Premieri2




Universities Press (India) Private Limited

Registered Office
3-5-819 Hyderguda, Hyderabad 500 029 (A.P.), India

Distributed by
Orient Longman Private Limited

Registered Office
3-6-752 Himayatnagar, Hyderabad 500 029 (A.P), India

Other Offices

Bangalore / Bhopal / Bhubaneshwar / Chennai
Emakulam / Guwahati / Hyderabad / Jaipur / Kolkata
Lucknow f Mumbai / New Delhi / Patna

@ Universities Press (India) Private Limited 2003
First print 2003

Reprinted 2005

ISBN 817371423 |

All rights reserved. No part of this book may be reproduced
of transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording or by any
information storage and retrieval system, without permission +
in writing from the publisher.

Tvpeser by
S5.K. Typesetters

Printed in India at
Sree Kalanjali Graphics, Hyderabad 500 029

FPublished by
Universitics Press {India) Private Limited
3-5-819 Hyderguda, Hyderabad 500 029



Contents

Chapter 1 Basic Concepts
Chapter 2 Zeroth Law of Thermodynamics
Chapter 3 Properties of Simple Compressible Fluids
Chapter 4 First Law of Th dy ics
and its Applications
Chapter 5 Second Law of Thermodynamics
Chapter 6 Thermodynamic Potentials and Avalibility
Chapter 7 Thermodynamic Relations
Chapter 8 Power and Referigeration Cycles
Chapter 9 Nonreacting Gas Mixtures and Psychrometry
Chapter 10 Combustion and Chemical Thermodynamics
Appendices
- Nomenclature
Index

1-62

15-136
137 =236

237 - 327

328 = 363
364 — 420
421 - 504
505 - 566
567 =654
655 = 680
681 — 688
689 — 694



Urheberrechilich geschiitztes Material



Basic Concepts

Example 1.1

List some of the main activities of an engineer and how are they related to a
study of thermodynamics 7

Solution :
The main activities of an engineer are concerned with :

1. The design and develop of new processes or the improvement of the
existing processes.

2. To use the available resources namely space, material, energy and time in
an optimal way. That is, the processes are to be designed such that they
require minimum energy, space and material to perform the required task.

Example 1.2

An engineer who is entrusted with the task of producing methanol according
to the reaction

CO (gas) + 2H, (gas) = CH,OH (liquid)

would like to know the answers to a few questions, before he undertakes the
design and development of a process. List some of the questions which can be
answered by a study of thermodynamics.

Solution :

Application of thermodynamic principles would provide solutions to the
following questions.

I. Whether the anticipated reaction is feasible or not at the specified
temperature and pressure.

2. Ifthe reaction is feasible, to what extent the raw materials can be converted
into products or what is the degree of conversion 7
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3. Is it possible to alter the degree of conversion by changing the pressure
and temperature at which the reaction is taking place 7

4. Is it possible to increase the degree of conversion by controlling the ratio
of reactants while they are fed to the reactor ?

5. How much energy is required to change the state of the reactants to the
desired pressure and temperature ?

6. How much energy is required to separate the desired product from the
byproducts and reactants ?

7. How much energy is required to carry out the reaction ?

Example 1.3

Thermodynamics can be studied by adopting either a macroscopic or a
microscopic approach. Distinguish between macroscopic and microsocopic
approaches.

Solution :

Thermodynamics can be studied by adopting two different approaches,
namely, macroscopic ana microscopic. In the macroscopic approach, the state of
matter is described by specifying only a small number of variables and these
variables can be measured or estimated. For example, the state of a gas enclosed
in a container can be described by specifying the pressure (P), temperature (T}
and volume (V), all of which can be easily measured. In the macroscopic approach
the structure of matter under consideration is not taken into account. That is, the
state of a gas, liquid or solid can be described by specifying the variables like P,
Tand V.

All matter consists of a large number of microscopic particles called atoms
and molecules. In the microscopic approach the structure of matter or the state of
agregation, like gas, liquid or solid is taken into account, The atoms or molecules,
constituting the matter, move at random with independent velocities and there
exist intermolecular attractive and repulsive forces. In the microscopic approach,
the state of matter is described by specifying the position and velocity vectors of
each of the constituting atoms or molecules and the intermolecular forces that
exist among them. Thus, in the microscopic approach a large number of variables
are required to describe the state of matter and these variables cannot be directly
measured. A knowledge of the structure of matter is essential in analyzing the
behavior of the matter.

The macroscopic approach is adopted in the study of classical thermodynamics
whereas the microscopic approach is adopted in the study of statistical
thermodynamics.
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Example 1.4

For a thorough understanding of any science it is essential to have a good
knowledge of the units of measurement. Every system of units adopts a few base
units. What are the base units in the International System of units.?

Solution :
The base units adopted in the International System of units (or SI units) are :

Kilogram (kg) for mass; metre (m) for length ; second (s) for time ;
Kelvin (K) for temperature; mole (mol) for quantity of matter ; ampere (A) for
electric current and candela (cd) for luminous intensity.

Example 1.5
Define the base units {a) metre (b) second (¢) Kelvin and () mole.
Solution :
1. Metre (m} : In 1960 the General Conference on Weights and Measures
(Conference Generale des poids et Measures, abbreviated as CGPM)

defined the metre as the length equal to 1,650, 763.73 wavelengths, in
vacuum of the radiative transition between 2p  and 5d, in krypton - 86.

2. Second (s) : The CGPM 1967 defined the second as the duration of 9,
192, 631, 770 periods of the radiation corresponding to the transition
between the two hyperfine levels of the ground state of cesium - 133 atom.

3. Kelvin (K) : The CGPM 1967 defined Kelvin as equal to 1/273.16 of the
thermodynamic temperature of the triple point of water (0.01°C).

The relation between the Kelvin scale of temperature and the Celsius
temperature scale is given by

K=°C+273.15

4. Mole (mol): The CGPM 1971 defined the mole as the amount of substance
which contains as many elementary entities as there are atoms in 0.012 kg
of carbon - 12.

The number of elementary entities in one mole is equal to the Avogadro’s
number 6.022 045 x 10?*. When the unit mole is used it is necessary to specify
the elementary entities as atoms, molecules, ions, electrons etc.

Example 1.6

What are the principal features of the SI units ?

Solution :

All the physical quantities are classified into two groups as primary quantities
and secondary quantities. The primary quantities are measured in terms of the
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base units and the secondary quantities are measured in terms of derived units,
The principal features of the SI units are :

1. Minimum number of base units (only seven) are used to cover the field of
science and engineering.

2. Based on the definitions or physical laws, the derived units are obtained in
terms of base units. The derived units do not contain any arbitrary constants.

3. The familiar derived units have been given internationally accepted names.

4. Multiples and submultiples of units have been recommended to facilitate
the use of 51 units to cover a wide range of values.

Example 1.7

Derive the dimensions of the derived units—force, pressure, energy and power
and name their SI units. Also provide the relations between the base units and
derived units.

Solution :
The Newton’s second law of motion gives force (F) as the product of mass
(m) and acceleration (a). That is
d’L

F=ma=m—

where L is distance and 1 1s time.
. m
Units of F = kg— =kg m s~ =N (newton})
s

Force has the dimensions MLT =2

The SI unit of force is named as newton (abbreviated as N) in honor of the
Scientist Newton. One newton is the force required to produce an acceleration of
1 m/s? in a body of mass 1 kg.

Pressure (P) is defined as the force per unit area. That is

P=F/A
Units of P = kgm_i'\‘

m

=kgm~'s™ = Pa (pascal)

Pressure has the dimensions ML™'T-2
The SI unit of pressure is pascal (abbreviated as Pa) and Pa = N/ m?

If a force F acting on a body moves it through a distance L in the direction of
the applied force, then the work done (W) (or the energy transferred to the body)
is given by
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W=FL
Units of energy = kg ms™? m=kg m? s~2 = ] (joule)
Dimensions of energy = ML* T2
The SI unit of energy is joule (abbreviated as J) and J =N m

The power is the rate at which energy is consumed or delivered per unit time.

That is
Ene.
Power = Irgy
me
) kgm?s~
Units of power = ~20 >~ kg m? 57 = W (watt)
5

Dimensions of power = ML2 T}
The ST unit of power is watt (abbreviated as W) and W = J/s

Note The 81 units newton, pascal, joule and watt which are named afier the fumous
scientists are abbreviated using the capital letters N, Pa, J and W. All other units
ave abbreviated using the lower case letiers,

Example 1.8

What are the accepted prefixes in SI units to express large and small
quantities 7 .

Solution :

The internationally accepted SI prefixes are given below.

Factor  Prefix Symbol  Factor Prefix Symbol

0] deca da 107! deci d
10° hecto h 1072 centi c
10° kilo k 10 milli
10° mega M e micro u
107 giga G 10 nano n

10" tera T 10712 pico p
10%% peta P 10-1% femto
10 exa E 101 atto a
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Example 1.9

What conventions are recommended by CGPM to express the SI units and
quantities?

Selution :

The following conventions are recommended by CGPM to express the 51
units and quantities,

2.

The symbol of a prefix should be combined with a single unit symbol
forming a new symbol. For example 1000 x Pa = kPa.

Compound prefixes should not be used to express a quantity. For example
10-Y m cannot be written as | m pm (milli micro metre), but should be
expressed as | nm (nanometre).

. The SI base unit for mass is kg which already contains the S1 prefix k {for

kilo). Therefore, 107% kg can be expressed as | mg and not as | pkg.

. Except at the end of a sentence, a period (.) should not be used after a

symbol of an SI unit.

. Capital letters should not be used is SI units while writing in full, except

atthe beginning of a sentence. They should be written as pascal, newton,
Jjoule etc.

. The unit symbals should not be used in plural form. It is incorrect to write

150 Js for 150 joules but it should be written as 150].

. The unit symbol should be placed afier the numerical value, leaving a

space in between the numerical value and the unit symbol.

. Care should be taken to avoid confusion between the SI prefix milli (m)

and the base unit metre (m) while expressing a quantity. For example,

mN is used for millinewton, where as m N is used to express (metre X
newton). Similarly ms stands for millisecond while m s indicates
(metre x second).

. When a unit, is obtained by multiplication or division of two or more

units, they can be indicated as shown below:
newton x metre = N m
metre + (second)® = m/s* or m 572

. The SI prefixes should be selected such that the numerical value lies

between 0.1 and 1000. For example, 101 325 Pa can be written as 101.325
kPa or 0.101 325 MPa; 5500A (= 5500 x 10" cm) can be written as 550
nm.

However, when the values are presented is a tabular form, for the same
quantity, it is advisable to use the same SI prefix throughout even if some of the
numerical values lie outside the range 0.1 to 1000,
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I1. While writing o quantity with several digits, to facilitate reading, they
should be separated into groups of three, counting from the decimal point
towards right and left, These groups should be separated by a small gap
and should not include & comma.

Example 1.10

If a long glass tube closed at one end is completely evacuated and the open
end is immersed in a pool of mercury. keeping the glass tube upright, the mercury
rises in the glass tube. At one standard atmospheric pressure, the mercury rises
to a height () of 760 mm. If the acceleration due to gravity (g) is 9.806 65 nv/s’
and the density (p) of mercury is 1.359 51 x 10 kg/m?, what is the value of the
standard atmospheric pressure in ST units 7

Selwtient

The pressure exerted by the column of mercury, which is balanced by the
standurd atmospheric pressure is given by

k
P=phg= 135951 x m*[ %] X 760 (mm) x L[l] x 9.806 65 [ ™
m 1000\ mm &
=101 325.01 ke [E,] (J—]
87 m”
=101 325.01 Pa=101. 325 kPa
Note 1. The 81 umit of pressure (Pa) is quite small in magnitude and hence for

convenience it s customary to express pressure in kilopaseal (kPa) or
megapascal (MPa).

2. There are certain units which are ourside the 51 and are recognised because
of their practical convenience. They are I litre (1) = 1 x 107 em®; | bar =
10° Pa = 100 kPa.

3. The pressure exerted by | millimetre column of mercury is named as Torr.
Usually subatmospheric pressure or pressure below atmospheric pressure
is expressed in Torr.

1 standard atmospheric pressure =101.325 kPa = 1.013 25 bar = 760 Torr
I Torr=133.322 Pa

Example 1.11

Express the following quantities as indicated.



ENGINEERING THERMODYNAMICS THROUGH EXAMPLES
(a) 300,000,000 W in kW and in MW
{#) 10 kPa in bar and in Torr
(¢) 20 dm? in litre and in m®
{(d) 2A in pm and in nm
(¢) 1 g/em® in kg/m?
i) 0.15)inkJ and in mJ
Solution :

(a) 300,00,000 W = 300,000 kW = 300 MW

3
@ 10kPa=121T _ 0 ) par
10
1
mm:’o"m[ Pa__ ). 75006 Torr
133.322 \ Pa/ Torr

3
(c) 20 dm*=20 dm® x [mdﬂ) =20%10° em® =20/
m

31
20 dm’= 20 dm® x (10"1) =0.02m?
dm

100 {em

=2x 10" um=0.2nm

3
g g 1 (kg ( C‘“]‘ 3 3
1 =l == [x—— = x| 100— | =1x10" kg/m"
“ em? [cm"] 1000[5 m -

N 0.15]= 0.00015kI=150mJ

(d) 2 A=2A)x 107 [ff-]x ! [1]=2x10"°m

Example 1.12

According to Newton's universal law of gravitation, the force (F) between

two bodies of masses m, and m, which are separated by a distance R is given by

nym
FeG gt

where G = 6.672x 107! N m? kg2, is the universal gravitational constant.
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9
(a) Given that the radius and mass of earth are 6371 km and 5.9659 x 10**
kg respectively, estimate the acceleration due to gravity on earth.

(b) Given that the radius and mass of moon are 1738 km and 7.35 x 10%kg
respectively, estimate the weight of an astronaut of mass 70 kg on moon.

(c) Determine the ratio of the acceleration due to gravity on earth to the
acceleration due to gravity on moon.

Solution ©
(a) Let m = mass of a body.

Gravitational force acting on the body, F= G';ZMf =mg
GM, 6.672x107" x5.9659 x 10**
or g=—25-= X X _‘f X 02 =9.8066 m/s?
R; (6371x10°y
(b)) Weight of the astronaut = Force exerted by the astronaut as a result of
gravitational force field
GmM : ~11 3 22
Fe m, m _ 6.672x10 x‘.l'li.’l):?r'2 5x10 —113.64N
R, (1738 10"y
_ GM, _ GM,,
(€) Beyn = ?.Hm.. =R
= e
2 -,
Bearh _ ___[51] _5.9659x10% x(173s)2_6
Bmoon My \ R, 7.35x102 | 6371 )
Example 1.13

An experiment is designed to correlate the volumetric flow rate of fluid
through a pipe of uniform cross section with the pressure drop across a specified
length of the pipe. In this experiments a U- tube manometer with mercury (p =
1.3595 x 10 kg/m") is used to measure the pressure drop of a fluid, the density of
which is 800 kg/m®. At a particular flow rate, the difference in the levels of
mercury in the two limbs is 20 cm. Determine the pressure drop.

Solution :

The mercury manometer is shown in Fig.E 1.13. At the surface S-S, pressure
is the same. Hence pressure exerted by the fluid in the left limb AS is identical
Lo the pressure exerted by the fluid in the right limb BS. That is
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PA+prg(h+0=Pﬂ+p;g(!)+pmgh
or PA—P!,:gh(pﬂ-p[):‘}.SIxU.Zx(l.SSQSXIU‘—SOO]
=25.104 kPa

Filuid

Fig.E 1.13. Sketch for Example 1.13.

Example 1.14

The atmospheric pressure is due to the air surrounding the earth. Assuming
that the air behaves like an ideal gas (P = p RT) where p is molar density,
mol/ m* and the atmospheric air has a uniform temperature 7, derive a relation
to estimate the pressure as a function of altitude.

Solution :

(P+dP) A

MpAgdh
Fig.E 1.14. A differential volume element of the at heric air.
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Note

1"

Consider a differential volume element of the atmospheric air as shown in

Fig.E 1.14 and apply the force balance to abtain

or

or

or

(P+dP)A+ MpAgdh=Fm

where M is the molar mass of air

sMP
IP = gMpdh =52 (dh
=P = gMpdh = RT ¢

J —RT rPdP
dh = bkl
0 r'rfg nP

-RT

h="2Dinrrny
g

=Mgh
P=P exp| —2—
o P[ RT J

Example 1.15

What is molar mass 7 Assuming that atmospheric air is a mixture of nitroren

and oxygen in the mole ratio 79:21 estimate the molar mass of air.

Solution

The mass of one mole of a substance is called molar mass.

Basis : 1 mole of air.

N, present in air = 0.79 mol and O, present in air = 0.21 mol

Molar mass of Nitrogen = 28 x 10~ kg

Molar mass of Oxygen =32 x 107 kg

Molar mass of air=0.79 x 28 x 107+ 0.21 x 32 x 107
=28.84 x 10-7kg

The molar mass of air is usually suken as 28.97 x 10~ kg because of the
presence of smull quantities of CO, and argon.

Example 1.16

Define a thermodynamic system and state its characteristics.
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Selution :

A definite quantity of matter (which is enclosed by a boundary that separates
it from the rest of the universe) on which we focus our attention for thermodynamic
analysis is called a thermodynamic system.

The important characteristics of a system are:

1. A system contains a definite quantity of matter . This quantity does not
undergo any change as the system undergoes a process. Therefore, a system
is sometimes called as Control mass.

2. The boundary enclosing the system may be real (for example the glass
wall of a thermos flask acts as a boundary for enclosing coffee (system)
contained in the flask) or imaginary (for example one may focus his
attention on air contained in Im X 1m x Im space of a room).

3. The system boundary may be rigid or may change its shape, as well as in
size during a given process. That is the volume of a system may undergo a
change.

4. The system may exchange energy either in the form of work or heat or
both, with its surroundings or with other systems. If a system does not
exchange energy, in the form of work as well as heat, with its surroundings
it is called an isolated system. )

5. A syslem may be very simple, like a certain quantity of coffee held in a
thermos flask or it may be complex like a huge petrochemical plant.

6. The choice of a system is not unique and it depends on the analyst.

Note All matter external to the system is called sur lings, The combination of
a system and its surroundings is called universe.

Example 1.17
What are the essential features of a thermodynamic property.”?
Selution :

A thermodynamic property is a characteristic which can be used to describe
the state of a system. The essential features of a property are:

I. A thermodynamic property should have a definite value when a system is
in a particular state.

2. The change in the value of the property should not depend on the path
followed by the system in reaching the specified state. In other words, the
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change in the property depends on the initial and final states of the system
only. That is the change in the property Z can be written as

2

_If dZ=a7=Z,-Z,.

That is a thermodynamic property is a point function or state function and it
is not a path fuction. In other words, its differential is exact.

Nuote I Z =2 (xy)lthen

dZ. = [a—{] dx+ E dy= Mdx+ Ndy
dx ; ),

dZ is an exact differential if
am) [a_fv]
9y ), IRCEDA

Example 1.18

For a particular thermodynamic system, the following expression has been
suggested for the differential of pressure (P).

RdT { RT Ea}
- dv

3

Where T is temperature, v is volume. a, b and R are constants.

Judge whether the given differential is exact or not. If it is exact find the
relation between £ vand T.
Solution :

The given relation tells that P = P (Tv). Then

(2P ara[2P) -
JP—[aT]vdT+[av]Tdv—MdT+Ndv (A)

Where M= @P/aT), and N = [QJ
av ),
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The given differential for pressure is

2
ap=RdT _ i,-‘—“’ dv (B)
v=b |(v=b)y
Comparing Eqns. (A) and (8), we get
R o
M=——and N= —EL+—2§
v=h (v=b» v
The given differential will be exact if and only if
() - (2
av ), \ar), ©

Therefore, let us check whether Eqn. (C) is satisfied or not.

[c‘ﬁ] - R (6‘_”) ._—R
o Jr (v-bY ar ). (v-by

Eqn.(C) is satisfied. Hence, the given expression is an exact differential.

To determine the explicit relation P = P (Tv), we can partially integrate M
with respect to T and obtain

P=[Mar), = | [%] =

RTb"'f(v) (D)

v—

Where f(v) is an integration constant, which is a function of v only. To determine

the value of f(v), we can evaluate (%{;] from Eqn. (D) and compare it with the
T

given value of N

14 -RT -RT  2a
—_ = +f(vi=N= 4+
{av ]T (v=b)* F'e (v-b} V*

or f’{v]:z—‘: or f(v)=_—f+C (E)
v v
Where C is a constant which is independent of both T and v. Now, substitute
for f (v) from Eqn. (E) in Eqn. (D) 1o obtain.
RT a
P= -—=+C
v—="h yz
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Example 1.19

Determine the explicit relation P = P (7, v) for Example 1.18 by partially

. . AT

integrating N=|— | with respect to v.
)y

Selution :
- 2
e g o T2
v—b (v=b) v
-RT  2a RT a
P=|[Nd = _— = -——+fiT A
[tnavy IH(V_MI . v]r M (A)

Where AT) is an integration constant, which is a function of T only. To

P
determine the value of A1), evaluate [B

BT) from Egn. (A) and compare it with
the given M.

ap R ... R
[ﬁ] v—b+f(n-v-—b

or fiM=0o0 AN=C (D)
Where Cis a constant which is independent of T and v.
Substitute the value of f(T) from Egn. (D) in Egn. (A) to obtain

RT a
P= -+
V—h vz

Example 1.20

Rework Example 1.18 by simultaneously integrating both the terms to obtain
the relation P=P (T, v)
Solution :

The given relation is

dP = RiT _|_A&T = 2 dv (See Example 1.18)
v—b |(v-b} +
Integration of the abave relation gives

S NT A
v—b |v-b

(A)
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Where C is an integration constant.
In Eqn.(A), it is necessary to drop one of the terms which is repeated. In this

case the term b is repeated. By dropping one of the terms RTb in Egn. (A)
- V-
we gel
= RT _a +C
v=b
Example 1.21

Verify whether
dZ = (dxy + 4y?) dx + (267 + 8xv)edy

is an exact differential or not. If exact find Z = Z{x, v).

Solution :
dZ = (4xy + 457 dx + (27 + 8xy) dv = Mdx + Ndy
where M=dxv+4y
and N=2:%+ 8y
If dZ is an exact differential it must satisfy the condition

X

an) ()
av ). ac), @
Therefore, let us check whether the above condition is satisfied or not.

aM a 2
[a—ylr = 5o (@u+dy) =dc s By

(a—N] = ~a—(2x‘: +8x)=4x+8y
ax . ox

Therefore Eqn. (A} is satisfied. Hence dZ is an exact differential
To determine Z = Z(x,y), one can partially integrate M w.r.t.x. or N worty
Integrating M partially w.r.t.x. we get

Z=[Mdx= [(dxy + H) de =270y + 4y + fiy)  (B)
where f(v) is a function of y only.
Integrating N partially w.r.t. v, we get

Z=[Ndy=[(22 + 8x) dy =22 + 4> + fix)  (O)
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Note

17
where f{x) is a function of x only,
From Eqn. (B) we get
[%E] =2 8+ f(y) = N=2x" +8xy
A
or S=0or fly=C
Where C is a constant which is independent of x and y. Hence
Z=2y+d40?+ C (D)

Alternatively, form Eqn. (C) we get

Z 2
[g—] = 4+ 4y + () =M =dxy+ 4y
X v
or fi=0or fix)=C
where C is a constant which is independent of x and y. Hence
Z=2%y +4nt + C.

Exampie 1.22

Distinguish between extensive and intensive properties with the help of an
example.

Solution

The properties which depend on the mass of a system are called extensive
properties, where as the properties which are independent of the mass of a system
are called intensive properties. At NTP (normal temperature and pressure i.e. at
0°C and | standard atmospheric pressure) one mole of a gas occupies a volume
of 22.4 litres. Consider two systems A and B such that system A contains one
mole of oxygen at NTP and system B contains 10 moles of oxygen at NTP. If one
measures the volumes occupied by the systems A and B, it will be found that
system B occupies a volume of 224 litres which is equal to ten times the volume
occupied by system A, That is the volume occupied by a system depends on the
mass of the system and hence volume is an extensive thermodynamic property.
Measurements of temperature and pressure show that systems A and B will have
the same temperature (0°C) and pressure (| standard atmospheric pressure). That
is, the properties P and 7 do not depend on the mass of the system and they are
called intensive properties.

1. The ratio of an extensive property to the mass (or the property per unit
mass) is called the specific praperty. For example
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Total volume
Specific volume, y= SR YO Y kg
Total mass m

2. The ratio of an extensive property to the mole number (or the property per
mole) is called the molar property. For example,

_ Total volume =¥ —m* fmol

Molar volume, v= =
Mole number n

For simplicity of notation we use v to denote, both molar volume and specific
volume. The units m* / kg or m* / mol indicates whether it is specific volume or
maolar volume.

Example 1.23

Classify the following properties. (a) pressure (b) temperature (c) volume
() internal energy (e) volume per mole (f) mass (g) enthalpy per unit mass.

Solution :

Extensive property : (¢); (d): (f)
Intensive property : (a): (b)
Specific property : (g)

Molar property : (e)

Example 1.24

Assuming that the molar volume of a system depends on pressure and
lemperature, derive the following relation.

— =P dT - kdP
1{ av " .
Where = —| == | = coefficient of volume expansion
vial Jp
x—~1 ﬂ— = Isoth 1 ibilit
==7\3p T-— sothermal compressibility
Solution :
v=v(T P)

av aV
= = ar+l = ap
& [ T ]P‘ ( daP ]T d
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or ﬁ = -l-[-al) dT+-|—(ﬁ] dpP
v ovlaT J, v\ P/,
=BdT -xdP
Example 1.25
@6
Show that P ), T ),
Solution :
Consider v=v(T, P). Then
dv

— =B dT —=xdP [See Example 1.14]
v

or dv = vdT — xvdP

Since volume is a property, its differential must be exact. Therefore, the
following condition must be satisfied.

[2] - [2ew]
« @)

Example 1.26
Explain the meaning of the terms
(a) kinetic energy
(k) potential energy
{c) mechanical energy.
Solution :

{a) Kinetic energy. The energy possessed by a body by virtue of its motion is
called the kinetic energy. If a body of mass of m moves with a velocity V the
kinetic energy (KE) possessed by the body is given by

|
KE=—mV
Zﬂl

(b} Potential energy. The energy possessed by a body by virtue of its location
or configuration is called potential energy. If a body of mass m is at an elevation
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of #i above the datum plane, the potential energy (PE) possessed by the body is
given by

PE = mgh
where g is the accleration due to gravity.
A compressed spring or a stretched rubber band also possesses potential
energy.

{c) Mechanical energy. The sum of the potential energy and Kinetic energy
of a body is called the mechanical energy of the body.

1. The kinetic energy and potential energy possessed by a body can be
estimated in terms of macroscopically measurable quantitics (V and h)
and hence thev are called macroscopic modes of energy.

2. The kinetic energy and potential energy can be completely converted from
one form to the other. These are the most useful forms of energy.

3. The principle of conservation of energy for mechanical systems (proposed
by Leibnitz) states that the sum of the kinetic energy and potential energy
(mechanical energy) remains constant during the motion of a body.

Example 1.27

An elevator having a mass of 2000 kg is moving upright and after reaching a
height of 80 m above the ground level the cable holding the elevator breaks. The
elevator falls freely to the ground level where it hits a strong spring and brought
to rest at the position of the maximum spring compression by a locking
arrangement. Assume that there is no friction between the elevator and its shaft.
Calculate

(a) The potential energy of the elevator at the moment when the cable is
about to break.

(b) The work done on the elevator in raising it to the height of 80 m above
the ground level.

{r) The velocity and the kinetic energy of the elevator when it is about to
touch the spring at the bottom.

Solution :
{a) Potential energy, PE = mgh = 2000 x 9.81 x 80 = 1569.6 kJ
{#) Minimum force required fo move the elevator, F = mg
Work done, W= Fs=mgh =1569.6 k]
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{€) When the cable is about to break, PE = 1569.6 kJ; Kinetic eaergy,
KE=0
PE + KE = 1569.6 kJ

When the elevator falls freely under gravity and when it is about to touch the
spring PE = 0. Since total energy remains constant

KE =1569.6 kJ
ke= ™V
2
)
o Ve {2KE= ’2x1569.6xll} - 1062 mis
m 2000

Example 1.28

Itis required to eject a projectile of mass 2 kg from a rocket, so that it reaches
to a maximum height of 300 m. Calculate the velocity with which the projectile
should leave the rocket. The projectile after reaching the maximum height falls
freely and on the return path it hits a tower after travelling a distance of 250 m.
Calculate the velocity with which the projectile hits the tower.

Solution

When the projectile reaches the maximum height, its Kinetic energy KE=0
and potential energy, PE = mgh =2 x 9.81 x 300 = 5886 ]

PE + KE=58861]
While the projectile is freely falling, its total energy (PE + KE) = 5886 J

At a height of 50 m above the ground, that is after travelling 250 m during
the return path,

PE=mgh=2x981 x50=981]
Therefore KE = 5886 — 981 = 4905 J

2KE
Velocity of the projectile when it hits the tower, V = 4|——

m
or v:J@:mmms

Example 1.29

A diatomic molecule can be modelled as a system of two particles connected
to each other by a spring. It is well known that the gas m< ecules are not at rest
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and they move at random with independent velocities. Consider 1 cm® sample of
nitrogen gas at NTP held in a rigid container resting on a table top. Considering
the table top as the datum plane does the gas possess potential energy, kinetic
energy, internal energy? Explain the origin of the internal energy for the gas.

Sedution :

AUNTP, the number of molecules in 1 em? is approximately 10%". The sample
of gas is resting on the table top. At a macroscopic level, the gas sample is not
moving and hence its KE is equal to zero. Considering the table top as the datum
plane, the PE of the gas sample is also equal to zero. Thus the gas does not
possess any macroscopically observable modes of energy.

At a microscopic level, the gas molecules move at random. If Vn ,Vy. and Vz
denote the velocity vectors of a molecule{ in x,y and z directions, the translational
kinetic energy possessed by a molecule is m (V2 + V‘.z,- + Vj) 2, where m is the
mass of a molecule. Consider the line joining the two nuclei of nitrogen atoms as
the X—axis and place the centre of mass of the molecule at the origin of the
coordinate axes. Then the molecule rotates about Y and Z axis and possesses
rotational kinetic energy. The rotational kinetic energy for rotation about each
axis is given by / @?/ 2, where [ is the moment of inertia of the molecule about
the centre of mass and @ is the angular velocity. In addition to the translational
and rotational motion of the molecule as a whole, the atoms of the molecule
vibrate about their equilibrium positions. Then the molecule posseses certain
vibrational energy which is associated with the vibrational motion. At a
microscopic level, it is not possible to measure the translational, rotational and
vibrational energies possessed by each molecule. These modes of energy are
called microscopic modes of energy. Similarly any sample of gas possesses
electronic energy, nuclear energy, etc. in addition to the above modes of energy.
The sum of the energies associated with all these microscopic modes is called
the internal energy, Therefore, the sample possesses internal energy which cannot
be measured at a macroscopic level.

The energy possessed by a system due 1o its location or configuration is
called potential energy. The energy possessed by a system by virtue of its motion
is called kinetic energy. A macroscopic system possesses PE, KE and internal
energy (U). Then the total energy (E) of the system is given by

E=KE+PE+ U

Example 1.30
Distinguish between steady state and equilibrium with the help of an example.
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Solution :

Suppose one end of a copper rod is kept in contact with condensing steam at
100°C while the other end of the rod is in contact with melting e at 0°C. Then
energy flows through the copper rod n the form of heat from the condensing
steam to the melting ice. At time 1= 0, that is at the instance when the copper rod
is suddenly brought into simultaneous contact with the condensing steam and
melting ice, the temperature of the rod is uniform along its length. Measurement
of temperature at a specified location of the copper rod reveals that the temperature
gradually changes with time initially and attains a constant value after some
time. There will be no further change in the temperature of the rod (at a specified
location), however long one may observe. This observation will be true at any
location of the rod and the temperature of the rod continuously varies from 100°C
at the condensing steam end to 0°C at the meliing ice end. Then the copper rod is
said to be ina steady state. Steady state implies that the properties (like lemperature
in this case) do not change with respect to time. In other words, the time derivatives
of properties at any given location (say JT/ di) is equal to zero in steady state.

Now, isolate the copper rod (system) from the condensing stearmn and melting
ice baths and measure the temperature at any specified location of the rod. The
temperature gradually changes again and attains a definite value which will not
undergo any further change. Measurement of temperature at several locations
along the length of the rod indicates that the temperature is uniform through out
the length of the rod. Then the system is said 1o be in a state of equilibrivm. Ina
state of equilibrium. the system has no tendency to undergo any further change.
Equilibrium is a concept associated with the absence of any tendency for further
change on a macroscopic level. The tendency to change occurs due to the presence
of driving forces (like temperature difference). Thus equilibrium implies the
absence of driving forces. In a state of equilibrium, the thermodynamic properties
of a system have unique values.

Example 1.31

What eriteria a system should satisfy for it 1o be in a state of thermodynamic
equilibrium?

Solution :

For a system to be in a state of thermodynamic equilibriom it should
simultaneously satisfy the criteria for thermal equilibrium, mechanical equilibrium
and chemical equilibrium,

Example 1.32

Explain the criterta for (@) thermal equilibrium (b) mechanical equilibrium
and () chemical equilibrium,
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Solution :

(@) If there is no further change in the thermal condition (temperature) of a
system when it is isolated, the system is said to be in a state of thermal
equilibrium. In a state of thermal equilibrium, there is no temperature gradient
within the system. Since a system in thermal equilibrium has uniform temperature,
a unique value can be specified for the temperature of the system. If two systems
are in thermal equilibrium with each other, the temperatures of both the systems
are identical. In other words, the criterion for thermal equilibrium is given by

T,=T,
where T, and T, denote the temperatures of the systems A and B, respectively.

{b) If there is no imbalance of forces in a system when it is isolated it is said
to be in a state of mechanical equilibrium. In a state of mechanical equilibrium,
the system has a uniform pressure and a unigue value of pressure can be specified.
If two systems are in a state of mechanical equilibrium with each other, the
pressures of both systems are identical. That is, the criterion for mechanical
equilibrium is given by

Py=Py
where P, and P denote the pressures of systems A and B, respectively,

(r) If the composition of a system does not undergo any change due to
diffusion, mass transfer or chemical reaction and if there is no tendency for a
change in its chemical composition when the system is isolated, it is said to be in
a state of Chemical equilibrium. The difference in the chemical potential (which
is defined in a later chapter) causes diffusion, mass transfer or chemical reaction.
In a state of chemical equilibrium the chemical potential is uniform through out
the system. Suppose two systems A and B each consisting of N components are
in a state of chemical equilibrium. Then the criterion of chemical equilibrium
can be stated as

ph=pf fori=1,2....N

where l‘l}‘ and Hf denote the chemical potentials of component i in systems
A and B, respectively.

Example 1.33

Suppose a rigid and insulated vessel is filled with a mixture of liquid water
and water vapor at 100°C and standard atmospheric pressure. Considering the
contents of the vessel as a system, is it in a state of equilibrium ? Can we say that
the molecules which were originally in liquid phase continue to exist in the
same phase at all times 7
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Solution :

The system satisfies the criteria of thermal, mechanical and chemical
equilibrium. Hence, the system is in a state of thermodynamic equilibrium. At a
macroscopic level the amounts of liquid and vapor phases remain constant and
the system appears to be static. However, at a microscopic level the system is not
at rest. Some liquid water evaporates and some water vapor condenses. That is
the molecules move from liquid to vapor and vice—versa, but at such a rate that
the rate of evaporation is exactly balanced by the rate of condensation. Hence
the molecules which were originally present in the liquid phase do not continue
to exist in the same phase at all times.

Example 1.34

An equimolar mixture of H, and O, is contained in a rigid vessel at | bar and
25°C. No detectable change in its composition has been observed over a period
of 30 days. Since there is no change in the composition of the mixture can we say
that the mixture is in a state of chemical equilibrium ? If not, specify why 7

Solution :

The mixture of H, and O, is not in a state of chemical equilibrium, though
there is no detectable change in its composition over a long period of time. The
rate of reaction between H, and O, to form water vapor at 25°C is very small and
hence there is no change in the composition of the mixture. The mixture has a
tendency to undergo a chemical reaction. If a small amount of energy (in the
form of an electric spark or by introducing a lighted match stick) is added to the
mixture to create a small disturbance, the mixture reacts violently to form water
vapor. Hence the system is not in a state of chemical equilibriumn.

Example 1.35
Classify the states of equilibrium with the help of a mechanical analogue.
Solution

Consider a sphere resting at the bottom of a spherical bowl as shown in
Fig.E 1.35 (a). If the sphere is disturbed it will settle into the original state, however
large the disturbance may be. This state of equilibrium, in which the system
(here the sphere) returns to its original state even if it is subjected to large
disturbances is called stable equlibrium. In thermodynamics we are mostly
interested in stable equilibrium states. The sphere shown in Fig.E 1.35 (b) returns
to its original state if it is subjected to small disturbances but settles in a different
equilibrium state if the disturbance exceeds a certain magnitude. Such a state of
equilibrium is called metastable. The sphere shown in Fig.E 1.35 (c) settles into
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a different state when it is subjected to a small disturbance and this state is called
unstable state of equilibrium.

/

Fig.E 1.35. Siates of equilibrium (a) stable (b) metastable (c) unstable.

]

Example 1.36

With careful cooling it is possible to cool water to a temperature (say 10°C)
below its normal freezing point. The cold water produced in this manner is usually
called super cooled water. 1s the super cooled water in a state of equilibrium?

Solution :

Consider the super cooled water as a system and let us apply the criteria of
equilibrium to judge whether it is in a state of equilibrium or not. The system has
auniform temperature and hence it satisfies the criterion of thermal equilibrium.
The system also satisfies the criterion of mechanical equilibrium since the pressure
is uniform through out the system. The system contains pure water with uniform
temperature and pressure. Hence the chemical potential is uniform through out
the system. Thus it satisfies the criterion of chemical equilibrium also. Since the
system simultaneously satisfies the criterion of thermal, mechanical and chemical
equilibrium, it is in a state of thermodynamic equilibrium. If the system is subjected
to a minor disturbance either by adding a small amount of dust or by shaking the
container, the supercooled liquid immediately freezes into ice. Hence, the system
is in a state of metastable equilibrium.

Example 1.37
What is a process ?
Solution :

When a system changes from a specified initial equilibrium state to another
equilibrium state, the path followed by the system in reaching the final equilibrium
state from the given initial state is called the process.

Example 1.38
Explain the meaning of Quasi-Static process.
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Solution :

A process which takes place very slowly and with infinitesimal dniving force
is called a quasi-static process. Suppose a gas at pressure P is enclosed in a
piston cylinder assembly. If the piston is restrained by an external force such
that the external pressure on the piston is (P ~dP) where dP > 0, then the gas can
expand slowly. Such an expansion occurs at a slow rate and the system appears
to be almost static. Then the process followed by the gas is quasi-static.

Example 1.39
What is meant by a reversible process ? Explain it with the help of an example.
Solution

A process which proceeds with no driving forces is a reversible process. As
an example consider a gas which is enclosed in a frictionless piston cylinder
assembly, as shown in Fig.E1.39.

Suppose the piston is loaded with a certain mass of fine sand particles. If the
sand particles are moved one after another on to adjacent platforms, the piston
moves up slowly and the gas expands.

During the expansion process, the system (here, the gas) does work on the
surroundings and the sand particles are raised to different elevations as shown in
Fig.E1.39 (b). If the sand particles one after another are restored on to the piston
from the adjacent plaforms, the piston moves down slowly and the gas gets
compressed. During the compression process the work done on the system is
exactly equal to the work done by the system during the expansion process. Thus
the process can be carried out in either direction. By reversing the direction of
the process both the system and surroundings are restored to their respective
initial states. Then the process undergone by the system is reversible. During a
reversible process the system is always in a state of equilibrium with its
surroundings.

Sand
Particles

Platforms

(a) (b)
Fig.E 1.39. Reversible Process.
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A reversible process is a quasi- static process, but a quasi-static process need
not be a reversible process.

Example 1.40 .
State the mechanics definition of work done by a force. Apply the mechanics

2
definition of work and show that the work done by a gas is given by J-Pdv
[

Solution :

In mechanics work done by a force is defined as the product of the force and
the displacement in the direction of the applied force. That is the differential
work done (dw) is given by

dw = Fds
where F is the applied force and ds is the differential displacement.

Consider a certain amount of gas contained in a cylinder piston assembly as
shown in Fig.E 1.40. At time f let P be the pressure of the gas inside the cylinder.

v,

\ v Y.

()
Fig.E 1.40. Sketch for diagram 1.40.
Schematic representation of work done by a gas. The system (enclosed by the dotted
line) ¢ i the gas ined in the cylinder.
(b)Y Representation of work done an a P-V diagram. The shaded area represents the work

(a

2
done Ipdv by the gas,
|

In a differential time dt, let the piston of cross—sectional areaA move adifferential
distance dL while the motion of the piston is opposed by an external pressure (P
= dP) where dP — (. Then, the differential work done by the gas is given by



BASIC CONCEPTS

dW = Fds = (PA).dL = P (AdL) = Pdv

2
or W= J' Pdv
1

It may be noted that the external pressure (P ~ dP) is always infinitesimally
smaller than the gas pressure. Hence the expansion process can be reversed at
any time by increasing the external pressure infinitesimally more than the gas
pressure. That is, if the external pressure is (P + dP), the gas undergoes a
compression process. During the expansion/ compression of the gas the forces
on the moving boundary are balanced and hence the process is reversible. The
process can be represented on a P — V diagram as shown in Fig.E 1.40.

Example 1.41

Suppose a piston cylinder assembly initially contains a gas at pressure P,
and occupies a volume V, and it is allowed to expand reversibly till it attains a
pressure P,. Is it possible to calculate the work done by the gas from a knowledge
of its initial and final conditions ? Explain whether work done by a gas is a
property of the gas or not.

Solution :

From the given data the initial (P,,V,) and final (P,,V,) states of the gas are
known. The work done by a gas is given by

Fig.E 1.41. Representation of two different ibl b the specified
initial and final states of the gas. The area under the curve 1A2 represents the work
done by the gas, if it follows the path A. The area under the curve 1B2 represents the
work done by the gas if it expands along the path B.
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2
W= _[ Pdv
1

To integrate the above relation, one should know the relation between the
pressure (P) and volume (V) of the gas during expansion/compression process.
That is the path followed by the gas must be known to evaluate the work done.
Fig.E 1.41 shows two different reversible path 1 A2 and 1B2 connecting the given
initial and final states of the gas. Since [Pdv represents the area under the curve
the work done during path 1A2 is different from the work done during the path
IB2. In other words, the work done depends on the path followed by a system.
Hence, it is not possible to evaluate the work done purely from a knowledge of
he initial and final states of a system. The work done by a system is a path
function and hence it is not a property of a system. Work is an interaction, that is
energy transfer, between a system and its surroundings. Hence work is energy in
transit.

Example 1.42

A piston—cylinder assembly contains one mole of an ideal gas at (P,.v.T)).
If the gas expands reversibly such that (a) the final volume is V, while the
pressure is held constant () the final pressure is P, while the temperature is held
constant and (c) the final pressure is P, while Pv" = constant during expansion.
Here v is the ratio of heat capacity at constant pressure to the heat capacity at
constant volume. Determine the work done by the gas.

Solution :
(a) The work done by the gas is given by

W= | Pdv

Y

For constant pressure expansion, the above relation reduces to
2
W=p Idv = PI (v, — VI)
1

(b) We know that for an ideal gas Pv = RT. If the-temperature of the gas is
held constant, we get

Py, =Py, =RT,
Then the work done by the gas is given by
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2 2 2
W= [pdv = Iﬂdv = R?‘,jﬁ = RTjin2
\ v LV v
(¢} The path followed by the gas during the expansion process is
Pv¥ =constantor Pv,¥ = P,k = K = Pvf
or P =KvT
The work done by the gas is given by

2 2 1= | - (=
F R S S
W:de\‘ = J.K\"de = (‘2] v ) =0 ]1‘
f \ =Y 1=

_ R Ry Ru-By _ R(OG-T)

y-1 y-1 y-1

Example 1.43

an

It is desired to compress one mole of air (ideal gas with y= 1.4) from 1 bar
and 27°C to 10 bar and 27°C. For this purpose compare the work to be done for

the following processes :

(a) Isothermal compression.

(b) constant volume heating followed by a constant pressure compression

and

(¢) adiabatic compression (PV ¥ = Constant) followed by constant volume

cooling.

Solution :

(a) The isothermal compression process is shown as 1 A2 on the -v diagram

in Fig.E 1.43
The work done for the isothermal process 1A2 is given by

] 2

2 2

P

W= [Pdv = J'm"% = RTin2 = RTIn !
1 1

=8314 %300 % In L
10

==5.7431kJ
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10 B
bar Jdiabatic
P
1 bar 1
Reversible isothermal process

v

Fig.E 1.43. The isothermal compression process is shown as 1A2.

The path 1B2 shows the constant volume heating followed by constant pressure
compression. The path 1C2 shows adiabatic compression followed by a constant volume
cooling.

(b} The work done along the path 1B2 is given by

B 2
W2 = Wig + Wy, = [ Pdv-+ [ Pav
[} .

=P 1-22 | rr 1= B o[- B2
Y & A f

=8314x 300(!-?] =-224478 kJ

=0+Pvy —vg)=Pvy —v)= P:Vz[l‘ﬂ')
Va

(since T, = T, and Pv = RT)
The work done along the path 1C2 is given by

[ 2
Wica = W, +Wey= [ Pdv+ [ Pdv
i [

PvwFeve o2 Bn-Few
v=1 Y1
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PI,.,;I‘ = P.‘.Y -—.P‘.v; (since V.= V,)

Y
or . P.=P, [i]

Pvi_Pv v b

hnon v, A

¥ Y

" Y (A

po-pl v, pu-plBlulL
" I[":] " 0 t[ﬂ] ll[*’z]

r-1 v=1

(since Ty =T3)

Therefore, W=

_ 8.314x300[1-10%*] _
0.4

-9.4274 K]

Note  The negative work done by the gas indicates that work is to be done on the pas by
the surroundings.

Example 1.44

A piston—cylinder assembly contains air (ideal gas with y=1.4) at 200 kPa
and occupies a volume of 0.01 m*. The piston is attached to one end of a spring
and the other end of the spring is fixed to a wall. The force exerted by the spring
on the piston is proportional to the decrease in the length of the spring from its
natural length. The ambient atmospheric pressure is 100 kPa. Now, the air in the
cylinder is heated till the volume is doubled and at this instant it is found that the
pressure of the air in the cylinder is 500 kPa. Calculate the work done by the gas.

Solution :

We know that the force exerted by the spring on the piston is given by

V-V,
FS=KX:K!—--I—°-!

Where K = spring constant
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A = cross—sectional area of piston

V, = Volume of air if the spring is at its natural length,
that is the spring is neither compressed nor
elongated.

V= Volume of air if the spring is compressed by a
distance X,

~

500
P (kPa)|

Py 200|

001 Vm® 002
@ )

Fig.E 1.44 (a) Sketch for Example 1.44.
(b) P-v diagram in which shaded area represents the work done.

Force acting on the piston due to ambient atmosphere is given by
Ft.l = PﬂA
Force balance on the piston when the air volume is V is given by
4 K(V-V,)
A

PA=P A

K
or P= R“"F(V_VD) (A)
Force balance on the piston in the initial state gives
PA=P A+K (fl.i.".”ﬂ) (B)
Force balance on the piston in the final state gives

P,A=P,A+K (%} (C)
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The work done by the air is given by
W= [ Fde=| PAdX=[PdV

2
K K
= _[{pﬂ +?(V—v,,}dv= PV, —v‘,}+§2~{(v2 ~Vo) =V - Vo))
I

K
=P (=Y l+5A—!{(Vz = Vo) + (V) =V H{(V = Vo) =(V - Vp)}

K

=P (V,=-V))+
arh | 2‘41

V2 +V =2V (Y, -W)

K
={Pu+ﬁ(\’z+‘ﬁ-2'r’n)}(vz-'ﬁ) (D)

From Egns. (B) and (C), we get

P +P
—_—=p
2 [

Substituting Eqn.(E) in Eqn. (D), we obtain

Wz(ﬁ—;&—){vz—\"])

K
+——=(V;, + ¥, -2V}, {E)
PYEAICRAG o

_(200x10" +500x 10%)
2
The shaded area of the trapezium ABCD in Fig.E 1.44 (b) represents the

work done by air. It can be observed that the area of the trapezium ABCD is
given by

x(0.02-001)=3.5k]

(P +P)
B

Example 1.45

A balloon which is initially collapsed and flat is slowly filled with hydrogen
at 100 kPa so as to form it into a sphere of radius im. Determine the work done
by the gas in the balloon during the filling process.

Solution :

During the filling process, the gas pressure remains constant at 100 kPa.
Therefore, the work done during the constant pressure process is given by
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2 3
W= [Pav=pey, - v,)=Px%u(:5‘ -q‘):——mf’z
| 3

_100x10* x4n x 1}
- 3
(Since r| = 0 when the balloon is collapsed and flat)

=418.88k)

Example 1.46

One mole of a Van der Waals gas undergoes a reversible and isothermal

expansion from the initial volume V| to the final volume V.. Determine the work
done by the gas.

Solution :
The Van der Waals equation of state is given by
a RT a
P+— |(v=b)=RT or P=——r——
( 7 ] (v=b) or b
The work done by the gas is given by

_2 RT a _ v, - b |
N A t= T T

Example 1.47

One mole of air (ideal gas with y = 1.4) at pressure P, and temperature T is
compressed at constant volume till its pressure is doubled. Then it is allowed to
expand reversibly and isothermally to the original pressure and finally restored
to the original temperature by cooling at constant pressure. Sketch the path

followed by the gas, on a PV diagram and calculate the net work done by the
gas.

Solution :
Fig.E 1.47 shows the path followed by the gas on P—v diagram.
The net work done by the gas is given by W= W, + W,, + W,,

= ‘z[Pd'v+dev+j'Pdv
1 2 3

= 0+RT, I 22+ Py(v, —vy)
v
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Isothermal process

v

Fig.E 1.47. Path followed by the gas on P-v diagram. 1-2 is a constant volume
process, 2-3 is isothermal process and 3—1 1s a constant pressure process.

For an ideal gas % - ﬁrli For the path 1= 2, v, = v,. Hence,

I 2

rl% = 2T, (Since P, =2P))

1
For the path 1-3, pressure is constant. Hence P, = P,. Therefore

LTI Y WS O W
non S

(Since 2-3 is a constant temperature process.)
Then the net work done by the gas is given by

W= RT, 1224 Py, —vy) = R2T; In 204 (v, = 2v,)
V) v

= 2RT}In 2= 2Ry, =2RT, In2—~2 RT, = 2RT;(In2- 1)

Example 1.48

Is it possible to view the expansion of a gas in a piston—cylinder assembly
as the one and the only one effect external to the system (the gas contained in the
cylinder) as the raising of a mass against the gravitational force? If so devise a
means to view such an effect.
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Solution ©

Fig.E 1.48 To visualise the work done by the gas enclosed in a piston cylinder
assembly as equivalent to raising of a mass in a gravitational field.

Yes, It is possible to modify the surroundings, such that the one and the only
one effect (sole effect) external to the system is the raising of a mass against the
gravitational force as shown in Fig.E 1.48.

One can generalize and stare that all mechanical work done by a system u
equivalent to raising of a mass, through a certain di. e, inagr

field.

Example 1.49

Suppose the terminals of a storage battery are connected to an electrical resistor
through a switch. When the switch is closed electrical current flows through the
resistor, the resistor becomes warm and the charge of the storage battery decreases.
Consider the storage battery as a system and apply the mechanics definition of
work to identify whether work is done by the system or not. Is it possible to
modify the surroundings such that the sole effect external to the system is
equivalent to raising of a mass ? If so devise a method.

Solurion :

In mechanics work done is defined as the product of the force and the
displacement in the direction of applied force. When the terminals of a storage
battery are connected to an electrical resistor, current flows through the resistor,
thereby decreasing the charge of the battery. In the interaction between the battery
and the resistor, no force has moved through any distance and hence the work
done by the battery from the mechanics point of view, is zero. We know that an
electric current is a manifestation of the flow of electrons which are driven by an
electrical potential difference. The electrons are crossing the boundary of the
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system (battery) and some work is done in moving the electrons. However, the
mechanics defini