a four-stroke cycle engine

6. The two-stroke cycle engines are much easier to start.

Disadvantages

I. Thermal efficiency of a two-stroke cycle engine is less than that a four-stroke cycle engie:
because a two-stroke cycle engine has less compression ratio than that of a four-stroke cycle enfiF

2. Overall efficiency of a two-stroke cycle engine is also less than that of a four-stroke cycle
engine because in a two-stroke cycle, inlet and exhaust ports remain open simultaneously fior s
time. Inspite of careful design, a small quantity of charge is lost from the engine cylinder

3. In case of a two-stroke cycle engine, the number of power strokes are twice as 15 ‘L: 4
four-stroke eycle engine. Thus the capacity of the cooling system must be higher. Beyond 8 cert . |
limit, the cooling capacity offers a considerable difficulty. Moreover, there is o greater wedl and b
in o two-stroke cycle engine.

4. The consumption of lubricating oil is large in a two-stroke cycle engine because gl B
operating temperalure.

5. The exhuust gases in o two-stroke cycle engine creates noise, because 0 charl
availoble for their exhaust,

ih

1L



169. Four-stroke Cycle Petrol Engine

Itis also known as Otto cycle*. It requires four strokes of the piston to complete one cycle of
operation in the engine cylinder. The four strokes of a petrol engine sucking fuel-air mixture (petrol
mixed with proportionate quantity of air in the carburettor known as charge) are described below :

|.  Suction or charging stroke. In this stroke, the inlet valve opens and charge is sucked
nto the cylinder as the piston moves downward from top dead centre (7.0.C.). It continues till the
piston reaches its bottom dead centre (B.D.C.) as shown in Fig. 26.4 (a).



.-

In this stroke, both the inlet and exhaust valves 4. el ™

, ssion stroke. ; Rbdas -
e b e s o B Gt
the pressure and temperature of the charge Increases consi  Thero UES deion urnllhm*
compression ratio), This completes one revolution of the crankshafl. PPESSION st o
iy
in Fig. 264 (b). | | f
Spark plug
Inlet _~» Exnavst .Lﬁ—l ..I:Q:-l-
ug{mﬁilé-‘é—-l- valve [
- —— o
a o ‘&
(@) Suction or (&) Compression (c) Expansion or (e} Exhmgs
charging stroke. stroke. working stroke. sroke

Fig. 264. Four-stroke cycle petrol engine.

3. Expansion or working siroke. Shortly before the piston reaches T.0.C, (during cormpe,
sion stroke), the charge is ignited with the help of a spark plug. It suddenly increases the pressire and
temperature of the products of combustion but the volume, practically, remains constant. Dye (g e
rise in pressure, the piston is pushed down with a great force. The hot burnt gases expand due 1o g
speed of the piston. During this expansion, some of the heat energy produced is transformed inr
mechanical work. It may be noted that during this working stroke, as shown in Fig. 26.4 (¢), both ke
valves are closed and piston moves from 7.0.C. to B.D.C.

4. Exhaust stroke, In this stroke, the exhaust valve is open as piston moves from B0.C 0
T.D.C. This movement of the piston pushes out the products of combustion, from the engine cylinde
and are exhausted through the exhaust valve into the atmosphere, as shown in Fig. 26.4 (d). T
completes the cyclé, and ihe engine cylinder is ready to suck the charge again.

) a I I
i.:;phn:“ four stroke cycle petrol engine are usually employed in light vehicles such as cars, jee ’"’l
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16.12. Four-stroke Cycle Diesel Engine
Itis also known as compression ignition engine because the ignition takes place due to the
weal produced in the engine cylinder at ée end of compression stroke. The four strokes of a diesel

engine sucking pure air are described below :
I. Suction or charging stroke. 1In this stroke, the inlet valve opens and pure air is sucked

nothe cylinder as the piston moves downwards from the top dead centre (7DC). It continues till the
fiston reaches its bottom dead centre (BDC) as shown in Fig. 26.7 (a).




RN

2. Compression stroke, In this ﬁ?,:sﬂlh thz;?:;"3$ ;ﬂfiﬂd and the air ; - "
as the piston moves upwards from 8D0C o . ASares SION, pressure gng t r“!d
of the air increases considerably (the actual value dEF*{HdS "F‘?ﬂ_lhﬂ mmPTﬂE‘iiun ;'Ei"*auqi
completes one revolution of the crank shaft. The compression stroke is shown i Fig. 267 ”=-'| Iy

Fual injection valve

Inkat l— Exhaust
" valve ! ” | _LUJ.
e 4# A
o -]
(a) Suction or (b) Compression (c) Expansion or (e Exhpusi
charging stroke. stroke. working stroke siroke

Fig. 26.7. Four stroke cycle diesel engine.

3. Expansion or working stroke. Shortly before the piston reaches the TOC (dunny e
compression stroke), fuel oil is injected in the form of very fine spray into the engine cylinder, thoysh
the nozzle, known as fuel injection valve. At this moment, temperature of the compressed ar i
sufficiently high to ignite the fuel. It suddenly increases the pressure and temperature of the prdus
of combustion. The fuel oil is continuously injected for a fraction of the revolution. The fuel ul s
assumed to be bumt at constant pressure. Due 1o increased pressure, the piston is pushed down wi
a great force. The hot burnt gases expand due to high speed of the piston. During this expansion, soe
of the heat energy is transformed into mechanical work. It may be noted that during this working
stroke, both the valves are closed and the piston moves from TDC to BDC.

4. Exhaust stroke. In this stroke, the exhaust valve is open as the piston moves from 800
to TDC. This movement of the piston pushes out the products of combustion from the engine ¢ylint
through the exhaust valve into the atmosphere. This completes the cycle and the engine cylinder
ready to suck the fresh air again,

Note : The four stroke cycle diesel engines are generally employed in heavy vehicles such as buses. ik
tractors, pumping sets, diesel locometives and in earth moving machinery




Engines
26.16. Comparison of Petrol and Diesel _ L W
Following points arc important for the comparison of petrol engines and diege| CNgie,

—_—
8 No Peirol Engines Diexel Engings =
o ; : = _\_-_'—\—\_,___‘-_\“-
1. | A petrol engine draws a mixture of petrol and air| A dﬁfﬂl engine draws only ajr duriny t-.;;'
during suction stroke. Soke.

2. | The carburetior is employed to mix air and petrol|  The injector or atomiser is Employed 1

: ey
in the required propartion and 1o supply it 1o the| fuel at the end of compression stioke, et e
engine during suction stroke.

- 8 Pressure m‘.hel:ndﬂl'cumpn:&sinn isabout |0bar.| Pressure at the end of compression b aboy Wiy
4. | Thecharge (ie. petrol and air mixture) is ignited| The fuel is injected in the form of fine: spray The
wilh the help of spark plug— lemperature of the compressed air (ghgy bire
ot a pressure of about 35 bar) |5 Lul"l":mmljh,n
to ignite the fuel,
3. | Thecombustion of fuel takes place approximately|  The combustion of fucl takes place appro
a1 constant volume. In other words, it works on| &t constant pressure. In other wonds, 4 warks g
Otto cyele, Diesel cycle.
6. A petrol engine has compression ratio| A diesel engine has COMPression rajy
approximately from 6 1o 10, approximtely from |5 1o 25,
1.

The starting is easy due 1o low compression ratio.| The starting is little difficult due to high

COMPression ritio.
8, As the compression ratio is low, the petrol engines

As the compression ralio is high, the dies|
are lighter and cheaper,

engines are heavier and costlier,

The running cost of diesel engine is Jow hecawe
of the lower cost of diesel

The running cast of o petrol engine 15 high
because of the higher cost of petrol.

10, The maintenance cost iy less. The maintenance cost is more
TL | The thermal efficiency is upto about 26%.

12. | Oveheating trouble is more due 10 Jow thermal Oveheating trouble is less due 1o high thermal
efficiency.

efficiency,
I3. | These are high speed engines,

These are relatively low speed engines.
14. | The petrol engines arc generall yemployedinlight| The diesel engines are generally cmployed i
duty vehicles such as scooters, motorcycles, ears.

heavy duty vehicles like buses, (rucks, and
These are also used in acroplanes. MOving machines cic.

The thermal efficiency is uplo abaut 4%

i

26.17. Two-stroke Cycle Petrol Engine

A two-stroke cygle-petrol engine was devised by

_ Duglad Clerk in 1880. In this ¢yl ™
suction, compression, expansion and exhaust takes place

I Suction stage. In this stage, the piston, while poi ' rﬁ
the transfer port and the exhaust port. The fresh fuel indet
the crank case, as shown in Fig. 26.10 (a).



L L
y  Compression stage. In this stage, the piston, while moving u . first cove

nd then exhuuitl por. Aﬂer.thnt the fuel is compressed as the pistfm F:nnves uP'.::;::E ;Iiahn:fn:
P;ig- 26.10 (). Inthis stage. the inlet port opens and fresh fuel-air mixture enters into the erank case.
" i f;:.lfum.'mflf +'|hfr,l.:'|' Shﬂﬂh' before this piston reaches the TDC (during compression
kel the ci;ﬂLEE l:}:tﬂﬁl:fdﬁilh the help of a spark plug. It suddenly increases the pressure and
:ml’"“’“ ol t ::T : uc h_ﬂ combustion. But the volume, practically, remains constant. Due 1o rise
nihe m‘ﬂ;;‘lpaﬁghﬂ; II; ﬂfgﬁi’ﬁ:’wl}‘xﬂdh with a great force as shown in Fig. 26.10 (¢), The

» (] i ] ' H i ’

b S bl i wm;lhmn. During this expansion, some of the heat energy

. Spark plug
bt
Exhau'ﬁk-l 1 Feak
Tmnﬁiﬂf [ o N — 7
port | o Inlet 1 ]
\ port :
Gank le | _
Fefd Sucton (b Compression el Expansion f) Exhaus
Fig, 2610 Two-stiroke cyele petmol engine

4 Exhawst stage.  Inthis stage, the exhaust port is opened as the piston moves downwards.
The products of combustion, from the engine cylinder are exhausted through the exhaust port into
the atmosphere, as shown in Fig. 26.10 (d). This completes the cvcle and the engine cylinder is ready
losuck the charge again.
Note 2 The two stroke petrol engines are generally employed in very light vehicles such as scooters, motor cycles.
tree wheelers and sprayers.



26.20. Two-stroke Cycle Diesel Engine

A two-stroke cycle diesel engine also has one working stroke after every revolution of the
crank shaft. All the four stages of a two stroke cycle diesel engine are described below :

|. Suction stage. In this stage, the piston while going down towards BDC uncover be
transfer port and the exhaust port. The fresh air flows into the engine cylinder from the cra
as shown in Fig. 26.13 (a).

2. Compression stage. In this stage, the piston while moving up, first covers the uanif;
port and then cuhau:sl port. After that the air is compressed as the piston mu:ﬂ:s upwards as shoW?
Fig. 26.13 (b). In this stage, the inlet port opens and the fresh air enters into the crank casé:



gl .
’J v boygraniseont stage  Shortly before the piston reaches the TOC (dunng compression

je), the fuel vil in injﬂ:llmt 0 the form of very fine spray into the engine cylinder through the
Jﬂﬂff known os fuel '"lﬂlt!"nl valve, as shown in fig. 26.13 (¢ ). At this moment, temperature of the
IT': - I"ﬂmj nfr in :Iif'lulll:l ly high to lHlllill.' the fuel. It suddenly increases the pressure and temperature
o wucts ol combustion. The fuel oil is continuously injected for o fraction of the crank
¢ gution. The Tuel il is assumed 1o be burnt at constant pressure. Due to increased pressure, the

gon 15 Fl{‘h“l witha great force. The hot burmt pases expand due to high speed of the piston. During
E:g:pﬂ“““"' same of the heat energy produced is transformed into mechanical work.

Fuel injchion valye

/1 Exhiaust

parn

= -

(1) Suction (h) Compression () Expansion () Exhaust
Fig. 26,13 Twoestroke cycle dievel engine

4. Exhauststage. Inthis stage, the exhaust port is opened and the piston moves downwards.
The products of combustion from the engine cylinder are exhausted through the exhaust port into the
astmosphere as shown in Fig. 26.13 (d). This completes the cycle, and the engine cylinder is ready to
suck the air again.
Note : The two stroke diesel engines are mainly used in marine propulsion where space and lightness are the
main considerations.



(OMPARISON BETWEEN PETROL AND DIESEL ENGINES

Petrol Engine

Diesel Engrine

It operates on constam-pressure cycle

It uses diesel and oils as o fuel.

The Diesel engine wakes in only air during
the suction stroke, and 1t 15 compressed. Al
the end of the compression stroke the fuel
15 injected under the high pressure by a fuel

Fuel is injected in very hot aur. therefiore, it

It uses high compression ratio, range of

High mte of pressure vaniation, o engine
aperation is rough, and naisier,

It has lower efficiency for same

Higher pollution for same power outp,

It uses large number of sturdier parts. thus

Costhier engine due (o complicated parts,

It requires costlier and large maintainance

e It operates on constant-volume cvel
_E;,H‘E‘:L_ I uses =
-~ 1...*““;;] Eﬂﬂlﬂmﬂrpﬂm'lufl.tl
ifmm The ar-fuel mixture is prepared in the
ctﬂ_:rurutlnr and inducted into the engine
eylinder during the suction stroke.
.:-"'d_-.-_-_ injmm
1 (gnition of charge Ihl: Charge (air-fuel mixtare) is ignited
y 4 high-intensity spark produced at the | is self-ignited.
spark plug.
=" ' I
{ Compression ratio It uses less compression matin, usuilly
range of 4 1o 10, 42l
b Pressure rise Lower and controlled mte of presyure rise;
therefore. operation is salient and smooth.
1. Efficiency For _llu- sume  compression  mitio.  the
clficiency of petrol engine s better. COmMpression ratio,
L Pollution Comparatively lower pollution for same
power output.
¥ Welght It has comparatively less number of parts,
: thus is less in weight engine is heavy,
W Com . Fngines are cheaper.
. Maintenanes It requires bess and cheaper maintenance.
12, Srting Very easy 1o stant due 1o lower compression
i Ftie,

Very difficult to stant due 1o higher com-
pression rittio,

%6 COMPARISON BETWEEN TWO-STROKE AND FOUR-STROKE ENGINES

T

_Aeconding o

Two-Sproke Engine

Four-Stroke Engine

I, “h’tin;:uuku

There 15 one working stroke m  each
revolution. Hence engine has more even

There 15 one working stroke in  two
revolutions. Hence engine his uneven torgue

“i--__ torque and reduced vibration. and large vibration.
ﬁﬂuﬁnm“ It uses ports and hence engine design is | It uses walves, therefore, mechanism
"'!'-=-._____ simiple. involtved (s complex.
: Mwh“i“ﬂl The working ecycle completés in one | Working eyele completes in fwo revolution,
Mciency revolution and hence it has high mechanical | hence. it has more [ncion, thus less
‘1""--.___ efficiency. mechanical efficiency.
h%

The burnt gases are not completely dnven
out. It results in dilution of fresh charge.

it has separate stroke for explusion of bumt
gascs. thus ideally no dilution of fresh
charge.

Comnid.



b on R LR _ L

S. Thermal efficiency | Poor thermal efficiency due to poor | Very good thermal efficiency,

scavenging and escaping of charge with
exhaust gases,
6. Cost Less cost due to less parts in engine.

More cost due to large number of pany

7. Maintenance Cheaper and simple. Costlier and slightly complex.

8. Weight Lighter engine body.

Heavier engine body.
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6.1. IstredocHon

A thermodynamiv cyele or a cyelic process consists of a series of ihermodymamic operaions
(proscesses), which take place in a certain order, and the initial conditions are rmum_tl ai the end of

the processes. When the operalions or processes of cycle ane o

plotted on p-o dingram, they form a closed figure, each operation [
being represented by its own curve. Since the aren under ench 1 ! One cyclo
curve gives the work done to some scale, during each operation,
it therefore follows that the net work done during one cycle will g
be given by the enclosed ared of | - % 3
mFiE 6.1 o

The study of various thermodynamic cycles is very es- I .
sential for the power developing systems (such as petrol engine — Voine —e

diesel engine, gas turbine etc.). These engines use a mixiure of
fuel and air for their operations, Since the mass of fuel used, as  Fle 60 A fhormodynamic ey
compitred to the mass of air is ver 11, therefore the mixture
mﬁmﬂ; of & perfect gns ™
Nites s 1. A eyele, which requires four piston strokes and two complete revolotions of the crank s known us
Jutir stroke cvele. Butn cycle, which requires only two piston strokes and one revolution of the erank, is known
is hwo stroke cyefe.
2. When uir is assumed to
an chir tﬂp, )
6.2.  Assumptions in Thermodynamic Cycles
The analysis of all thermodynamic cycles {or air cycles} is based on the following assumptions :
I. The gas in the engine cylinder is a perfect gas, i.e. it obeys the gas laws and constant

substance inside the engine cylinder, the cycle is called as
e ——————e

specific heats.

2. Thephysical constants of the gasin theengine cylinder are same as those of mir at moderate
lemperatures.

3 All the compression and expunsion processes are adiabatic and they take place without

any internal fricuon.



n

Priate Poingy
N CONtact with yp,

Heat s supplied by bringing a hot body tn contact with the cylinder at appre
dunng the process. Suntlarly heat is rejected by bringing o cold by
oy hinder at these ponts

Ihe cycle is considered 1o be a closed one and the same air s used again angd
repeat the cwwle.

No chemical reaction, whatsoever, takes place in the engine cylinder.

At g,



6.9.  Important Terms vsed in Thermodynamic Cycles

Though there are many terms used in thermodynamic cycles, yet the following are i%
from the subject point of view :

| Cylinder bore. The inner diameter of the cylinder, in which the piston moves, is knq,, "
cylinder bore.

2 Strike lengh. The piston moves in the cylinder due (o rotation of the crank. lis ey
positions are known as top dead centre (TDC) and bottom dead centre ( BDC) respectively as sho
in Fig. 6.3. The distance between these 1wo extreme positions is known as stroke length or strof,

. 1 Clearance volume, The volume occupied by the working fluid, when piston reaches the 1
dead centre, is known as clearance volume. It is generally denoted by (v ).

4, Swept velume. The volume swept by the piston, when it moves between the two extren

positions is known as swept volume or displacement volume or stroke volume. Mathematically, sus
volume,

v, = Piston area x Stroke length = -}Exd‘xi’

where d = Cylinder bore or diameter of the piston.

i

5. Total cylinder volume. The volume occupied by the working fluid, when the piston is at ik
bottom dead centre, is known as total cylinder volume, Mathematically, total cylinder volume is eqi
to the sum of clearance volume (v,) and swept volume (v,).

6. Compression ratio. The ratio of total eylinder volume to the clearance volume is known?
compression ratio. It is an important term used in an engine. Mathematically, compression ratio,

v+ o
Fr=—12 = 142
v, v

(3

1. Mean effective pressure. As a matter of fact, pressure in the cylinder keeps on changl®
with the position of the piston. For all sorts of calculations, we need m:: mean effective
which may be defined as the constant pressure acting on the piston during the working stroke. 1w

be able to do the same amoant of work, as done by the actual varyin pressure ced durin ”
cycle. It is ratio of work done to the stroke volume or piston di?kfmm Vﬂl;i.udhu!mhmmiﬂm
mean effective pressure, :

= Work done
Pm Stroke volume




s A0, EMciency of o Cyele
It may be defined as the ratio of work done o the heat supplied during acycle. Mathematically,
efficiency of a cycle,
N = Work done
Heat supplied
Since the work done during a cycle is equal to heat supplied minus the heat rejected, the
efficiency of a cycle, therefore, may also be expressed as
n = Heat supplied - Heal rejected
Heat supplied

Notes : 1. The efficiency. as given above, is the theoretical efficiency of the cycle. Therefore it is known as
thearetical thermal efficiency,
2, ltdoes not ke into account the practical losses, which occur in the running of the engine,
3 In iency of the thermodynamic cycles, _i:_irr[__:..l munuﬁin be the working
_ - linder. Moreaver, air is assumed o hehave as a perfect gas. The efficiency. thus,
tained is known as air standard efficiency. It ifiﬁh‘fﬂ ﬂE‘_‘-’_""{W} =Lol?
611, Types of Thermodynumic Cyeles
Though there are many types of thermodynamic cycles, vet the following are important from
the subject point of view :
|, Camot cycle, 2. Stirling eycle, 3. Ericsson cycle, 4. Joule cycle, 5. Otto cycle, 6. Diesel

cycle, and 7. Dual combustion cycle,
The above mentioned cycles will be discussed, in detail, in the following pages.

6.12. Carnot Cyele "
T:: :'r!_ 1 I: 2
f )
5 |
o '{ = T* L :
41
| Qv
5y 5
— Entropy ——=
(@) p—vdiagram. . (&) T—5 diagram.
H.B. i i
1L.C. [ B A —3 A
cha.
Fig, 6.4  Camot cvele.
This cycle was devised by *Carnot, who was the first scientist to analyse the problem of the

efficiency of o heat engine, disregarding its mechanical details. He focussed his attention on the basic
features of a heat engine. In a Carnot cycle, the working substance is subjected 10 a cyclic operation

consisting of two isothermal and (wo reversible adinbatic or isentropic operations. The p-v and T-5
Tagrams of this cyche are shown in Fig. 6.4 () and (b).



The engine imagined by Carnot has air (which is supposed to behave like a perfect gy T

working substance enclosed In a cylinder, in which a frictionless piston A moves. The wyfj, "
cylin ISton are Ecmﬂuc[m of heat. However, the bottom B of the tw
covered, at will, by an insulating cap (LE). The engine is assumed to work between two
infinite heat capacity, one at o higher temperature and the other of a lower tempemiture.
Now, let us consider the four stages of the Camot's cycle. Let the engine cylinder ¢

kg of air at its original condition represented by point | on the p-v and T-5 dingrams. Ay
letp, T, and v, be the pressure, temperature and volume of the uir, respectively.

m‘jrlan
¥ Poiing
| First stage (Isothermal exparision), The source (hot body, H.B.) at o higher femperatug,

brought in contact with the bottom B of the cylinder. The air expands, practically u iy
temperature Tq. from v o .. It means that the temperature T, at point 2 is equal to the lr.-mpm"ﬁ,;;;;

T,. This isothermal expansion is represented by curve 1-2 on p-v and 7-5 dingrams in Fig. 6.4 (q)

(B). Tt may be noted that the heat supplied by the hot body is fully absarbed by the air, and i Ulilseg
in doing external work.

Heat supplied = *Work done by the air during isothermal expansion

ot | Uy
. Q2 =polog,| == |=mRT log, | -~ L, = by
i . |
=23mRT logr
where F= EE.[JHI'ISiEl‘I rotin = [‘.I}'Jﬂi_

2. Second stage (Reversible adichatic oriventropic expansion ). The hot body is removed from
the bottom of the cylinder B and the insulating cap LC. is brought in contact. The air is now allowed
to expand reversibly and adiabatically. Thus the reversible adiabatic expansion is represented by te
curve 2-J on p-vand T-§ diagrams. The temperature of the air falls from Ty to Ty, Since no heatn
absorbed or rejected by the air, therefore

Decrease in internal energy = Workdone by the air durin g adiabatic expansion
_PU-py vy mRT,-mRT,

'f—'l = T—T sl K ;”,r:mﬁ!iﬁ
mR(T, ~T)
= T—] i TI=T|I

3. ?";‘tird stage (lsathermal campresvion ) Now remove the insulating cap 1.C. from the boto®
of the cylinder and bring the cold body C.B. in its contact, The air is compressed procticall alb
constant temperature T, Trom o, {0 B4.i'|!_|i'1?l ans thal The Temperatire T, (at point 4) ig‘m
temperature Ty, This isothermal compression is represented by the curve 3.4 on p-t and 7-S disgra®

It would be seen that during this process, the heat is rejected 1o the cald body and is equal 10 the wo
done on the air,

Heat rejected = Work done on the air during isothermal compression

o
. 3 [N Uy _ gl
ﬂ‘]“ﬂlﬂttlﬂgr[-ﬂ] T Fg_m

=23mRTylog r

Uiy = py 0, log,

" Since the iemperature W constank. therefore there is no chan
According o the first law of thermodynamics,

£j| : =3 |!::|‘I+ w.r l'lr Gl-: - Ili'.l__l

L o gy
BE in mnlemal encrgy of the ar, &8 y



where r = *Compression ratio = vy,

4. Fourth -""f“.!-.‘ ¢ (Reversible adiabatic or tsentropic compression). Now again the insulated
cap L.C.is brought in contact with the bottom ot the cylinder B, and the air is allowed to be compressed

reversibl anc! adiabatically. The reversible adiabatic compression is represented by the curve 4-1 on
p-vand T-§ dmgrarps. ¢ lemperature of the air increases from T,to T,. Since no heat is absorbed
or rejected by the air, therefore
Increase in internal energy = Work done on the air during adiabatic compression
Py, —ps0y mRT,-mRT,

= - Y =mR
Y=1 Y— | (. pov=mRT)
mR(T =T
o BN =T el BTy
Y-1 “

We see from the above discussion that the decrease in internal energy during reversible
adiabatic expansion 2-3 is equal to the increase in internal energy during raversible adiabatic
compression 4-1. Hence their net effect during the whole cycle is zero. We know that

Work done, W = Heat supplied — Heat rejected
=23mRT logr-23mRT,logr = 23mRlog r(7,—T,)
Work done  23mRlogr(T, -T,)
Heat supplied ~ 23mRT, logr
T,-T, T

= = | =——

T, T,

and efficiency %7 =




The expression for the efficiency of a Carnot cycle iy sl be womien an dis i, e,
We know that for reversible adiabatic o isentiopic oxpansion 2., '
e

i i
t, | i f r, i 1
i i - -
T‘ "I o rl | l", T

Similarly, for reversible adiabatic of isentropic compression process 4. |

F

I r '
r ’ o
L3P IR [ e fe WA T
T. "'l- r| L
From equations (i) and (i),
E‘ = F‘—. o - = < = f
v, o v, o,
where r = Ratio of expansion o compression
7
il . -1
T, =¥

¥
We know that efficiency.

a =
1]:]-;—]nln[t] = | 'II

i r

Nertes 2 L From the ubove equation. we see that the elficiency of Camaot's cycle increeses o [ o ingiese
Ty is decreased. In other worids, the heat should be tiken o ad s high 4 emperature @ possiblc. and o
as low o temperature as possible. It may be neted that 100% elficiency can be achievad, only i T, s
absolute zero, though it is impossible o achieve in practe

2. Inthe above theory, we have taken lempersture ai ponts | 2 3anddas T, T, T, and T, respesin:
in order to keep similanty between Camot eycle and other cyches. But some authors take it T, (for pomb | =
2) and T, (for points 3 and 4). In that case, they obtain the relation fur efficiency s,

Tl'T! r:
n= T R e —

Y- It may be noted that it is impossible 1o make an engine working on Camet's cycle The simple =’
for the snme is that the isothermal expansion 1-2 will have 1o be carmied oul eatremely slow to ensure that it <
is always at lemperature 7,. Similarly, the sothermal compression 3-4 will have 1 he camed out extremely 5*

But reversible adiabatic expansion 2-3 and reversible adisbatic compression 4-1 show vedd ot ik g
as possible. in order 10 approach ideal adiabatic conditions. We know that sudden :Lh:;r?n the ipn:i !
engine are not possible in acwal practice. Moreover, il is impossible 10 completely eliminate friction b
the various moving parts of the engine, and also heat lasses due to conduction, radiation. etc. I is thus b
that it is impossible to realise Carnot’s engine in actual practipe. However, such an imaginary engine is sed?
the ultimate standard of comparison of all heat engines.

Example6.1. A Camnot engine, working between 650 K and 310 K, produces 150 1) af v
Find thermal efficiency and heat added during the process.

Solution. T =650 K ; T,=310K; W=150k)
Thermal efficiency
We know that thermal efficiency,

n=l=h _ 650-310
T, 650)

LI T .

= 0523 or 523% Am. |



Hear adided during the procesy
We know that heat added tlunng the Process,

W
Eh—: - ‘,l_jl‘ = nlj"fz = Mol k] Ans,

Example 6.2. A Carnor engine operates between two reservoirs al temperatures T, and T,

The wark output of the engine is 0.6 times the heat rejected. The difference in temperatures between

the source and the sink is 200° C, Cale ot :
temperature. ulate the thermal efficiency. source temperature and the yink

Solution. Given : W =06 » Heat rejected=060, ,; T, =T, =200"C
Thermal efficiency |

We know that the thermal efficiency,
" = Work done _ Work done
Heat supplied ~ Work done + Heat rejected
_ 060, 06

06Q, ,+0, , 16 = 0375 or 375% Ans,

Sewirce and sink temperatieres

Let T, = Source temperature, and
Ty = Sink temperature.
We know that thermal efficiency (n)),
T,—T. 9
0375 = 22 < 'if','f}
T, = 200/0.375 = 5333K = 260.F C Ans,
and T, = 7,-200 = 2603-200 = 60.3' C Ans.

Example 6.3. An engineer claims his engine to develop 3.75 kW. On testing, the engine
consumes 0.44 kg of fuel per hour having a calorific value of 42 000 klfkg. The maximum temperature
recorded in the cycle is 1400F C and minimum is 350" C. Find whether the engineer is justified in hix
claim.

Solution. Give : P =3.75 kW; Fuel consumed = (.44 kg/h; Calorific value =42 000 kJ kg
T, = 1400*C = 1400 + 273 = 1673 K ; T, = 350° C =350 + 2713 =623 K

We know that the maximum efficiency, between two specified temperatures, is that of Carnot

. Cycle,
=T, 1673-623
= - = 0627 or 62.7%
Neamar = 7, 1673 or 62.74
We also know that the heat supplied to the engine by the fuel
= Foel consumed » Calonfic value of fuel

= 044242000 = 18480 kI/h = 513 kifs

and workdone by the engine = 3.75kW = 3.75kl/s

_ ) _ _Workdone _ 375 _
‘ -~ Efficiency claimed = T pplied — 5.13 0731 or 73.1 %

Since efficiency of the engine claimed (73, 159) is maore than the maximum possible efficiency
(62.7%), therefore the engineer is not justified in his claim, Ans.



6.16. Otto Cycle

The first successful engine working on this *cycle was built by A. Otto. These days, many

gas, petrol and man he oil engines run on this cycle. It is the also known as constant volume
cycle, as the heat is received and rejected at a constant volume. T

This cycle is taken as a standard of comparison for internal combustion engines. For the
purpose of comparison with other cycles, the air 1s assumed to be the working substance.

The engine conceived by Otto has air enclosed in a cylinder, whose walls are perfectly
non-conductor of heat, but the bottom is a perfect conductor of heat. There is also a hot body and cold

W

This cycle was originally devised by a Frenchman Beau-de-Rochas in 1862. The first successtul engine.
working on this cycle, was built by a German engincer Nicholas A. Ouo in 1876.



body and an insulating cap, which are alternately brought in contact with the bottom of the

(i.e. a cylinder similar to that of Carnot) %
The ideal Otto cycle consists of two constant volume and two reversible adiabatic or jgy,

processes as shown on p-v agrams in Fig. 6.9 (a) and (b). >

- - 1

{a) p-v diagram. () T-X diagram
Fig. 6.9. Ouocycle

Let the engine cylinder contain m kg of air at point 1. At this pomnt, let p,, T, and o, be e
pressure, temperature and volume of the air. Following are the four stages of the ideal cycle -

|. First stage { Reversible adivbatic or isentropic expansion). The air is expanded reversib
and adiabatically from initial temperature T, to a temperature T, as shown by the curve I-ZinFy
6.9 (a) and (b). In this process, no heat is absorbed or rejected by the air.

2. Second stage (Constant volume cooling). The air is cooled at constant volume from
temperature 7, 10 a temperature T, as shown by the curve 2-3 in Fig. 6.9 (a) and (b). We know ih
heat rejected by the air during this process.

@y =me, (Ty=T,)

3. Third stage (Reversible admabatic or isentropic compression). The air |s compresssl
reversibly and adiabatically from temperature T, to a temperature T, as shown in by the curve 347
Fig. 6.9 (a) and (b). In this process, no heat is absorbed or rejected by the air,

4. Fourth stege ( Constans velume heaning). The air is now heated at constant volume frof
temperture T, to & temperature T, as shown by the curve 4-1 in Fig. 6.9 (a) and (b). We know 1
heat absorbed by the air during this process, =

Qp ) =mc, (T, =T
We see that the air has been brought back to its original conditions of pressure, volume &

temperature, thus completing the cycle.
We know that work done = Heat absorbed — Heat rejected

=me, (T -T)-mc,(T,-T,)
. ldeal efficiency or air standard efficiency,

7 = Work done
Heat absorbed

N mc, (1) =T)—me, (T,-T,)
) mc, (T, ~T)
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We know that for reversible adinbatic or isentropic expansion process |-2,

e [Rdee

where rzExpnIﬁ:‘lnnrlﬂn:t:,H:'

Similarly, for reversible adiabatic or isentropic compression process 3-4,

5oy ay )
T" ﬂ] = 7 .,.iuﬂ

r = Compression ratio = v, /v, = v,/ v,
From equations (i) and (jii), we find that

A (V. AT
T, T, ' B

where

T 2 |- hL T
. ; Mesl-g=lacF=|- Y rE-c SN 1) SRR
- | (33}

Motes s 1. We see from equation (iv) that the efficiency of O cycle depends on compression ratio (r) only.
2. The efficiency increases with the increase in

; i (r). In actual practice, r can not be
increased beyond a valie ol 7 or 0.

; : - Yotal cylinder volume
3. Compression mtio, r= Tﬂml-li lu‘ﬂ;‘d\":!lnt:t

_ Clearance volume + Strokevolume _ 2.+ 9,

A Clearance volume P,

. Stroke volume Yy
2. Clearance volume, 0, = o ™ =1

4. ‘The relations between pressure and emperature of pressure and volume may be obtained from the
usual reversible adishatic or isentropic processes, Le.

ot |

i roar |
(2] o (%) o B ()
T P Py ¥ Lo m

Example 6.10. Inan Otto cycle, the temperature at the beginning and end of the isenuropic
compression are 316 K and 596 K respectively. Determine the air standard efficiency and the
compression ratio. Take Y = [.4.

Solution. Given: T,=316K;T,= 596K Y=14

L amnpresian rutio
Let r = Compression rutio = v, /v,
= 1- A= )- %ﬁ-= 446,98 4 5 04692 = l-";LF:|




i 6.9).
We know that for isentropic compression 3-4 (Refer Fig. )

7= i A=
T v - =
wea) -C) e

L
/) T ™ _ (596 =ass Ans
: Er}ﬁ"-.-—r_. or r:[i:.“] _[alﬁ s
o - A
Air standard efficiency
We know that air standard efficiency, | |
1 e = | ——
rl = I_Irjjfl I [4_!35’]""_' I.-Haﬁ

= 1-053 = 047 or 4T% Ans

Example 6.11. An engine, working on the Otto cycle, has o cyllﬂer diameter of | Sin
and a stroke of 225 mim. The clearance volume is 1.25% 10~ m’. Find the air standard efficley,,
this engine. Take y= | .4. i :

Solution. Given: d=150mm=015m;/=223mm=0225mv.= .25 x 10 Ty

=14
We know that swept volume
v, = g xd¥xl =T (0.15) (0225) = 3976x 10~ ' m’
, Pty 125% 1072+ 3976 %1072
-. Compression ratio, r = ‘F = s =418
We know that air standard efficiency

| I i
R X
= 10564 = 0436 or 43.6% Ans.
Exnmple 6.12. A certain Quantity of air at a pressure af I bar and temperanure 7 ":'
compresied reversibly and odiabatically until the pressure is 7 bar in an Oto eycle engine. #8608

of heat per kg of air is now added at constant volume. Determine : |, compression ratio of the eng®

2. temperature at the end of compression, and 3. femperature at the end of heat addition.

== = |

Solution.  Given : p, = | bar; T, =70°C=70 4+ 173 =
m=1kg.c,=1 kg K :c, =0.707 Kikg K
We know that ratio of specific heats,
T=cle, = 110707 = 149
|. Compression rafic of the engine
Lel 7= Compression ratioof the engine
Wi know that Ml = p, vl

343 K-'.j'lh:? hﬂl".ﬂ;q:*md

= ujr' vy

=

F

=

v |
} [P} 9 \Tdi

’%2(%") 27 T‘i: 2 ',i)dl%z 592k
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B o 53—
fﬁrﬂnuw‘fﬂwmr Air Cvelex T__T — e ? Sq o= TD'#
7

¥
3 Temperuture at the end of compression ¥ = 4 ﬂ!
Let T, = Temperature at the end of compression.

T i) = =1 Al=1
We know that A 2] LY _f 1 = 0
T, [t,_j]Y [r]’ = [ 3.97] (0,252)%4' = p S6R

Ty=T,/0568 = 343/0.568 = 604 K = 331" C Ans
1 Teraperrature at the end of et auddition
Let T, = Temperature at the end of heat addition.
We know that heat added at constant volume (Q, ),
460 = mc (T, =T) = 1 x0707(T, - 604) kJ
T, =604 = 460/0.707 = 651 or 7, = 12585K = 02"C Ans
Example 6.13. In an One cycle, air at | bar and 290 K is compressed sentropically unn

the pressure ix |5 bar. The heat iy added ar constant volume uneil the presyure rives ro 40 bar,
Calculate the air standard efficiency and the mean effective pressure for the cwele. Take ¢, = 0717

kifkg K and R = 8314 kifkg mole K
solution. ﬂiﬂ*ﬂ:p}=lMr;T!=3mﬁ;p‘=15b.‘n‘;p,=-mlliu.r.¢="‘i'|:'k-lﬂﬂﬁr
R, =8.314 klfkg mole K 4 o gire 24T 00
We know that characteristic gas constant,
_ Universal gas constant (R)  g314

- - = 0287 kikg K
Malecular mass (M) W07 §
tp=Ly=Q 0 M for air = 2897 ky)
and ¢, = R+c, = D287 +0.717 = 1.004 klfkg K

. Y= H.f»::II = LOM/0TIT =14

i

Air standard efficiency

We know that for isentropic compression process 3-4 (Refer Fig 6.9).

f b
oy Bk

= .ol 2 =22
'FJ"HI Para % - gFj.l

1 L
P 0 e 61 1 T 714
o2 B =] =09 =6914
+ Compression ratio, 1= o [F]]

We know that mir standard efficiency,
! S Sy . |
n= l“[_,.};.-l e i'{ﬁmq]lf"l =367

_ 1-04615= 05385 or 53%5% Ans.

Meun effective pressure ‘ _
First of all, let us find the workdone during the cycle per kg of air.

Let T, = Temperature at the end of isentropic compression, and



TR N
T, = Temperature at the end of constant volume heating,

o_(w) () () L
We know that 7. | = L rl T 6914 2.167
T, = Tyx2.167 = 290x2.167 = 628.5K
Now for constant volume heating process 4-1,

BB r=rxta 628.5% 30 _ 1676 K

%5 Py 13

We know that heat supplied,
Qo =mc, (T, -Ty) =1 x0.717 (1676 — 628.5) = 751 k]
. Workdone during the cycle
= 1 X Heat supplied = 0.5385 x 751 = 404.4 kJ
Now let us find the stroke volume (i.e. v, —v, or v,—v,). We know thal

mRT; | x287 %290
P4 0.1x 10°

... (R is taken in J/kg K and p, in N
v, =1,/6914 = 08323/6914 = 0.1204 m'
0 r= oy, =00

= ().8323 '

p;vy =mRT, or v, =

and stroke volume ~ © = v, —v, = 08323 -0.1204 = 0.7119 m°

We know that mean effective pressure

_ _Workdone 4044
~ Stroke volume ~ 0.7119

= 568 kKN/m® = 568 bar Ans.
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.17, Diesel Cycle devised by Dr. Rudolph Diesel in 1893, with an idea to alltin a higy,
This cycle was : :

) L. |
Vi important cye hich all

el with a high compression ratio. This: bs.8n JIPE % Lf’.,::: ;nn‘:n:slﬂnl EE W

UEEI'E?. 50 Er-|. v consiant pressure ¢ycle us heat 15 re - o PE\

P AR IR, Diesel has air enclosed in the cylinder, whose wally gy,

The engine imagined by ctor of *heat. Again, there is a hey hog
non-conductor of heat, but bottom is a perfect condu bt in contact with the cylinder Yoty

oA Aenion i ¥ ternately broug ;
bosdy and an insulating cap, which are al ’ NropIc, a constyy

The ideal diesel cycle consists of two reversible adiabatic ;:: l~'i':;*'l ind 78 dingriie I‘r-'e.‘
and # constant volume processes. These processes are represent I }u&h

i Fig. 6,10 (@) and (b).
'
g TI g
K Fq...
|

() p-0 dhvagram i TS dragrum

Fig. 610 Diesel ovele

43-4

Let the engine cylinder contain m kg of air st point 1. At this point let, p,, 7, und i, be te
pressure, temperature and volume of the air. Following are four stages of an weal diesel cycle

| First stage (Constant pressure heating) The air is heated at constant pressure from inind
temperature 7, to a temperature T, represented by the curve 1-2 in Fig 6.10 (a) and (b)

<. Heat supplied 1o the air,
Qi s=m fr-[T! =1
Note :  Since the supply of heat is cut off at point 2, therefore

2. Second stage (Reversible adcibatic or Hentropic ¢xpansion 1. The wir is expanded reversil
and adiabatically from temperature T, 1o a temperature T, as shown by the curve 2-1in Fig. 6101
and (b). In this process, no heat is absorbed ar rejected by the air,

X Third stage (Constany w Mirie vonerling ), The air i5 now
temperature T, to a temperature T, as shown by the curve 3-4 in Fi

. Heat rejected by the air,
ﬂH =mc, l',TJ-TJ

4. Founth atage (Reversible adiabanic or isentropic compreyy - :m.,,p]ﬁ:"
reversibly and adiabatically from temperature T,oa mmmm";l l‘;;:;:;';n?mm ;;f“:: curve -7

Fig. 6.10 (a) and (b). In this process, no heat is absorbed or rejected by the air.

We see that the air has been brought back 1o it original conditio uiuﬂﬁ
temperature, thus completing the cycle. We know that. ns of pressure, v

itis known as cut-of f point,

cooled at constant volume In°
B-6.10 (a) and (h).




- e T

- wk done = Heat absorbed - Heat rejected
= me, (=T =me, (T,-T,)

~ Adrstndard efficiency,
N Work done E'.F[T!'T1! —me, (T, =T
Heat absorbed me, (7,=T,)
ML . ) N 1 el D
ol =T, Y\ -7,
Now let compression ratio,
u,
= -
!
Uy
Cut-ofT ratio, p=—
———— o
E . . s I ny o, = 1)
Lpansion ralio, he—=— 1 ' i
— Ly T
n, @ '
=—'I:¢—!=r:-:|—=£ > I"i'-
G 2 poop L J
We know for constant pressure heating process [-2,
L{ AR . (Charles’s law)
T 7T
Uy B — - x
T1=T-“E'T|“P B = < oo (i)

Similarly, for reversible adiabatic or isentropic expansion process 2-3,
- -1
2ol T ]
T, (v i r
1 3 =

p Y p V! !
T,=Tz[?]7 =T;“F[';] :i;‘g:"',f;:f':‘.l o i)
and for ;':vmihlr: adiabatic or isentropic compression process 4-1,

=1 :
;l=[%:j =@ or T, =T, ()" oo (iv)
' S
Substituting the value of T, in equations (i) and (i),
T, = T, (' xp L)
p Y
and T,n?]{r}"’xp[?] =T,p' v - (W)



Now substituting the values of T,, T, and T, in equation (1),

n= |--|-[ (T, =T, ]

Y| T p =T, (e

. SRR
e Lyte-n o

Notes : 1. The efficiency of the ideal Diesel cycle is lower tl of Ot gyele, Tor the same o T
ratio. This is due 1o the fact that the cut-off ratio (p) is always greater thun unity and hence the term o) )

el of equation (vii) increases with the increase of cut-off ratio. Thus the negative term increass, ]
elficiency is reduced,

2. The Diesel cycle efficiency increiases with decrense i gutof] rtio and approaches maximupy fequy
te Ot eyele ﬁﬁﬁmﬁﬁmﬁrﬁm & unity. "
Example 6.15. n a diesel engine, the compression ratio ix 13 @ I and the fuel i Clit-off
8% of the stroke, Find the air standard efficiency of the engine. Take ¥ for air as 1 4.
Solution. Given :r=u, /0, =13;y=14
Since the cut-off takes place at 8% of the stroke, therefore volume at cut-off,
vy = v, + 8% of stroke volume = v, +0.08 (v, - v,

Let us assume that the clearance volume (v,) = | m’,

v,= 13m’ ot e =1
and stroke volume, o,-v, = 13-1 = [2m’
- Volume at cut-off

v, =0, +0.08 (v, —v) = 1 +008x12 = | 96 m’
We know that cut-off ratio,

p=ufrv, =196/1 = 196
~ Air standard efficiency,

n=l-— [ - :l= -—1 | (196)!*~|
(-t Lylp-1) (13)'4-1] 14(196-1)
= |-0417 = 0583 or S8.3% Ans,

Example 6.16. In an ideal Diesel cycle, the femperatures at the beginning and ené "
compression are 57° C and 603° C respectively,

_ The temperatures at the beginning and end !
expansion are 1950° C and 87(F' C respectively. De it

termine the ideal efficiency of the cyele. 1= 1*
If the compression ratio is 14 and the pressure at the beginning of the sion is | B
calculate the maximum pressure in the cycle. i 2o o

Solution. Given : T,=57°C=57+213=330K; T, =603°C =603 + 273 = 876 K . T, = 199¢
=1950+273=2B K T, =B70°C=870+273= 1143 K Y=l4ir=vfv = 14;p,=1bar
Ideal efficiency of the cyvele

We know that ideal efficiency of the eycle,

m=1-4 BT 1 (143330
T"W5-F I4| 2223 - 876

= 1-0431 = 0569 or 569% Ans.




I
Mygetitns pressuee in the ovole

Let Py = Maximum pressure in the cycle.
We know that for reversible adiabatic compression

T
]
ﬂ_" ] = 1 (14" = .2V 80 Apis.
i
Eﬂmﬂi: IEI:I'T. An ideal Diesel engine hax a diameter 150 mm and stroke 200 mm. The
clearance volume is 10 per cent of the swept volume. Determine the compression ratio and the alr
standard efficiency of the engine if the cut-off 1akes place at & per cent of the stroke.

Solution. Given : d = 150 mm= 015 m - [ = 200 mm = 0.2 m .v = 10% of v, =0.1 1,

MY =pl ar P, -.—;;4[

e sxien refio
We know that stroke volume,

5= Exdle = -Em-iﬂlu.: = 3.53x 10" ' m’

v =0lp, =01x353x10"" = 0353 10" m’

L

We know that compression ratio,
,— Totolvolume _ V4T, 0353x10°7+3.53x 107
Clearance volume ~  ©, 0.353% 10~
= |'J htE+ . -

Air standard cffictency
Since the cut-off takes place at 6% of the stroke, therefore volume at cut-off,
v, = v, +0060, = v, +0000, LU =)

= 0353x 10”4006 %353x10°% = 0565 107 ' m’

U, 0 0S565x10°7 _

s Cut-offatio, p = ;—; =2 " 0353x 107 .6

We know that air standard efficiency,
O [ SR D [ o ]
=t ye-n (01| 14(L6-1)

5 I—E—L—le.ll = 1 -04246 = 05753 or 57.53% Ans.

ion ratio of an ideal air standard Diesel cyele is 15. The heat

"Tﬂ‘ﬂft‘mﬂ!ﬂ; :J.lr':; r;'" !;:a;":fﬁe p.mmrf and temperature at the end of each process and
determine the cycle efficiency.

Wha is the mean effective pressure

Solution. Given : r=t, /0, = 1304 =
Nim?
Pressire o temperatire at the e of vach process _ .

The p-v and 7-5 diagram for the Diesel eyele is shown in Fig. f_;.l 1.

let P sl py = Pressures at points |, 2 und 3 respectively,

of the cycle. if the inlet conditions are 300 K and | bar.
1465 kifkg : T,= 300K . p, = | bar=0.1 % 10°



6.8, Dual Combustion Cycle . ‘
combination of Otto and Diesel cycles. It is sometimes called semi-die,,

Thiscycleisa - ¥l
Bickise mmiﬁi;[:l E__orrm—_mngi nes work on this cycle, In his cycle, heal 15 absorbed parily i -'-"mﬂ‘\

volume and partly at a constant pressure. 1 _ _
The ideal dual combustion cycle consists of wo reversible adiabatic or iseny

are re nted on pay . Py
conytant volume and a consian! pressire processes. These processes prese p-u and )

Const. press.
E'---—--‘l‘- T =
N Const. vol.
Tik---q4--
Tyf-==-f 3
Ts
s
Py n[ﬂ Cﬂ".ﬂ"
. 4
i i i .
'.I.'. 1.|I'I- _‘_‘ll ‘.lf= = 1||".
: Lia) pr-2r dspramy, () T-5 dingram.

Fig. 615, Dual combustion cycle

Let the engine cylinder® containgm kg of air at point 1. At this point, letp,, T, and v, be the pressn,
temperature and volume of the air. Following are the five stages of an ideal dual combustion cycle

| First stage (Constant pressure heating), The air is heated at constant pressure from initd
temperature T, to a temperature T, represented by the curve 1-2 in Fig. 6.15 (a) and (b).

- Heal absorbed by the air, @, , =m € (=T

.l S::nmd stage (Reversible adiabatic or wenrrapic expansion ), The air is expanded reversibl)
and adiabatically from temperature T, to & temperature Ty as shown by the curve 2-3 in Fig 61514

and (k). In this process, no heat is absorbed or rejected by the air |

3. Third stage (Constamt volume cooling), The air is now cooled at from
xtiag ! g) constant volume
temperature T, to lemperature T, a5 shown by the curve 3-4 in Fig. 6.15 (a) and (b).

*. Heal rejected by the air, Qii=m 6, (T3 = LA

. Fourth stage (Reversible adiabatic or isentro e cop i1 ir is compres®
reversibly and adiabatically from temperature T, 10 E;p;mg};ixiu:ﬁﬁh?l;:;“ 4.58
Fig. 6.15 (a) and (&). In this process, no heat is absorbed o rejected by the air

5. Fifth stage (Constant volume hoaring). The air is finall
v hea fred?
o T AT, 2 T e o

~. Heat absorbed by the air, Uy =me, (-7

We see that the nir has been brought back 4g ite s a3
temperature, thus completing the cycle. ,ﬁ,ﬂ knnu.ri; Hl:u Onginal conditions of pressure, volum® o

Work done = Heg absorbed ~ Hegy rejected
= [m €, [T1- Tl} +m 0 [T. ~T)l=mec, {T;L o ﬂ:'

The cylinder i of similar type as diseussed in Oug arid Diesel eyl
¥ Ly Clex,



. cndard efficiency. n = —Workdone
and dir stan o e i

_m , (Ty~ 7)) tme, (T, - ) =mc, (1,-T)
mc, ”‘1 - TJ:] tmoe, (T, - T

e S{T=Ty
rp[Tz"Ti]‘['r,.{Tr -"Tj}
T
== 203 ii)
?[T}"T1]+[J]*'?;] hak
Now, let compression ratio,
= Y _
-""_S_E"_l . vl gy = and v, =)
: o L .
1o, —_— A —
Cut-off rati p o= v =% (o =09
and pressure ratio,
P
o = —
Py
We know that in constant pressure heating process 1-2,
Uy Uy R
'ﬁ' = T: . ACharles” law)
v -
T:=Tlgp—!='rlp - 1—::‘:' . 2 R (1))
| c

Similarly, in reversible adiabatic or isentropic expansion process 2-3,

| i ¥=1 =1
n_(m) _(m.a)" E]
T; Ity U, i e
— p .

und in reversible adiabatic or isentropic compression process 4-3,

y=}
I_’.:[E] ::r].lr—l

nLo\% r-)

r, =T, ¥ Tg =Ta ¥ -
Now in constant volume heating process 5-1,

e | - - (Gay-Lussoc law)

TS-_TI f'!
T, =T,:~:§i=fjﬂ= e FT=Ta¥ o )



Substituting the value of T, in equations (if) and (#1), 1
T,= T, 'op

- |
p
and Ty = T,[r}"’"up['}']y = T,ap’

Now substituting the values of T,, T,, T, and 7 in equation (1),

?:IEPT' Ty
T ) =T A+ T T = T g

n=1
T,(ap'™=1)
ST [y lep — o) + (o= 1)]

|- (ep'™1)
(A yo(p=1)+ (= 1)

=1

| ap’ =1 l
(P (=) +ya(p-1) .
voless 1. For Otto cycle, p = |. Substiuting this value in equation { i),
M = | - l—. (Same as helim
[r)

. For Diesel cycle, a= |. Substituting this value in equation {vi),

rlllll-ﬂl' = | = ..| e [Sm HHM
¥ Flp—=1) J

3. The efficiency of dunl combustion cycle is greater than Diesel cycle und bess than Oto cycle, ol
same compression ratio,

Example 6.21. An oil engine, working on the dual combustion cvele, has a compresns
ratio 10 and cut-aff takes place at 1710 of the stroke. If the pressure at the beginning of campresis
is | bar and maximum pressure 40 bar, determine the air standard efficiency of the cyele. Takey= 14

Solution.  Given: r=v,/p,=10; Cut-off = 1/10 of stroke ; p, = 1 bar Py = py =00
Y=14

Since the cut-off takes place at 1/10 of the stroke, therefore volume at cut-off,

vy = v, + /10 of stroke volume = - +-I—Iﬁ (v~ 1))
='|?5+ﬂ'.|[l?¢r-ti;] g I:l'|-"'|'-LI
: ti =EEI 0.1 Ys os by
2. Cut-off ratio, P 7, +0. t.’i.‘l . .. (Dividing bath sides

= 1401(10-1)= 19
We know that for isentropic compression process 4-35 (Refer Fig. 6.15),

0 T
PVl = py ¥l or p, =p.[;‘} = 1(10)" = 25.12 bar
3 .

Pressure ratio, @ = Pilps = 4002512 = 1.59



We know that air standard efficiency,

n = n-h-'—[. o ]
(' =) 4y ip - 1)

=il 159 01.9) 4~
(041 (159~ 1)+ 14% 1.59(1.9 - 1)

= | 39-1
= | === | - > s

Example 6.22. In a “compression ignition engine, warking o ¢ duws! combustion cvele,

prf:tmrrﬂmf lerapersiture at the starr af compression are | bar ahid 00 K respestively, At the end of
compression, pressire reaches a value of 25 bar. 420 1) af heat i stpplied ner ke of air during
constent volume ﬂmm?g and pressure becomes 2.8 bar at the end of tientropiy o, Estimette
the Ydeal thermal efficiency. Take €, = 1005 kifkg K and ¢, = 0.712 ktfy K

Solution.  Given : p, =1 bar ; T =300K ; ps=25bar; Oy, =420 Kdikg ; p, = 2.8 bur

¢, =1.005 kilkg K c,=0.712 klfkg K

We know that ratio of specific heats or isentropic index,
Y=¢,/c,=1005/0712 = 14

First of all, consider the isentropic compression process 4-5 (Refer Fig. 6.15)
We know that b

vl = pg vl r i | | -
+ Compression ratio, ' e f L
| il
v ¥ 2& Y14 ol N .
p o= — ﬂ = é 5t [15}“‘1“ = 904
Uy P, |

-
T, i
We also know that 'T—_j = [—‘J = (9.96)'*" 1 =25
i

T, = T, %25 = 300x25 = 750K
Now consider the constant volume heating process 5-1. We know that heat supplied per kg of

ilir{QH],
420 = m e, (T, =T) = | *0.712 (T, = 750)
T, =750 = 420/0.712 = 590 or T, =3590+750= 1340K
ﬂmlpfﬁsummi“r [+ M— FI',FS- = TlfTﬁ = IJH-DJ'?SU . I?HT ...I . FIITI = .l';lil r‘,

pp =P | 787 = 25% 1.787 = 44.7 bar

Now consider the isentropic expansion 2-3. We know that |
|

i

4

v, (pa)'_(28 Y4_ )
pyvd = Py OF Eﬂ[%—} ‘[ .7] 0.138 .itpy =p



and cut-off ratio,

Uy
v

Uy

p=—=—

Uy

U Uy Y

r 'l.’_t*l-

X =
'y Uy ”3

= 0138 x9.96 = 1.37

We know that ideal thermal efficiency.,

n-s=

- " - * : I.I
[ o ng

I ap’=1 ]
=T @ Dryap-n
1 1,787 (1.37)'4 - 1
5 (9.96)"4 1| (1.787 = 1)+ 1.4 x 1.787 (1.37 - 1)
l-——l— 278=1 = 1-0414 = 0.586 or 5464
2.51| 0.787 +0.926

""'l
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043 2F Fuels

I. Introduction. 2. Classification of Fuely. 3. Solid Fuels. 4. Liguid Fuels. 5. Merits and Demerits
of Liguid Fuels over Solid Fuels, 6. Gaseous Fuels. 7. Meriis

and Demerits of Gaseons Fuely 8

o @ Good Fuel. 9. Calorific Value of Fuels, 10, Gross pr Higher Calorific Vaiue. 11. Net

ar Lower Calorific Value. 12. Experimental Determination of Higher Calorific Value. 13. Bomb
Calonmeter. 14. Boy's Gas Calorimerer,

1L1. Introduction

A fuel, in general terms, may be defined as a substance {containing mostly carbon

:Eﬁq} which, on burning with oxygen ifi thie atmospheric air, produces a large amount of heal.
amount of heat generated is known as calorific value of the fuel”

As the principal constituents of a fuel are cirbon and hydrogen, therefore, it is also known as
hydrocarbon fuel. Sometimes, a few traces of sulphur are also present in it
12, Classification of Fuels

The fuels may be classified into the following three general forms :

L. Solid fuels,

2. Liguid fuels, and

3. Gaseous fuels.

Each of these fuels may be further subdivided into the following two types -

(a) Natura) fuels, and

(6) Prepared fuels.
13, Solid Fuels

The nitural solid fuels are wood, peat, lignite ar brown coal, bituminous c-._:-u and anthracite
oAl The Prepared solid fuels are wood charcoal, coke, briquetied coal and pulverised coal.

The following solid fuels are important from the subject point of view:
hydrg | Woud. At one time it was extensively used as a fuel. It consists of mainly carbon and

come o1 The wood is conv coal when burnt in the absence of air. It is not considered as
val tal fuel] except in lﬂu:triu. where @ TiTge amount of wasie wood 1s availsble, The calorific
e

g 200 wood varies with its kind and moisture contenl. The average calorific value of the wood is
kl/kg,

2 Pear Itis a spongy humid substance found in boggy land, It may be regarded as the firsg
S

N the formation of coal. It has a large amount of water contents (upto 30%) and theref
before use. It has o characteristic odour at th¢TTme of burming, and has a smoky flame, Its
RO Tae i 23 000 WUk



Z . i Ulh'ﬁ ,.’
3. Lignite or brown coal. 1t represents the next stage of peat in the coal rmm"’ﬁﬁ'. N

intermediate variety between bituminous coal and peat. It m"lllliaﬂmﬂzl:i 0% moistype W*:n:‘l
carbon. When dried, it crumbles and hence does not store well, e oty Enes }
into briquettes, which can be handled easily. Its average calogific value is 25 000 kjp,

4. Bituminous coal. 1 represents the next stage of lignite in the coal formayjy, =
very little m‘__[_ﬁ'm a1 Jmm%jmn. !l is weather-resistant ang h‘-lma vit :m,..
flame. Thé Tverage ca vilue of bitaminous coal is 33 mﬂfkg.frhebltumlmu,mh?:g
rﬂ“ﬂw'il'l: W Iﬂ:!l ' | __I ‘ N

(a) Caking bituminous coal, and (4) Non-caking bituminous coal.

(@) Caking bituminous coal : Tt softens and swells on heating and its pieces adhere -
forming a pasty mass which makes firing difficult. 1t burns with a fairly long ﬂnmm |

i5 1.26 to 1.36. The caking variety is very useful for manufacturing gas. It is ”“’“‘“*ﬂhm‘
Its average calocific value is 35 000 kg,

(6) Non-caking bituminows coal - T burns with & shorter flame lh_an the :.:Il:ir?! coal, ang, |
off little or no smoke, Its specific gravity is 1,22 to 1.47. The nnn-r.'ah:u]g vanety is mosily .::
fu__t_l_w. hence it is known as steam coal. Its average calorific value is 33 0o Uiy

Note : The bituminous coal is non-caking, if its carbon content s 78 to 81%. If the Percentage of cappen
W 82.5%., it is slightly caking. In mediym caking bituminous coal, the carbon content is 82 § 1o % Bu gy
carban content is B4 1o 89%, it makes the coal strongl ing.

3. Anthracite coal. It represents the final stage in the coal formation, and contains 90% o g,
carbon with a very little volatile matter. It §s thus obvious, that the anthracite coal is
eless, and has Very little flame Tt possesses a high calonific value of abowt 36 000 kg iy |
v w e ——— el |
tmtm very valuable Tor eam raising and gene "'T. poOwer purposes,

6. Wood charcoal. It is made by heatin wood with a limited supply of air to a tempenss |
not less than 280" C. It is a good prepared mllEli fuel, and is used for various ur

7. Coke. It is produced when coal is strangly heated continuously fur__ii to 48 hours n

absence of air ina closed vessel. This process Is known as carbonisation of coal. Coke  dull b |
in colour, porous and smokel i

: ess. It has a high carbon content (85 luqﬂ'EMammruhﬁl
value than coal

If the carbonisation of coal is carried out at 500 1 700" C, the resulting coke is called H_'
remperature coke Or sgft coke, It is used as 3 domestic fuel. The coke produced by carbonisaoe?
coal at 900 10 1100° C, is known as hard coke. The hard coke is mostly used as a blast furnace

for extracling pig iron from iron ores, and 10 some extent as a fuel in cupola m:w
cast iron,

8. Briguetted coal Nis produced from the finely groy b ' d e v
_ : : apchy Y ground coal :-.rrmuldeun HE,E'T' '
or without a binding material. The binding materials usuilly used gre ﬁiiz?h coal tar, crode ”
U'W eic. The briquetted coal has the sdvantage of having, practically, io Toss of Tuel through w
Openings and thus it increases the heating valye of the fue|,

9. Pulverived r*mln‘. The low Frld: caal with 3 high ash content, is powdered 10 :
Iveri - The coal is first IRed an then crushed intg fi l
ol . i erising
pulverised coal is widely used in the cen e

| oL industry and also in metallurgical proc e
Note : Out of all the above mentioneq types of solid fuels, wnthracite coal is commonly used in ll P
—Etk. e

11.4. Liguid Fuels

-IF
Almost all the commercig| lguid fuels are derived f; HH‘.BL% eyl !
| ! rom n troleum (o '
crude oil is obtained from bore-holes in the earth’s crust in certain parts of the world. The i8¢ M"’
consist of hydrocarbons, The natural pe

troleum ma line, paf
or kerosene, fuel oils and Iuhricmng ¥ be separated into petrol or gasoh #

oils by boiling the crude oil at different “’"WM




subsequent fractional distillation* or by s process such as cracking ** i li
mm‘hm’lwﬂnmﬂ * The solid products like vaseline

The following liquid fuels are important from the subject point of view -

1. Petrol or gasoline. Itis the lightest and most vol ] 1
engines. It is distilled at a temperature from 65° 10 12;-" II;_?ifhs liquid fuel, mainly used for light petrol

2. Kerosene or paraffin oil. It is heavier and less volatile fuel than the petrol, and is used as
heating and lighting fuel. It is distilled at o temperature from 2207 10 45° C. i

pils. These als are used in diesel engines and in oil. y ;
rom 348° 10 470°C. gt in oil-fired boilers. These are distilled &t a temperature

1.5, Merits and Demerits of Liquid Fuels over Solid Fuels

Following are the merits and demerits of liquid fuels over solid fuels :
Merity

1. Higher calonific value.

2. Lower storage capacity required.

3. Better economy in handling.

4. Better control of consumption by using valves.

5. Better cleanliness and freedom from dust,

6. Practically no ashes.

1. Non-deterioration in storage.

8. Non-corrosion of boiler plates.

9. Higher efficiency.
Demerits

I. Higher cost.
2. Greater risk of fire.

3. Costly containers are required for storage and transport
116, Gaseous Fuels

The natural gas is, usually, found in or near the petroleum fields, under the earth’s surface. It,
essentinlly, consists of marsh gas or methane (CH,) together with small amounts of other gases such
as ethane (C,H,), carbon dioxide (CO,) and carbon monoxide (CO).

The following prepared gases, which are used as fuels, are important from the subject point
of view

I. Coal gas. Tt is also known as a fown gas. It i.-: obtained by the carbonisati and
Consisty mainly of hydrogen, carbon monoxide and various hydrocarbons. ity of coal gas

Cepends upon the quality of the coal used, lemperature of the carbonisaiton and the type of plant. It
' Very rich among combustible gases, and is largely used in towns for street and domestic lighting
4nd heating. I is also used in furnaces and for running gas engines. Its calorific value is about 21 000
lﬂzjmnl”m;‘

e —
" Iis the distillation by stages, te. distillation carried out in such 3 way 5o that the liquid with the Jowest

baniling point is first evaporated and recondensed, The liquid with the neat higher baaling point is then
evaporited and recondensed, and so on until all the available liguid fuels wre separaely recovered in the

sequence of their bodling points

{'m-:hing is apecial process of heating crude oil to o high lemperature under a very high pressure (exceeding
0 atmospheres) (o increase the yield of lighter distillates, particularly petrol. The residue left after
Histillation by cracking is called cracked residue pressure tar and is used in road construction




-

"y
; : al coke, anth
2. Producer gas. It is obtained by the %ﬁ‘

harcoal j -steamn blast. It is, maostly, :
;!i'uﬂﬁr ;:::“ :;::i:im Its manufacturing cost Is low, and has @ calorific value of abey, *l‘n.:
6700 kl/m'",

1. Water gas. It is a mixture of hydrogen and ¢ s Md; l h‘lm
over incandescent coke. As it burns with a blue flame, it is also known as blue water gay

water gas is usually converted into carburet

a carburetter into which a gas oil is sprayed. It is, usually,
water gas is used in furnaces and for welding.

4. Mond gas. It is produced b ing air an
about 650° C, It?s used for power gﬁn and heating. It 15 als0 Sul
fi5 calorific value is about 5850 klim’ -

5. Blast furnace gas. It is a by-product in the production of i iron in the blast furnace 7,
gas serves as o fuel in steel works, for power generation In gas ERFLNES, for SLEAM FAISING 10 b
and for preheating the blast for furnace. It is extensively used as fuel for Inwtalh_.nrgw?.l furnacey T
gas, leaving the blast furnace, has a high dust content the prnpr:'nmn of which varies with the operay
of the furnace. It has a low heating value of about 3750 kJ/m".

6. Coke oven gas. Itis a by-product from coke oven, and is obtained by the carbomisatm 4
bituminous caal. Its calorific value varies Trom 13 50010 18 500 kI/m’. It is used for industrial heitsg
and power generation.

11.7. Merits and Demerits of Gascous Fuels
Following are the merits and demerits of the gaseous fuels |

Ments

I. The supply of fuel gas, and hence the temperature of furnace is easily and acoun
controlled.

2. The high temperature is obtained at a moderate cost by pre-heating gas and air with
of waste gases of combustion

They are directly used in internal combustion engines.
They are free from solid and ligud impurities
They do not produce ash or smoke.
6. They undergo complete combustion with minimum air supply.
Demerils
I.  They ure readily inflammuahle.
2. They require large sicrage capacity,
118, Requirements of a Good Fuel
Though there are many requirements of a good fuel, yet the following are important froo ™ :
subject point of view
I. A good fuel should have a low ignition point,
2. It should have a high calorific vilue.
3. ltshould freely burn with a high efficiency, once it is ignited.
4, Itshould not produce harmful gases.
5
6

ted (enriched) water gas by passing i
mixed with coal gas 1o form (oW gag Tb.

d a large amount of steam oy b
table for use in £35 engy

“w e

It should produce least quantity of smoke and gases,
It should be economical, easy to store and convenient for transportation.




|
|

(19, Calorific Value of Fuels o

The calorific value (briefly written s C.V ) or heat
s N. value of a soli 14 fucl may e
ot HI’LTJ’I:; ufﬁn;;}':l:htm:::lf:['; ““:lh;r the complete combustion of | H::; ?ﬂ:iq:uldt is expressed
terms O . ¢ vilue of . -
ot a specified temperature and pressure, oo Uels 1% however, expressed in terms of ki/m

Following are the two types of the calorific value of fuels -

I, Gross or pizlmr calorific value, and 2. Net or lower calorific value.

These calorific values are discussed, in detail, in the following articles.
11.10. Gross or Higher Calorific Value

All fuels, usually, contain some percentage of hyd W quant fuel is
bumt, some heat is produced. Moreaver, mtagn o Bt el

hot flue gases are also produced. The water, which
takes up some of the hﬂiﬂﬂ“ﬂiismﬂlﬂd'imnsmun.lflhchmuhnlm}rhyﬂuhm Nue

gases and the steam is taken into consideration, j ¢ if the heat is recovered from flue gases and steam

istﬂﬂﬂmﬂm“m"uﬂﬂmﬂmuﬂwﬂﬂlm[H“C].ihmlhnmmmnfmtll heat produced

kg is known as gross or higher calorific value of fuel, In other words, the amount of heat obtained by
the complete combustion of | kg of a fuel, when the products of its combustion are cooled down 1o

the temperature of supplied air (usually taken as 15° C), is called the gross or higher calorific value
of fuel. 1t is briefly written as HC.V,

If the chemical analysis of a fuel is available, then the higher calorific value of the fuel is
determined by the following formula, known as Dulong’s formula ;

HCV. = 33800 C+ 144 000 H, +9270 S ki/kg )

where C, H, and 5 represent the mass of carbon, hydrogen and sulphur in 1 kg of fuel, and the
numencal values indicate their respective calorific values.
If the fuel contains oxygen (0,), then it is assumed that the whole amount is combined with

hydrogen having mass equal to 1/8th of that of oxygen, Therefore, while finding the calorific value
of fuel, this amount of hydrogen should be subtracted.

o
HCV. = nummmmn[ﬂ,-?’]wms Kikg ... ()

ILIL Net or Lower Calorilic Value

When the heat absorbed or carried away by the products of combustion is not recovered (which
18 the case in actual practice), and the steam formed during combustion is not condensed. then the

- amount of heat obtained per kg of the fuel is known as net or lower calorific value. 1t is briefly wnitten

sLCy

If the higher calorific value is known, then the lower calorific value may be obtained by

llll:-l.ruuung the amount of heat carried away by products of combustion (especially steam) from
HCYV

- LCV. = HCV. = Heat of steam formed during combustion
Let m = Mass of steam formed in kg per kg of fuel = 9H,

Since the amount of heat per kg of steam is the latent heat of vaporisation of water
“orresponding 1o a standard temperature of 15°C, is 2466 kl/kg, therefore

LCV = HCV. - m,x 2466 kijkg



26.26. Rating of S.1. Engine Fuels—-Octane Number

The hydrocarbon fuels used in spark ignition (S.1.) engine huw;_ a tendency 1 il gy
knock when the engine operating conditions become severe. The knocking tendency of foel g
engines is generally expressed by its octane number. The percentage, by volume, of n
mixture of iso-octane and normal heptane, which exactly matches the knocking Intensity of 5 ﬁ;
fuel, in a standard engine, under given standard operating conditions, is termed as the OCIANE nimy
rating of that fuel. Thus, if a mixture of 50 percent iso-octane and 50 percent normal Matche
the fuel under test, then this fuel is assigned an octane number rating of 50. If a fuel Midichey s
knocking intensity a mixture of 75 percent iso-octane and 25 percent normal heptane, then i
would be assigned an octane number rating of 75. This octane number rating is an EXPIERsInn wh
indicates the ability of a fuel 1o resist knock in 2 S.1. engine.

Since iso-octane is a very good anti-knock fuel, therefore it is assigned a rating of 100 oo
number. On the other hand, normal heptane has a very poor anti-knock qualities, therefore itis e
a rating of 0 (zero) octane number. These two fuels, i.e. iso-octane and normal heptane are knowss
primary reference fuels. It may be noted that higher the octane number rating of a fuel, the prese
will be its resistance to knock and the higher will be the-compression ratio, Since the power oo
and specific fuel consumption are functions of compression ratio, therefore we may say thal theie s

also funchions of octane number rating. This fact indicates the extreme importance of the ccim
number rating in fuels for 8.1, engines.

26.27. Rating of C.1, Engine Fuels—-Celane Number

The Knocking tendency is also found in compression ignition (C.1.) engines with an efie’
similar to that of 5.1, engines, but it is due 10 a different phenomenon. The knock in C.l, engins®
due 1o sudden ignition and abnormally rapid combustion of accumulated fuel in the
chamber. Such a situation occurs because of an ignition lag in the combustion of the fuel betwed
time of injection and the actual bumning. 2 !

The property of ignition lag is generally measured in terms of cerane number . I iidfﬁ"d#
the percentage. by volume, of cetane in a mixture of cetane and nlphn-n‘tlhfl*“ﬂl’”w,
produces the same ignition lag as the fuel being tested, in the same engine and under ¢ o’
operating conditions. For example, a fuel of cetane number S0 has the same ignition
mixture of 50 percent cetane and 50 percent alpha-methyl-naphthalene.

# & i i ﬂ
The cetane which is a straight chain paraffin with good ignition quality is "“‘Emd ;;Hmi

number of 100 and 'nlphn-muhyl-naphihnleu which is a hydrocarbon with poor ignitio®
assigned a 0 (zero) cetane number,

e
Note © The knocking in C 1. engines may be controlled by s shorter e fmio”
the less is the tendency W knock, ¥ decreasing ignition lag. The

¥
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