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Preface

The main concern of the author while writing the first edition of A4 Textbook of Chemical
Engineering Thermodynamics was to provide a student-friendly book on the subject of
thermodynamics which was considered by many in the academic circles, as a difficult subject
consisting of abstract and difficult-to-conceptualize ideas, principles and variables. Within a very
short period after its publication, the book received wide acceptance among the faculty and students
of Chemical Engineering and related disciplines. This prompted the author to bring out this seconc
edition retaining the basic structure, sequence, philosophy and style of presentation.

Several changes and corrections were made in previous reprints of the first edition based on readers’
feedback. Suggestions have also been made to include more number of worked-out examples
illustrating the applications of the laws of thermodynamics. Therefore, in this edition, worked-out
examples have been added in almost all Chapters to make the abstract concepts of thermodynamics
more clear to the readers. More than 25 such worked-out numerical examples and a few exercise
problems are incorporated in the new edition. The Chapter on Phase Equilibria is revised recognizing
the importance that the Equations of State Approach and vaporization equilibrium constants for
solving vapour-liquid-equilibrium problems have attained recently due to the increased use of
simulation packages in the design of process units. More than 90 GATE questions with answers have
been added to the Appendix in Objective Type Questions on Chemical Engineering Thermodynamics
taking the total number of such questions to 236, which will definitely be a boon to the candidates
preparing for competitive examinations.

The author believes that with the improvements made, the second edition will retain the strength of
the first edition that so many people have appreciated and commented. Many Universities have
accepted the earlier edition as a textbook or reference book for their course study in Chemical
Engineering or related branches of Engineering, such as Biotechnology and Biochemical Engineering
Petroleum Engineering, Fire and Safety Engineering, Electrochemical Engineering, Polymer Scienc
and Engineering, Environmental Engineering etc. The author is grateful to all the academicians whc
have shown interest in the book and the faculties who have come forward with valuable suggestions
for improvement and hope their continued patronage for the present work as well. He would also like
to acknowledge the valuable service of the editorial and marketing team at PHI Learning, Delhi fo
making the work a commendable success.

The author is also grateful to the readers for their interest and hope that they will continue to make
suggestions for improvement of the book.

K.V. NARAYANAN



Preface to the First Edition

The field of chemical engineering is conventionally classified into two broad categories: the unit
operations and the unit processes. The former involves physical transformation and the latter
chemical changes. The chemical engineer, whether he is concerned with the unit operations or with
the unit processes has to evaluate the energy requirements for initiating these transformations, study
the energy changes involved in such processes, and determine the extent to which these
transformations can be carried out. The science of thermodynamics deals exactly with these problems
and a strong foundation in thermodynamics is therefore a must for the success of a chemical engineer
in his professional life.

Chemical engineering thermodynamics is one of the core courses in the undergraduate chemical
engineering curriculum. In this course, more emphasis is given to the treatment of properties of
solutions, phase equilibria and chemical reaction equilibria, all coming under the realm of ‘chemical
thermodynamics’ rather than on the thermodynamic analysis of heat engines and heat-power cycles.
The conventional textbooks on thermodynamics are, therefore, inadequate to meet these requirements.
Hence the need for a book on thermodynamics that deals exclusively with the theory and applications
of chemical engineering thermodynamics.

During the several years of my experience in teaching thermodynamics to the undergraduate students, I
have come across students who have strong ‘likes’ and ‘dislikes’ toward the subject. Unfortunately,
the latter frequently outnumber the former. The seemingly abstract nature of thermodynamic principles
is only partly to blame for this scenario. The major reason is the dearth of student-friendly textbooks
that help the student in providing a sound basis and act as catalysts for going deeper into the subject.
An unwilling student should not be compelled to studying the vast subject of thermodynamics, without
giving him or her a proper orientation. These inadequacies of the existing books on the subject have
been kept in mind while writing this book. An earnest attempt has been made to eliminate avoidable
rigour and intricacies that usually make the subject dry. Instead, the book tries to provide a firm
foundation in the theory through the application of the fundamentals to solve practically important
problems.

This book is intended to serve as a textbook for the undergraduate students in chemical engineering
and other related branches of engineering such as polymer engineering, petroleum engineering, and
safety and environmental engineering. Numerical examples given under each section would help the
student gain a better insight into the theory. In this text, only SI units used. Review questions at the enc
of the chapters would help the student check his/her understanding of the topics discussed in each
chapter before going to the next. Each chapter is provided with a number of exercise problems, and
answers to all of them are given at the end of the book. A number of objective-type questions are
included in the Appendix: ‘An Aptitude Test in Chemical Engineering Thermodynamics’. The studen
would find these very helpful in preparing for competitive examinations. Most of the questions
presented in this section are taken from earlier Graduate Aptitude Test in Engineering (GATE)
question papers.

This book is the outgrowth of the several lectures I have delivered to the chemical engineering
students in the Government Engineering College, Thrissur. The response from the students whc
benefitted from these lectures was a major source of inspiration for writing this book. Valuable help



and suggestions at various stages in its evolution have contributed towards bringing it out in the
present form. My colleagues at the Government Engineering Colleges at Thrissur and Calicu
provided a helpful environment for undertaking this work and I am very grateful towards all of them. 1
recall with gratitude the stimulating experience I spent at IIT Madras during my research work under
Prof. M.S. Ananth, which contributed much in sustaining my interest in the subject of thermodynamics.
I am thankful to the Director of Technical Education, Kerala and the Government of Kerala fo
granting me permission to publish the book. And my special thanks are due to my wife Lakshmi for
her suggestions for improving the quality and content of the book as also for the cooperation in
accommodating the lengthy hours that I spent during the preparation of the manuscript. Thanks are also
due to my daughter Aparna for her patience and understanding even when I could not attend to her due
to my preoccupation in this book-writing project.

Comments, constructive criticism and suggestions for improving the quality of the book would be
gratefully accepted.

K.V. NARAYANAN



Introduction and Basic Concepts

The science of thermodynamics deals with energy and its transformation. It tells us about the directior
in which changes take place in nature. It also determines the conditions under which a proposed
change attains a state of equilibrium—a state in which no further change is possible under the given
conditions. Original thermodynamic formulae were applied to a limited class of processes such as
those occurring in heat engines. Thermodynamic analysis is now applied to a wide variety of
problems covering both physical and biological sciences. Thermodynamics finds extensive
applications in chemical engineering. The field of chemical engineering is commonly divided into
two: unit operations and unit processes. The former involves only physical transformation such as
gas absorption, distillation, heat transfer, and filtration, whereas the latter consists of the combination
of the physical changes with chemical processes such as oxidation, nitration, and catalysis. In
chemical processes, like the synthesis of ammonia from a mixture of nitrogen and hydrogen,
thermodynamics enables us to determine the maximum yield of ammonia obtained under given
conditions of temperature and pressure. In a unit operation like distillation, it predicts the minimum
reflux ratio provided in the fractionation column to achieve a specified separation. The fundamental
problems that a chemical engineer encounters, whether they are related to unit operations or to unit
processes, involve two basic aspects of a change—the equilibrium and the rate of change. The
strength and limitations of thermodynamics will become obvious when we try to find answers to these
problems.

1.1 SCOPE AND LIMITATIONS OF THERMODYNAMICS

The heat and work effects accompanying a physical or chemical process can be accurately

predicted using thermodynamic calculations. What 1s the maximum work obtained from a specified
change in the state of the system? Or, what is the minimum work required to effect a certain change in
the system? What is the efficiency with which work is produced when a certain

fuel 1s burned in a steam engine? The answers to these questions are readily provided by
thermodynamics.

Thermodynamics sets certain limits to the various processes occurring in nature. It also helps us to
determine a priori whether a proposed process is possible or not. Since it deals with the direction of
change and equilibrium, it enables one to calculate the equilibrium conditions for both physical and
chemical changes. For example, thermodynamics can predict the equilibrium yield in a chemical
reaction and also gives insight into the driving force for the change under the given conditions of
temperature and pressure. The equilibrium yield gives the engineer an ultimate value that he strives to
attain by trying improvements in the process. Attempts to cross these limits have all been futile as is
evident from the history of the evolution of blast furnace technology for iron making.

In the blast furnaces, iron is produced by reduction of iron oxide by carbon monoxide.

Fey03 +3CO O 2Fe +3CO,



In the early years of the development of blast furnace technology, the presence of carbon monoxide in
the effluent gases was thought to be due to insufficient contact time in the furnace. To improve the
time of contact of coal with the ore, furnaces as tall as 30 to 40 m were built, but the conversion
could not be improved. The concept of equilibrium conversion was not recognised at that time. Later,
with the application of thermodynamics to chemical reaction equilibrium, it became clear that in a
chemical reaction conversions above the equilibrium value could never be attained in practice. Apart
from predicting the equilibrium yield, thermodynamics also helps us to derive information on the
possible side reactions and methods of eliminating undesired products. It can also help us in selecting
the optimum conditions for the reaction such as the temperature, pressure, concentration of reactants,
etc.

Though thermodynamics can tell us whether a chemical reaction is possible or not, it cannot say
whether a possible reaction will actually occur or not. The rate of any process may be written as the
ratio of the driving force to resistance. Thermodynamics can tell us about the driving force, but
resistance to flow of energy or material introduces questions of mechanisms that are outside its scope.
Consequently, it cannot say at what rate the system approaches equilibrium. That is, thermodynamics
cannot predict whether a specified change will take place in a reasonable period of time or not. As an
example, consider the unit operation of gas absorption. The driving force for the absorption of a gas
in a liquid, the energy requirements, the minimum amount of absorbing liquid required, etc., could be
determined from thermodynamic considerations. But the rate of absorption is influenced by many
other factors that are alien to thermodynamics. Thermodynamics can predict the minimum work
required in a process, but the actual work requirement can be determined only if we know the losses
like friction that are unavoidable.

Not withstanding these limitations, thermodynamics remains a powerful and universal tool with the
engineer. It enables us to calculate the maximum amount of work a given fuel can produce in a steam
engine, the maximum efficiency of a turbine or a refrigerator and the maximum yield in a given
chemical reaction. It also helps us in establishing the optimum range of temperatures and pressures
that are to be used in a chemical or physical process and it guides us in the choice of solvent to be
used in such separation operations as gas absorption and liquid extraction.

1.2 DEFINITIONS AND FUNDAMENTAL CONCEPTS
1.2.1 Systems and Processes

System. In thermodynamics, a substance or group of substances in which we have special interest is
called a system. It is that part of the universe which is set apart for our special consideration. It may
be a reaction vessel, a distillation column, or a heat engine.

Process. The changes taking place within the system is referred to as a process. Thus, hydrocarbon
fuel and oxygen in a combustion chamber constitute the system and the combustion of fuel to form
water and carbon dioxide constitutes a process.

Surroundings. The part of the universe outside the system and separated from the system by
boundaries is called surroundings. The boundaries may be either physical or imaginary; they may be
rigid or movable. For practical reasons, the surroundings are usually restricted to that portion of the
universe which is in the immediate vicinity of the system and are affected by changes occurring in the



system. For example, when the steam condensing in a shell-and-tube heat exchanger is treated as the
system, the cooling water to which the latent heat of vaporisation is transferred may be treated as the
surroundings.

1.2.2 Homogeneous and Heterogeneous Systems

Homogeneous system. This system is also called aphase. Here the properties are the same
throughout or the properties vary smoothly without showing any surface of discontinuity. Liquid water
in a beaker and a column of dust-free air above the earth’s surface are examples of homogeneous
system.

Heterogeneous system. This is a system which consists of two or more distinct homogeneous
regions or phases. There is a sudden change in properties at the phase boundaries. A liquid mixture of
benzene and water forms a heterogeneous system made up of two immiscible liquid phases. Water
and water vapour taken in a closed container is another example of a heterogeneous system. Systems
consisting of only gases and vapours are always homogeneous. With liquids, two phases are common,
and with solids any number of different phases are possible.

1.2.3 Closed and Open Systems

Closed system and open system. Systems that can exchange energy with the surroundings but
which cannot transfer matter across the boundaries are known as closed systems. Open systems, on
the other hand, can exchange both energy and matter with their environment. In a multiphase system,
each phase is open since material is free to enter and leave each phase, although the system as a
whole may be closed to the flow of matter. A batch reactor is a closed system while a tubular flow
reactor is an open system. Cyclical processes, like power and refrigeration cycles are closed systems
when considered as a whole, whereas each component of the cycle such as compressor, pump, and
heat exchanger is open.

Isolated system. This is a system, which is totally unaffected by the changes in its environment.
Neither energy nor matter can cross the boundaries of an isolated system. A closed system

is thermally isolated, when the enclosing walls are impervious to the flow of heat; it is

mechanically isolated, when enclosed by rigid walls, and is completely isolated, when neither
material nor energy in any form can be added to it or removed from it. A perfectly isolated

system is an ideal concept that cannot be attained in practice. The system and surroundings
considered together constitute an isolated system. Thus, the universe can be treated as an isolated
system.

1.2.4 State and Properties

Certain specifications such as pressure, volume, and temperature are necessary to define the
conditions of a given system. The condition defined by such specifications is called the state of the
system. The variables used to define the state are called the state functions or the properties of the
system. The minimum number of such variables required to represent the state uniquely depend on the
number of phases constituting the system and the number of distinct chemical species present in the
system (see the phase rule). The properties generally used to represent the state of a homogeneous
system consisting of a single substance are the pressure, the volume, and the temperature. However,



any one of these three properties depends upon the other two. Thus, if two properties, say, pressure
and the temperature are specified, all other physical properties,

e.g. density, viscosity, refractive index are thereby definitely fixed. Thus, thermodynamic properties
serve to define the state of a system completely.

1.2.5 Intensive and Extensive Properties

The extensive properties depend on the quantity (or extent) of matter specified in the

system. Mass and volume are extensive properties. The total value of any extensive property

is the sum of the values of the property of individual components into which the system can

be subdivided. An intensive property is independent of the size of the system. Pressure,

temperature, specific volume, density, etc., are intensive properties. Some intensive properties

are derived from the extensive properties by specifying the unit amount of the substance

concerned. Examples are specific volume, specific heat, and density. Heat capacity is an extensive
property, while specific heat is an intensive property. As the intensive properties are independent of
the amount of the substance, they describe specific characteristics of a substance in a given state.

1.2.6 State and Path Functions

State functions. Properties of a substance describe its present state and do not give a record of its
previous history. They are state functions in the sense that they are fixed for a particular state of the
system and do not in any way depend upon the past history or the path by which the state was arrived
at. When a system is considered in two different states, the difference in property between the two
states depends solely upon those states themselves and not upon the manner in which the system
changes from one state to the other. For example, DM, the change in some property M of the system as
it changes from state 1 to state 2, 1s always the same regardless of the process by which the change is
brought about. For a cyclic process, the initial and final states are the same and the change in the

property DM will be zero.

Path functions. The values of heat and work accompanying a given change in state vary with the
path from the initial to the final state. For example, some mass of hydrocarbon may be completely
burnt in air at constant volume in a combustion chamber. All the energy lost by the system appears as
heat, no work being done. In contrast, a large part of the energy of the hydrocarbon-air system is
converted to mechanical work and only the remainder into heat in

an internal combustion engine. It means that the heat and work involved in a given change

of state are not to be determined solely by the initial and final states; they also depend on

the manner in which the change is carried out. Heat and work are therefore not thermo-

dynamic properties of the system. They are properties of the process and are called path

functions.

1.3 FORCE, PRESSURE AND ENERGY
1.3.1 Force

According to Newton’s second law of motion, the force acting on a body is directly proportional to
the time rate of change of momentum. For a body of constant mass, Newton’s law reduces to



F=cma
where F' is the force, m is the mass of the body, a is the acceleration, and ¢ is a proportionality
constant. In the SI system, the constant c is unity and we have

F=ma (1.1)

When a body of mass 1 kg is accelerated by 1 m/s2, the force acting on the body is 1 kg m/sz, which
is designated as 1 newton or (1 N).
EXAMPLE 1.1 A man circling the earth in a spaceship weighed 300 N at a location where the local

gravitational acceleration was 4.5 m/s%. Calculate the mass of the man and his weight on the earth
where the gravitational acceleration is 9.81 m/ s2.

Solution Force is equal to the product of mass and acceleration, i.e.

F=ma
or

300=m 4.5
Therefore,

3
m = il = 60.67 kg
4.5

The weight on the earth is the force acting on the object on the earth.
F=66.67119.81=654N

1.3.2 Pressure
Pressure 1s defined as the normal component of the force per unit area exerted by the fluid on a real

or imaginary boundary. The unit of pressure in the SI system is newton per square metre (N/mz), also
called the pascal (Pa). A multiple of pascal, called the bar, is also used as a unit of pressure.

I bar = 10° Pa= 10> N/m?
The pressure exerted by the atmosphere is called the atmospheric pressure and it varies with
location and elevation on the earth’s surface. One standard atmospheric pressure abbreviated as atm
is used in all system of units as an empirical unit of pressure. It is the average pressure exerted by the
earth’s atmosphere at sea level. Pressure is sometimes expressed in terms of the height of the column
of mercury, which it will support at a temperature of 273 K in a standard gravitational field. At
standard atmospheric pressure this height is 0.76 m (760 mm or 760 torr) with density of mercury

taken as 13.5951 O 103 kg/m°.
1 standard atmosphere (atm) = 1.01325 bar = 1.01325 [ 10° Pa
=1.01325 O 10> N/m? = 760 mm Hg

EXAMPLE 1.2 A special manometer fluid has a specific gravity of 2.95 and is used to measure a
pressure of 1.15 bar at a location where the barometric pressure is 760 mm Hg. What height will the
manometer fluid indicate?



Solution If h is the height of the manometer fluid, the mass of the fluid is
m = hr4

where r is the density of the liquid and A4 is the area of cross-section of the column of liquid. The
force exerted by the fluid is

F=ma=hrdg

where g is the acceleration due to gravity.
The pressure exerted by the fluid is

A
— = fipe
I !

This should be equal to the difference in pressures between the two ends of the manometer (DP)
when the manometer indicates a steady reading.

DP = hrg (1.2)
Here,
DP=P1-Pp

P1=1.15bar=1.15 [0 10° N/m?
Py =760 mm Hg = 1.01325 bar = 1.01325 [ 10° N/m?
DP=1.15 0 10° - 1.01325 O 10° = 0.13675 O 10> N/m?

Therefore,
0.13675 00 10° = hrg = 4(2.95 O 103) O 9.8067
Thus,
5
pu OSODXIW g = 4797 mm
(2.95 x 10%) x 9.8067
1.3.3 Energy

Work. Energy is expended in the form of work when a force acts through a distance. Thus,
dWw=FdZ (1.3)

where W is the work done, F is the force acting, and Z is the displacement. The unit of work in the SI

system is N m (newton metre) or J (joule).

Let us consider the expansion or compression work in a cylinder, an important quantity in engineering

thermodynamics. Assume that a gas i1s confined in a cylinder and let the pressure of the gas be P and

volume V. If the surface area of the piston exposed to the gas is 4, the force acting on the piston is

F=PA (1.4)
The displacement of the piston in the direction of the force dZ is related to the change in volume dV of
the gas as

ds =
A (1.5)



Substituting Egs. (1.4) and (1.5) in Eq. (1.3), we get

dw=PdV (1.6)
If the volume of the gas changes from the initial value V| to the final value V5, Eq. (1.6) may be
readily integrated to get the work done on the face of the piston:

I (17)

The pressure—volume history of the gas undergoing the change in state is illustrated on the
P-V diagram of Fig. 1.1. The integral of the Eq. (1.7) is given by the area under the curve between the
limits V1 and V5. The area, and hence the work done in the compression or expansion of the gas

depend on the shape of the PV curve, thus establishing that the work done in a process is a path
function.

b
2
i =

Fig. 1.1 Work of expansion on the P-V diagram.

Heat. It is that quantity which is transferred between bodies due to the difference in temperatures
existing between them. In the early years of the development of the science of thermodynamics, this
quantity was thought of as a substance called calorie. Heat is now recognised as a form of energy that
cannot be stored as such within the system. Heat is manifest only during a change of state of the
system; it is energy in transit, like work. Heat exchanged in a process depends on the way in which
the process 1s carried out, as pointed out earlier. Therefore, just as work, heat 1s a path function. And
like work, it is expressed in joules. Two other units used for heat are the calorie and the BTU (the
British thermal unit).

1 calorie =4.1868 J; 1 BTU=1055.04J



Energy. It is a quantity that can be stored within the system and can be exchanged between

the system and the surroundings. The exchange of energy occurs either as heat or as work.

Heat and work are called energy in transit; they cannot be stored within the system. Energy possessed
by the system due to its position above some arbitrary reference plane is referred to as its potential
energy (PE). If mass m 1s at an elevation z above the ground, the potential energy of the mass is

PE = mgz (1.8)
where g is the acceleration due to gravity. The energy possessed by the body by virtue of its motion is

called its kinetic energy (KE). If a body of massm is moving at a velocity u, the kinetic energy of the
body is

KE = — mu 1.9]

As 1s obvious, the kinetic energy and potential energy are not thermodynamic properties of the system.
They do not change with change in the temperature or pressure of the body. In contrast, the internal
energy, which a system possesses by virtue of the molecular configuration and motion of molecules,
is a thermodynamic property of the system. Internal energy will be discussed in detail in Chapter 2.
The unit of energy in SI system is joule (J).

17=1Nm=1kgm?/s?

Power. 1t is defined as the time rate of doing work. Its unit in the SI system is J/s, commonly
designated as W (watts). In engineering calculations, power is sometimes expressed as horsepower
(hp). Hence, 1 hp =745.7 W.
EXAMPLE 1.3 The potential energy of a body of mass 10.0 kg is 1.5 kJ. What is the height of the
body from the ground? If a body of mass 10 kg is moving at a velocity of 50 m/s, what is its kinetic
energy?
Solution The potential energy (PE) is given by Eq. (1.8).

PE = mgz

1.5 0103 =10 09.8067 O 2

z=153m

Thus the elevationz =15.3 m.
Kinetic energy (KE) 1s given by Eq. (1.9).

1 2
KE = — mu* = > X 10 x (50)° = 12500 N m = 12.5 kJ

EXAMPLE1.4 A man whose weight is 600 N takes 2 min for climbing up a staircase. What is the
power developed in him, if the staircase is made up of 20 stairs each 0.18 m in height?

Solution Total vertical displacement=20 [10.18 =3.6 m

Work done = Force [ Displacement =600 [1 3.6 =2160 N m (= 2160 J)
Power developed = Work done/Time



= 2160 = 18J/s (=18 W)
2% 60

EXAMPLE 1.5 Nitrogen gas is confined in a cylinder and the pressure of the gas is maintained by a
weight placed on the piston. The mass of the piston and the weight together is 50 kg. The acceleratior

due to gravity is 9.81 m/sZ and the atmospheric pressure is 1.01325 bar. Assume frictionless piston.
Determine:

(a) The force exerted by the atmosphere, the piston, and the weight on the gas if the piston is 100
mm in diameter.

(b) The pressure of the gas.

(c) If the gas is allowed to expand pushing up the piston and the weight by 400 mm, what is the
work done by the gas in J?

(d) What is the change in the potential energy of the piston and the weight after the expansion in
part (c)?

Solution
(a) Force exerted by the atmosphere = Pressure [] Area

10132501050 3 O (100 O 1073)2

=795.805 N

Force exerted by the piston and weight=m [1 ¢=50 [19.81 =490.5 N

Total force acting on the gas = 795.805 +490.5 = 1286.305 N

1286.305

(b) Pressure = Force/Area = (7/4) > (100 x 10 Y =1.6378 O 105 N/m? (=1.6378 bar)
(c) Work done = Force [ Displacement = 1286.305 [1 (400 [] 10_3) =514.51]
(d) Change in the potential energy, D(PE) = mgDz =50 [ 9.81 [ (400 [ 10_3) =196.2]

EXAMPLE 1.6 A spherical balloon of diameter 0.5 m contains a gas at 1 bar and 300 K. The gas is
heated and the balloon i1s allowed to expand. The pressure inside the balloon is found to vary linearly
with the diameter. What would be the work done by the gas when the pressure inside reaches 5 bar?

Solution Since the pressure varies linearly with the diameter of the balloon,

P/D = constant
where P is the pressure inside the balloon and D is the diameter. Since these are respectively,
1 0 10° N/m? and 0.5 minitially, P/D =2 [] 10 or P=2 0 10°D. As the final pressure is
50107 N/rn2, the final diameter would be 5 (1 10°/2 [0 10° = 2.5 m.



Work done = j PdV:j (2 x 10° D) d (=/6) D*

That 1s,

I
W=(2 x 105)5j

DPdap=" % 10°2.5* - 0.5%
0.5 4

= 30.6305 x 10° N m = 30.6305 x 10° J

1.4 EQUILIBRIUM STATE AND THE PHASE RULE
1.4.1 Steady State

The distinction between steady state and the equilibrium state must be clear at the outset. A system,
which is interacting with the surroundings, is said to have attained a steady-state condition when the
properties at a specified location in the system do not vary with time. Consider the walls of a furnace,
the inside surface of which is exposed to hot combustion gases and the outside surface to the
atmospheric air. Heat transfer occurs from the inside of the furnace to the outside and the temperature
at a specified location in the wall varies with time. When the wall has attained steady state with
respect to heat transfer, the temperature at any given point remains constant and does not vary with
time. However, the temperatures at different points in the wall would be different. It is obvious that a
system in the steady state exchanges mass, heat, or work with the surroundings, even when exhibiting
time invariance for the properties.

1.4.2 Equilibrium State

A system is said to be in a state of equilibrium if the properties are uniform throughout and

they do not vary with time. By properties we mean the properties on a macroscopic scale and

do not exclude the probability of individual molecules having different values for the properties. A
system is in thermal equilibrium, when no heat exchange occurs between various points

within the system and the temperature is uniform throughout. In a system which is inmechanical
equilibrium, the pressure is uniform. Even under the conditions of uniform temperature and pressure,
transfer of mass may occur between the various phases constituting the system, or chemical reaction
may occur between the various components present in the system. In a system, which is in a state of
thermodynamic equilibrium, in addition to the absence of heat and work exchange, there would be no
mass transfer between the phases, no diffusion of mass within the phase, and no chemical reaction
between the constituents. A state of equilibrium implies, therefore, a state at rest. Since all such
changes are caused by driving forces of some kind, the state of equilibrium may also be treated as the
one in which all forces are in exact balance. The state of equilibrium will be retained by the system
after any small, but short mechanical disturbance in the external conditions.

1.4.3 Phase Rule

The concept of equilibrium is important in thermodynamics, because, properties have any real
meaning only in the equilibrium state. The state of an equilibrium system consisting of a pure fluid is
uniquely determined by specifying any two intensive variables, as observed earlier.



Thus, when we say that COy gas is contained in a vessel at a pressure of 2 bar and temperature of

300 K, the intensive state of the system is completely determined. The number of independent
variables necessary to define the state of equilibrium uniquely is known as the number of degrees of
freedom. This number will be different for different equilibrium states. For example, for water and
water vapour in thermodynamic equilibrium, only one independent variable needs to be specified to
define the state uniquely. The number of degrees of freedom in this case is just one. That 1s, when we
say that this system is at a pressure of one standard atmosphere, the temperature gets automatically
specified as 373 K, the normal boiling point of water. Thus, the specification of pressure determines
the temperature and all other intensive thermodynamic properties of the system. In fact, there exists a
definite relationship between the number of degrees of freedom (F), the number of distinct chemical
species constituting the system (C) and the number of phases present at equilibrium (p). This is given
by the Gibbs phase rule,

F=C-p+2
The phase rule will be discussed in detail in Chapters 8 and 9.

1.5 TEMPERATURE AND ZEROTH LAW OF THERMODYNAMICS

1.5.1 Zeroth Law

Let a body 4 be brought in thermal contact with another body B. Heat flows from one to the other and
eventually thermal equilibrium 1s established between A and B. If another body C is also in thermal
equilibrium with B, then it 1s experimentally observed that 4 and C are also in thermal equilibrium.
This observation although appears as frivolous, cannot be explained using known scientific
principles. Hence, it has come to be accepted as a law of nature. It is known as thezeroth law of
thermodynamics, as it precedes the first and second laws 1in the logical hierarchy of thermodynamic
principles. It may be stated thus: If body A is in thermal equilibrium with B and B is in thermai
equilibrium with C, then C is also in thermal equilibrium with A.

1.5.2 Temperature

The temperature measures the degree of hotness or coldness of a body. Since the physiological
sensation of hotness or coldness does not give a quantitative measure of the temperature, we should
device some methods for defining and measuring it. The zeroth law of thermodynamics forms the
basis for the measurement of temperature. When two bodies are in thermal equilibrium, we say that
the temperatures of both the bodies are equal. The zeroth law allows us to build thermometers which
are devices that indicate the change in temperatures by the changes in some physical properties of the
thermometer fluid. Such properties are called the thermometric properties. Commonly used
thermometric properties include:

1. Volume of gases and liquids (thermometers)

2. Pressure of gases at constant volume (constant-volume gas thermometers)

3. Electrical resistance of solids (thermistors)

4. Electromotive forces of two dissimilar metals (thermocouples)

5. Intensity of radiation (pyrometers)
Suppose the body B in the previous illustration is a glass capillary filled with mercury, which we



may call a thermometer. When it is in thermal equilibrium with body 4, it has a certain height for the
mercury column in the capillary that depends on the temperature of 4. If the thermometer, when
brought in contact with body C, indicates the same height for the column of mercury, we say that the
bodies A and C are at the same temperature. To assign numerical values to the temperature, there
should be some reference states, the temperatures of which are known. The reference states chosen
are the ice point and the normal boiling point of water. In the Celsius scale of temperature, these
reference states are arbitrarily assigned values 0°C and 100°C, respectively. The interval betweer
these two reference points is divided into 100 equal parts and each part is designated as one degree
Celsius.

In the above method of temperature measurement, we have utilised the relative expansion

of the glass and mercury, with temperature as the thermometric property. The variation of the
thermometric property used for temperature measurement should be linear with temperature;
otherwise, different thermometers will indicate same readings only at the fixed points. To

circumvent this difficulty, a temperature scale that does not depend on the nature of the thermometric
fluid is desired. The ideal gas thermometer provides, in a sense, such an absolute temperature scale.

1.5.3 Ideal Gas Temperature Scale

A detailed discussion of ideal gas is given in Chapter 3. Here it suffices to treat anideal gas as one
in which the distance between the molecules is so large that the inter-molecular forces are negligible
and the volume occupied by the molecules is only a negligible fraction of the total volume. It follows
from kinetic theory that for such a fluid the product of pressure and volume varies linearly with
temperature. This is stated mathematically by the ideal gas equation

PV =RT, where R 1s a constant known as the ideal gas constant and 7 is the molar volume of the gas.
All real gases behave ideally as pressure i