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Preface to the Third Edition

| feel extremely encouraged at the good response to this textbook. Looking upon the feed back
received from its readers third edition of the book is being presented here.

Inthisedition number of solved and unsolved problems have been added in some of the chapters
and a few new topics have also been added.

| wish to express my sincere thanks to Professors and students for their valuable suggestions
and recommending the book to their students and friends.

| strongly feel that the book would prove to be further useful to students. | would be obliged for
the errors, omissions and suggestions brought to my notice for improvement of the book in its next
edition.

Onkar Singh
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Preface to the First Edition

During teaching of the course of engineering thermodynamics and applied thermodynamics |
havefelt that the students at the undergraduate level of engineering and technology face difficulty in
understanding the concepts of engineering thermodynamics and their applications in the course of
applied thermodynamics. Also, the students face great difficulty in referring to the number of text-
books for different topics. The present book is an effort in the direction of presenting the concepts of
engineering thermodynamics and their applications in clear, concise and systematic manner at one
place. Presentation is made in very simple and easily understandable language and well supported
with wideranging illustrations and numerical problems.

The subject matter in this book covers the syllabus of the basic and advanced course on
engineering thermodynamics/thermal engineering being taught in different institutions and universi-
ties across the country. There are total 18 chaptersin this book. Theinitial seven chapters cover the
basic course on engineering thermodynamics and remaining chapters cover the advanced coursein
thermal engineering. These deal with “Fundamental concepts and definitions’, “Zeroth law and
thermodynamics’, “First law of thermodynamics’, “Second law of thermodynamics’, “Entropy”,
“Availability and general thermodynamic relations’, “ Thermodynamic propertiesof pure substances’,
“Fuels and combustion”, “Boilers and boiler calculations’, “Vapour power cycles’, “Gas power
cycles’, “ Steam engines’, “Nozzles’, “ Steam turbines, Steam condenser”, “ Reciprocating and rota-
tory compressors’, “Introduction to internal combustion engines’ and “Introduction to refrigeration
and air conditioning”. Each chapter has been provided with sufficient number of typical numerical
problems of solved and unsolved type. The book iswrittenin Sl system of unitsand the varioustables
such as steam tables, refrigeration tables, Mollier chart, psychrometry chart etc. are also provided at
the end of the book for quick reference. | hope that the students and teachers referring to this book
will find it useful.

I am highly indebted to my family membersfor their continuous encouragement and coopera-
tion during the preparation of manuscript. | would like to place on record my gratitude and apologies
to my wife Parvin and kids Sneha and Prateek who patiently endured certain neglect and hardships
due to my preoccupation with the preparation of this manuscript.

I am thankful to AICTE, New Delhi for the financial support provided to me in the Young
Teacher Career Award.

| am aso thankful to Mr. L.N. Mishra and other staff members of New Age International for
their cooperation throughout the preparation of the textbook. At the end | thank to all those who
supported directly or indirectly in the preparation of this book.

| shall be extremely grateful to all the readers of text book for their constructive criticism,
indicating any errors and omissions etc. for improving its quality and form.

Onkar Singh
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Fundamental Concepts and
Definitions

1.1 INTRODUCTION AND DEFINITION OF THERMODYNAMICS

Thermodynamics is a branch of science which deals with energy. Engineering thermodynamics is
modified name of this science when applied to design and analysis of various energy conversion systems.
Thermodynamicshasbasically afew fundamental lawsand principles applied to awide range of problems.
Thermodynamicsis coreto engineering and allows understanding of the mechanism of energy conversion.
Itisrealy very difficult to identify any area where thereis no interaction in terms of energy and matter.
It isascience having itsrelevance in every walk of life. Thermodynamics can be classified as ‘ Classical
thermodynamics and ‘ Statistical thermodynamics'. Here in engineering systems analysis the classical
thermodynamics is employed.

“Thermodynamics is the branch of physical science that deals with the various phenomena of
energy and related properties of matter, especialy of the laws of transformations of heat into other
forms of energy and vice-versa.”

Internal combustion engines employed in automobiles are agood exampl e of the energy conversion
equipmentswhere fud isbeing burnt inside the piston cylinder arrangement and chemical energy liberated
by the fuel is used for getting the shaft work from crankshaft. Thermodynamics lets one know the
answer for the questions as, what shall be the amount of work available from engine?, what shall be the
efficiency of engine?, etc.

For analysing any system there are basically two approaches available in engineering
thermodynamics. Approach of thermodynamic analysis means how the analyser considers the system.
Macroscopic approach is the one in which complete system as a whole is considered and studied
without caring for what is there constituting the system at microscopic level.

Contrary to thisthe microscopic approach is one having fragmented the system under consideration
upto microscopic level and analysing the different constituent subsystems/microsystems. In thisapproach
study is made at the microscopic level. For studying the system the microlevel studies are put together
to see the influences on overall system. Thus, the statistical techniques are used for integrating the
studies made at microscopic level. Thisis how the studies are taken up in statistical thermodynamics. In
genera it can be said that, Macroscopic approach analysis = 5 (Microscopic approach analysis).

1.2 DIMENSIONS AND UNITS

“Dimension” refers to certain fundamental physical concepts that are involved in the process of nature
and are more or less directly evident to our physical senses, thus dimension is used for characterizing
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any physical quantity. Dimensions can be broadly classified as*“ primary dimensions’ and “ secondary or
derived dimensions’. “Basic dimensions such as mass ‘M’, length ‘L’, time ‘t’ and temperature ‘T are
called primary dimensions, while quantities which are described using primary dimensions are called
secondary dimensions such as for energy, velocity, force, volume, etc”.

“Units’ are the magnitudes assigned to the dimensions. Units assigned to “primary dimensions’
are caled “basic units’ whereas units assigned to “secondary dimensions’ are caled “derived units’.
Various systems of units have prevailed in the past such as FPS (Foot-Pound-Second), CGS (Centimetre-
Gram-Second), MK'S (Metre-Kilogram-Second) etc. but at present SI system (System-International) of
units has been accepted world wide. Here in the present text also Sl system of units has been used.
Following table gives the basic and derived unitsin Sl system of units.

Table 1.1 9 system of units

Quantity Unit Symbol

Basic Units
Length (L) Metre m
Mass (M) Kilogram kg
Time (t) Second S
Temperature (T) Kelvin K
Planeangle Radian rad
Solidangle Steradian sr
Luminousintensity Candela cd
Molecular substance Moale mol.
Electric Current Ampere A

Derived Units
Force (F) Newton N {kg.m/s%}
Energy (E) Joule J{N.m = kg. m¥s%
Power Watt W {Js = kg. m?4/s%}
Pressure Pascal Pa {N/m2 = kg/(ms?)}

Equivalence amongst the various systems of unit for basic units is shown in table 1.2.

Table 1. 2 Various systems of units

Unit - (Symboal)
Quantity S MKS CGS FPS
Length Metre (m) Metre (m) Centimetre (cm) Foot (ft)
Mass Kilogram (kg) Kilogram (kg) Gram (gm) Pound (Ib)
Time Second (s) Second (s) Second (s) Second (s)
Temperature Kevin(K) Centigrade (°C) Centigrade (°C) Fahrenheit (°F)

The various prefixes used with S| units are given as under :




Fundamental Concepts and Definitions 3

Prefix Factor Symbol Prefix Factor Symbol
deca 10 da deci 101 d
hecto 102 h centi 1072 c
kilo 103 k milli 1078 m
mega 108 M micro 10 U
giga 10° G nano 10°° n
tera 1012 T pico 1012 p
peta 10% P femto 10715 f
exa 1018 E atto 1018 a

The conversion table for one unit into the other is given in table 1.3.

Table 1.3 Unit conversion table

1ft = 0.3048 m 1 ft2 = 0.09290 m?
1lin = 0.0254 m 1in? = 6.45 cm?
1lb = 453.6 gm 11b = 0.4536 kg
1lbf = 445N 1kgf =9.81 N
11bf/in? = 6.989 kKN/m? = 0.0689 bar = 703 kgf/m?
1 bar = 10° N/m? = 14.5038 1bf/in?= 0.9869 atm
= 1.0197 kgf/cm?
1 ft. Ibf = 1.356 Joules
1Btu = 778.16 ft. Ibf = 1.055 kJ
1Btulb = 2.326 kJ/kg
1 ft¥b = 0.0624 m3kg, 1Cd =4.181J

1.3 CONCEPT OF CONTINUUM

In Macroscopic approach of thermodynamics the substance is considered to be continuous whereas
every matter actually comprises of myriads of molecules with intermolecular spacing amongst them.
For analyzing a substance in aggregate it shall be desired to use laws of motion for individual molecules
and study at molecular level be put together statistically to get the influence upon aggregate. In statistical
thermodynamics this microscopic approach isfollowed, although it is often too cumbersomefor practical
calculations.

In engineering thermodynamics where focus lies upon the gross behaviour of the system and
substance in it, the statistical approach is to be kept aside and classical thermodynamics approach be
followed. In classical thermodynamics, for analysis the atomic structure of substance is considered to
be continuous. For facilitating the analysis this concept of continuum is used in which the substance is
treated free from any kind of discontinuity. Asthisis an assumed state of continuum in substance so the
order of analysis or scale of analysis becomes very important. Thus, in case the scale of analysisislarge
enough and the discontinuities are of the order of intermolecular spacing or mean free path then due to
relative order of discontinuity being negligible it may be treated continuous.

In the situations when scale of analysisis too small such that even the intermolecular spacing or
mean free path are not negligible i.e. the mean free path is of comparable size with smallest significant
dimension in analysis then it can not be considered continuous and the microscopic approach for
analysis should be followed. For example, whenever one deas with highly rarefied gases such as in
rocket flight at very high altitudes or €l ectron tubes, the concept of continuum of classical thermodynamics
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should be dropped and statistical thermodynamics using microscopic approach should be followed.
Thus, in general it can be said that the assumption of continuum iswell suited for macroscopic approach
where discontinuity at molecular level can be easily ignored as the scale of analysisis quite large. The
concept of continuum is thus a convenient fiction which remains valid for most of engineering problems
where only macroscopic or phenomenological informations are desired.

For example, let us see density at a point as a property of continuum. Let us take some mass of
fluid Am in some volume AV enveloping a point ‘P’ in the continuous fluid. Average mass density of
fluid within volume AV shall be the ratio (AnVAV). Now let us shrink the volume AV enveloping the
point to volume AV It could be seen that upon reducing the volume, AV’ may be so small asto contain
relatively few molecules which may also keep on moving in and out of the considered very small
volume, thus average density keeps on fluctuating with time. For such a situation the definite value of
density can not be given.

Therefore, we may consider some limiting volume A

such that the fluid around the point

limit

U Aam 0O
may be treated continuous and the average density at the point may be given by the ratio G, — L.

AViimit O
Thus, it shows how the concept of continuum although fictitious is used for defining density at a point
as given below,

Average density at the point = limay _ ay; %ﬁ

1.4 SYSTEMS, SURROUNDINGS AND UNIVERSE

In thermodynamics the ‘system’ is defined as the quantity of matter or region in space upon which the
attention is concentrated for the sake of analysis. These systems are aso referred to as thermodynamic
systems. For the study these systems are to be clearly defined using a real or hypothetical boundary.
Every thing outsidethisreal/hypothetical boundary istermed asthe* surroundings . Thus, the surroundings
may be defined as every thing surrounding the system. System and surroundings when put together
result in universe.

Universe = System + Surroundings

The system is also some times defined as the control system and the boundary defined for
separating it from surroundings is called control boundary, the volume enclosed within the boundary is
control volume and the space enclosed within the boundary is called control space.

Based on the energy and mass interactions of the systems with surroundings/other systems
across the boundary the system can be further classified as the open, close, and isolated system. The
‘open system’ is one in which the energy and mass interactions take place at the system boundary, for
example automobile engine etc.

‘Closed system’ is the system having only energy interactions at its boundary, for example,
boiling water in a closed pan etc. The mass interactions in such system are absent. ‘Isolated systen’
refers to the system which neither has mass interaction nor energy interaction across system boundary,
for example Thermos Flask etc. Thus, the isolated system does not interact with the surroundings/
systems in any way.
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Boundary
Boundary Surroundings Surroundings

Mass Energy
Energy

(b) Mass interaction = 0

(a) Mass interaction = 0 Energy interaction = 0
Energy interaction = 0

Boundary

‘ Surroundings

(c) Mass interaction = 0
Energy interaction = 0

Fig. 1.1 (a) Open system (b) Closed system (c) Isolated system

1.5 PROPERTIES AND STATE

For defining any system certain parameters are needed. ‘ Properties are those observable characteristics
of the system which can be used for defining it. Thermodynamic properties are observabl e characteristics
of the thermodynamic system. Pressure, temperature, volume, viscosity, modulus of elasticity etc. are
the examples of property. These properties are some times observable directly and sometimesindirectly.
Properties can be further classified as the ‘intensive property’ and ‘extensive property’. The intensive
properties are those properties which have same value for any part of the system or the properties that
are independent of the mass of system are called intensive properties, e.g. pressure, temperature etc.
Extensive properties on the other hand are those which depend upon the mass of system and do not
maintain the same value for any path of the system. e.g. mass, volume, energy, enthalpy etc. These
extensive properties when estimated on the unit mass basis result in intensive property which is also
known as specific property, e.g. specific heat, specific volume, specific enthalpy etc.

‘State’ of a system indicates the specific condition of the system. To know the characteristics of
the system quantitatively refers to knowing the state of system. Thus, when the properties of system
are quantitatively defined then it refers to the ‘state’. For completely specifying the state of a system
number of properties may be required which depends upon the complexity of the system. Thermodynamic
state in the same way refers to the quantitative definition of the thermodynamic properties of a
thermodynamic system e.g. for defining a gas inside the cylinder one may have to define the state using
pressure and temperature as 12 bar, 298 K. When the thermodynamic properties defining a state undergo
achangein their values it is said to be the ‘ change of state'.

1.6 THERMODYNAMIC PATH, PROCESS AND CYCLE

Thermodynamic system undergoes changes due to the energy and mass interactions. Thermodynamic
state of the system changes due to these interactions. The mode in which the change of state of a
system takes place is termed as the process such as constant pressure process, constant volume process
etc. Let ustake gas contained in a cylinder and being heated up. The heating of gasin the cylinder shall
result in change in state of gas as its pressure, temperature etc. shall increase. However, the mode in
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which this change of state in gas takes place during heating shall be constant volume mode and hence
the process shall be called constant volume heating process.
The path refers to the series of state changes through which the system passes during a process.
Thus, path refersto the locii of various intermediate states passed through by a system during a process.
Cyclerefersto atypica sequence of processesin such afashion that the initial and final states are
identical. Thus, acycleisthe onein which the processes occur one after the other so as to finally bring
the system at the same state. Thermodynamic path in acycleisin closed loop form. After the occurrence
of a cyclic process system shall show no sign of the processes having occurred.
Mathematically, it can be said that the cyclic integral of any property in acycleis zero, i.e.,

gﬁdp = 0, where p is any thermodynamic property.
Thermodynamic processes, path and cycle are shown on p-v diagram in Fig. 1.2

1-2-3-4-1 = Cycle
I A Vv 1-2, 2-3, 3-4 & 4-1 = Path
p 1-2 & 3—4 = Constant volume processes
| < 4 2-3 & 4—1 = Constant pressure processes

Fig. 1.2 Thermodynamic process, path and cycle.

1.7 THERMODYNAMIC EQUILIBRIUM

Equilibrium of asystem refersto the situation in which it's “ state” does not undergo any changein itself
with passage of time without the aid of any external agent. Equilibrium state of a system can be examined
by observing whether the change in state of the system occurs or not. If no change in state of system
occurs then the system can be said in equilibrium. Thermodynamic equilibrium is a situation in which
thermodynamic system does not undergo any changein its state. Let us consider a steel glass full of hot
milk kept in open atmosphere. It is quite obvious that the heat from milk shall be continuously transferred
to atmospheretill the temperature of milk, glass and atmosphere are not aike. During the transfer of heat
from milk the temperature of milk could be seen to decrease continually. Temperature attains some final
value and does not change any more. This is the equilibrium state at which the properties stop showing
any change in themselves.

Generally, thermodynamic equilibrium of a system may be ensured by ensuring the mechanical,
thermal, chemical and electrical equilibriums of the system. ‘Mechanical equilibrium’ of the system can
be well understood from the principles of applied mechanics which say that the net force and moment
shall be zero in case of such equilibrium. Thus, in the state of mechanical equilibrium the system does
not have any tendency to change mechanical state as it is the state at which the applied forces and
developed stresses are fully baanced.

‘“Thermal equilibrium’ isthat equilibrium which can be stated to be achieved if thereis absence of
any heat interactions. Thus, if the temperature states of the system do not change then thermal equilibrium
is said to be attained. Equality of temperature of the two systems interacting with each other shall ensure
thermal equilibrium.

‘Chemica equilibrium’ is the one which can be realized if the chemical potentia of the systems
interacting are same. The equality of forward rate of chemical reaction and backward rate of chemica
reaction can be taken as criterion for ensuring the chemical equilibrium. Similar to this, in case the
electrical potentia of the systems interacting are same, the ‘electrical equilibrium’ is said be attained.
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Thus, a system can be said to be in thermodynamic equilibrium if it is in mechanical, thermal,
chemical and electrical equilibrium.

1.8 REVERSIBILITY AND IRREVERSIBILITY

Thermodynamic processes may have the change of state occuring in two ways. One is the change of
state occuring so that if the system is to restore its origina state, it can be had by reversing the factors
responsible for occurrence of the process. Other change of state may occur such that the above
restoration of original state is not possible. Thermodynamic system that is capable of restoring its
origina state by reversing the factors responsible for occurrence of the process is called reversible
system and the thermodynamic process involved is called reversible process. Thus, upon reversal of a
process there shall be no trace of the process being ocurred, i.e. state changes during the forward
direction of occurrence of a process are exactly similar to the states passed through by the system
during the reversed direction of the process. It is quite obvious that the such reversibility can be realised
only if the system maintains its thermodynamic equilibrium throughout the occurrence of process.

-
|

= Reversible process following
& 2-1  equilibrium states

Irreversible process following
&4-3 non-equilibrium states

w
|
N
1]

Fig. 1.3 Reversible and Irreversible processes

The irreversibility is the characteristics of the system which forbids system from retracing the
same path upon reversal of the factors causing the state change. Thus, irreversible systems are those
which do not maintain equilibrium during the occurrence of a process. Various factors responsible for
the nonattainment of equilibrium are generally the reasons responsible for irreversibility. Presence of
friction, dissipative effects etc. have been identified as afew of the prominent reasons for irreversibility.
The reversible and irreversible processes are shown on p-v diagram in Fig. 1.3 by ‘1-2 and 2-1' and
‘34 and 4-3' respectively.

1.9 QUASI-STATIC PROCESS

Thermodynamic equilibrium of a system is very difficult to be realised during the occurrence of a
thermodynamic process. It may be understood that thiskind of equilibriumisrather practically impossible.
In case such equilibrium could not be attained then the thermodynamic analysis cannot be done, as the
exact analysis of a system not in equilibrium is impossible. ‘Quasi-static’ consideration is one of the
ways to consider the real system asif it is behaving in thermodynamic equilibrium and thus permitting
the thermodynamic study. Actualy, system does not attain thermodynamic equilibrium only certain
assumptions make it akin to a system in equilibrium, for the sake of study and analysis.

Quasi-static literally refers to “almost static” and the infinite slowness of the occurrence of a
processisconsidered asthebasic premisefor attaining near equilibriumin the system. Hereit isconsidered
that the change in state of a system occurs at infinitely slow pace, thus consuming very large time for
completion of the process. During the dead slow rate of state change the magnitude of change in a state
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shall also be infinitely small. Thisinfinitely small change in state when repeatedly undertaken one after
the other consecutively, results in overall state change. Quasi-static process is considered to remain in
thermodynamic equilibrium just because of infinitesimal state changestaking place during the occurrence
of the process. Quasi static process can be understood from the following example.

Let us consider the heating of gasin a container with certain mass ‘W' kept on the top of lid (lid
issuch that it does not permit leakage across its interface with vessel wall) of the vessel as shownin Fig.
1.4. After certain amount of heat being added to the gas it is found that the lid gets raised up.
Thermodynamic state change is shown in figure. The “change in state” is significant. During the change
of state since the states could not be considered to be in equilibrium, hence for unsteady state of system,
thermodynamic analysis could not be extended. Let us now assume that the total mass comprises of
infinitesimal small masses of ‘W' such that all ‘w' masses put together become equal to W. Now let us
start heat addition to vessel and as soon as the lifting of lid is observed put first fraction mass ‘w’ over
the lid so as to counter the lifting and estimate the state change. During this processiit is found that the
state change is negligible. Let us further add heat to the vessel and again put the second fraction mass
‘W as soon asthelift isfelt so asto counter it. Again the state change is seen to be negligible. Continue
with the above process and at the end it shall be seen that al fraction masses ‘w have been put over the
lid, thus

% ( 1 = Initial state
2 = Final state

[ 1T XXXXXX 2

Intermediate
equilibrium states

V—>

- J

Fig. 1.4 Quasi static process
amounting to mass ‘W kept over the lid of vessel and the state change occurred is exactly similar to the
one which occurred when the mass kept over the lid was ‘W'. In this way the equilibrium nature of
system can be maintained and the thermodynamic analysis can be carried out. p-v representation for the
series of infinitesmal state changes occuring between states 1 and 2 is shown in Fig. 1.4.

1.10 SOME THERMODYNAMIC PROPERTIES

Pressure, temperature, density, volume etc. are some of the thermodynamic properties frequently used.
Pressure is defined asthe force per unit area. Mathematically, it can be given by the ratio of force applied
on aarea (say F) divided by the area (say A) as;

p = FIA, (N/m?).
In general during analysis one comes across the following four types of pressure,
(i) Atmospheric pressure (i)  Absolute pressure
(iii) Gauge pressure (iv) Vacuum pressure

Atmospheric pressureis defined as the pressure exerted by the atmosphere. It is said to be equal to
760 mm of mercury column at 0°C for mercury density of 0.0135951 kg/cm?, gravitational acceleration
of 9.80665 m/s? and has magnitude of 1.013 bar (= 1.013 x 10° N/m?). The instrument used for



Fundamental Concepts and Definitions 9

measuring this pressureis called barometer. Italian scientist Torricelli wasfirst to construct the barometer
to measure the pressure. In his honour the pressure exerted by one millimeter column of mercury under
atmospheric conditions is known as ‘Torr’ (1 atm = 760 Torr).

Absolute pressure of gasrefersto the actual pressure of the gas. L et us consider a U-tube manometer
as shown in Fig. 1.5. It shows the manometer with its one limb connected to bulb containing the gas
while other limb is open to atmosphere. Fig. 1.5a describes a special case in which the pressure of the
gas is more than the atmospheric pressure and it is the reason for therise in level of mercury in the open
limb. The difference in the pressure of fluid and atmosphere which is measurable by the rise of mercury
column (= h.d.g. where h isthe risein mercury column, d isthe density of mercury, gisthe gravitational
acceleration) is known as the Gauge pressure. Mathematically, it can be shown that,

Absolute pressure = Atmospheric pressure + Galge pressure

Figure 1.5b shows ancther typical case in which the pressure of gasis less than the atmospheric
pressure and that is why the mercury column is depressed in the open limb. The amount by which the
pressure of gas is less than the atmospheric pressure is called Vacuum pressure. Thus, the vacuum
pressure is the negative gauge pressure. Mathematically it can be shown by,

Absolute pressure = Atmospheric pressure — Vacuum pressure
Patm Palm

N— N—

__*“_ ___L__ | |
(a) Gauge pressure (b) Vacuum pressure

Fig. 1.5 U-tube manometer
Thebar chart shownin Fig. 1.6 further clarifiestheinterrel ationship amongst the different pressures.

i T
P absolute P gziuge

P vacuum

P atm
P absolute

Datum l

Fig. 1.6 Different pressures
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Pressure could also be measured by a Bourdan tube. Bourdan tube has a flattened cross section
(oval) closed at one end. Other end of tube connects to the region whose pressure is to be measured.
Gas whose pressure is being measured acts on inside of tube surface, thus causing it to change its
section from oval section to circular section. Pressure exerted by gas works against tube stresses and
air pressure. This change in cross-section from elliptical to circular causes straightening of tube and
thus deflecting free end of tube through some distance ‘d’ as shown in figure 1.7. This deflection in free
end of tube measures the pressure difference between gas pressure and atmospheric pressure. Generally
this free end of tube is connected to an indicating hand sweeping over a graduated dial showing the
gauge pressure directly.

Temperature is another thermodynamic property which is normally used in Kelvin scale in
engineering thermodynamic analysis. It is dealt in detail in subsequent chapter.

Density which refers to the mass per unit volume is the ratio of mass and volume occupied. Its
units are kg/m?.

Density = (Mass/Volume)

‘‘‘‘‘‘‘‘ External atmospheric Internal gas
Z led pressure Tube cross pressure

- ( section
Bourdon tube

Tube cross section tends
from elliptical section to
circular section at higher

/? internal pressures

Atmospheric
pressure

a—

e Manometer D

I 1
N

N
YV =

Fig. 1.7 Bourdan tube for pressure measurement

The specific volume is the volume per unit mass of the substance. It is defined by ratio of the
volume occupied and the mass of substance. Its units are m3/kg.

Specific volume = (Volume/Mass)

Density or specific volume conform to the definitive specification of a thermodynamic property
and are capable of getting associated with other properties such as temperature, pressure and internal
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energy. Also, the volume occupied by a material is a measure of distance between molecules and thus
indicates their molecular energy.

Weight is actually the force due to gravity acting on any substance. Thus, it is the product of
mass and gravitational acceleration. Its units are Newtons.

Weight = (mass x gravitational acceleration)
Foecific weight of a substance is the ratio of weight of substance and volume of substance.
Specific weight = (Weight/Volume)
= (density x gravitational acceleration)

Soecific gravity is defined as the ratio of the density of any substance and standard density of
some reference substance. For solids and liquids the water density at some specified temperature say
0°C or 4°C is taken as standard density.

1.11 ENERGY AND ITS FORMS

“ Energy is usualy defined as the ability to do mechanical work”. It isindeed quite difficult to precisely
define the “energy”. We feel energy at every moment and can sense it very oftenly.

Another broader definition of energy says that “energy refers to the capacity for producing
effects.”

Total energy at any moment may be the algebraic summation of the different forms of energy.
Conversion of energy from one to other is aso possible. In thermodynamics we are primarily interested
in studying the changeintotal energy of asystem. Thus, for analysisrelative value of energy isconsidered
instead of absolute value.

Energy can be classified in the following general categories;

(a) Energy in transition: It refers to the energy that is in process of transition between substances or
regions because of somedriving potential, such asdifference or gradient of force, or of temperature,
or of electrical potential etc. For example heat, work etc.

(b) Energy stored in particular mass: It refers to the potential and kinetic energy associated with
masses that are elevated or moving with respect to the earth.

Apart from above broad classification the energy can aso be categorised into various forms.

(i) Macroscopic energy: It refers to the energy possessed by a system considered at macro-
scopic level such as kinetic energy, potential energy etc.

(ii) Microscopic energy: It refers to the energy defined at molecular level. Summation of energy

at molecular level or microscopic energy results in internal energy.

Some of the popular forms of energy are described below :

Potential energy: This type of energy is based on relative position of bodies in a system, i.e.
elevationinagravitational field.

Potential energy for amass mat elevation zis given as :

PE. =mgz

Here g is the gravitational acceleration and elevation is measured from some reference point.

Kinetic energy: It is based on the relative movement of bodies. For a mass m moving with certain
velocity c it could be mathematically expressed as;

K.E. = (1/2) m.c?

Internal energy: Internal energy of a system isthe energy associated with the molecular structure
at molecular level.

Let us study fall of a‘weight’ from certain height on the floor. Upon hitting the floor, ‘weight’
comes to dead stop and its potential energy and kinetic energy both reduce to zero. Question arises,
where does the vanishing potential energy and kinetic energy go upon ‘weight’ touching the floor. If we
touch the point of contact between ‘weight’ and floor, it is observed that both these points are dightly
hotter than before impact. Thus, it is obvious that the energy has changed its form from potential and
kinetic to internal energy and causes rise in temperature of ‘weight’ and floor at the points of contact.
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Internal energy is sum of energy associated with molecules which may have translational,
vibrational and rotational motions etc. and respective energies causing these motions.

Internal energy may be thus comprising of sensible energy, latent energy, chemical energy, nuclear
energy etc. ‘Sensible energy’ refers to the kinetic energy associated with molecules. ‘Latent energy’
refers to the energy associated with phase of a substance.

‘Chemical energy’ refers to the energy associated with molecular bonds. ‘Nuclear energy’ refers
to the energy associated with the bonds within nucleus of atom itself.

Total energy of a system may be given as summation of different forms of energy at a moment.
Mathematically;

T.E (Tota energy) = K.E+PE+IE

where K.E = Kinetic energy

PE = Potential energy
|.E = Internal energy

Some different forms of energy interaction and associated work interactions with block diagram
aregivenin table 1.4.

Table 1.4 Some forms of energy and the associated work interactions

S Macroscopic Governing Energy Work Block diagram
No. form of energy equation interaction interaction
dv 1 F
1. | Kineticenergy F=m- AE = Sm =—F - dx x
(translation) (V2 —v2) :
2 1
2. Klnet.lcenergy T=J- o AE = E‘]' =-T-d6 1(CTD
(rotational) (wé— af)
1 —
3. | Spring stored F = kx AE=§k- =—F -dx FF=(§=X‘ F
energy (trandational) () -
- 1 Pr=o
4. | Spring stored T=K-8 AE=EK- =-T-d6 Tf’T
energy (rotational) ( 02— 92)
2 1
F
5. | Gravitational F=mg AE = mg: =—F.dz lg
zt
energy Z,-2)
- _d i . q
6. I(Electrlf:tal en()ergy us= - AEl— 5 G =—u-dq '_\'u/.'_°
capacitance _1
=5 cu
1 L
7. | Electrical energy p=1L-i AE = Li2] =—i-dg Ty
~

(inductance)
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1.12. HEAT AND WORK

When two systems at different temperatures are brought into contact there are observable changes in
some of their properties and changes continue till the two don't attain the same temperature if contact is
prolonged. Thus, there is some kind of energy interaction at the boundary which causes change in
temperatures. This form of energy interaction is called heat. Thus ‘heat’ may be termed as the energy
interaction at the system boundary which occurs due to temperature difference only. Heat is observable
in transit at the interface i.e. boundary, it can not be contained in a system. In general the heat transfer
to the system is assigned with positive (+) sign while the heat transfer from the system is assigned with
negative (-) sign. Its units are Calories.

In thermodynamics the work can be defined as follows:

“Work shall be done by the system if the total effect outside the systemis equivalent to the raising
of weight and this work shall be positive work”.

In above definition the work has been defined as positive work and says that there need not be
actual raising of weight but the effect of the system behaviour must be reducible to the raising of a
weight and nothing else. Its units are N. m or Joule. Heat and work are two transient forms of energy.

Let us look at a piston cylinder mechanism (closed system), where high pressure air is filled
inside the cylinder fitted with a piston exerting force against some resistance. As the piston moves a
distance say ‘I’, the work would be done. It can be reduced to the raising of weight by replacing this
resisting system by africtionless pulley and lever such that aweight W is raised, Fig. 1.8.

For example, if an electrical battery and resistance is considered as a system, then this system
shall do work when electric current flows in an external resistance as this resistance could be replaced
by an ideal frictionless motor driving africtionless pulley and raising a weight.

Here, also in reference to work it is obvious that the work is the entity which is available at the
boundary of system, thus work can not be stored rather it is energy interaction in transit at the boundary.
From the thermodynamic definition of work the sign convention established as positive work shall be
the one which is done by the system while the negative work shall be the one that is done upon the
system.

Pulley and lever arrangement

| =1 i
i Weight W

S

] = | | | Pulley
ot —® O g

: ; Weight

Battery 'z I

l Resistance

(®)
Fig. 1.8 Thermodynamic work
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1.13 GAS LAWS

Thermodynamic analysis relies largely upon the gas laws, which are known as Boyl€e's law (1662) and
Charle'slaw (1787). Boyl€e'slaw saysthat if temperature of agasis held constant then its molar volume
isinversely proportional to the pressure. Mathematically it can berelated aspv = constant. Here pisthe
pressure and v is the molar volume of gas, i.e. volume per mole.

Charle'slaw saysthat for the pressure of gasheld constant the volume of gasisdirectly proportional
to the temperature of gas. Mathematically it can be given as v /T = constant, where T is the temperature
of the gas. It also says that if the molar volume of gasis held constant, the pressure of gas is directly
proportional to temperature, i.e. p/T = constant. Figure 1.9 shows the graphical representation.

p \\TA

_

/ Cr
T P
/é‘m
Ts [ Temp. increasing [ \
> . .
T Pressure increasing
(a) Boyle’s law (b) Charle’s law

Fig 1.9 Graphical representations of gas laws at constant temperature and at constant pressure

Boyle's and Charle’'s law when combined together result in,
pv /T = constant

or pv = RT, where R isthe universal gas constant.

1.14 IDEAL GAS

Engineering thermodynamics deals with different systems having gaseous working fluids. Some gases
behave as ideal gas and some as non-ideal gas. Based on the experimental methods various equations of
state of gases have been developed.

For perfect gas the ideal gas equation shows that

pv = RT, whereR isthe universal gas constant and can be related as R= R/M, here Risthe
characteristic gas constant and M is the molar mass or molecular weight of the substance, v isvolume
per mole. Universal gas constant has value given as 8.31441 kJk mol .K. or pV=mRT, where mis mass
of the substance, V is the volume of substance,
ie. V=n-V
m=n - M, where ‘n’ is no. of moles.
Gas constant is also related to specific heats at constant pressure and volume as follows,
R=c,-c,
Upon plotting the variables P, V, T for an ideal gas on three mutually perpendicular axes, the three
dimensiona entity generated is called P-V-T surface and can be used for studying the thermodynamic
properties of ideal gas. Figure 1.10 shows the typical P-V-T surface for an ideal gas.



Fundamental Concepts and Definitions 15

Temperature,
T = constant

Fig. 1.10 P-V-T surface for ideal gas
For certain gases the molecular weight and gas constant are given in table 1.5.

Table 1.5
Gas Molecular weight, kg/kmol Gas constant, kJ/kg.K
Air 28.97 0.287
Carbon dioxide 44.01 0.189
Hydrogen 2.016 4.124
Helium 4.004 2.077
Nitrogen 28.01 0.297
Oxygen 32.00 0.260
Steam 18.02 0.461

1.15 DALTON’'S LAW, AMAGAT'S LAW AND PROPERTY OF MIXTURE OF GASES

Dalton’s law of partial pressures states that the “total pressure of a mixture of gasesis egual to the sum
of partial pressures of constituent gases.” Partial pressure of each constituent can be defined as the
pressure exerted by the gas if it alone occupied the volume at the same temperature.

Thus, for any mixture of gases having ‘j’ gases in it, the mathematical statement of Dalton’'s law says,

if V=V, =V,= V==V,
and T=T,=T,=T;=...T,

Dalton’s law can be applied to both mixture of real gases and ideal gases.

m.p| (M. e, m, p mv|  [m.V, mV

@ vt |*|lvT| = |1 ® | pr|*|p7| = |pT

congtituent gases  Mixture
Fig. 1.11 (a) Dalton’s law of partial pressures, (b) Amagat’s law

Let us take mixture of any three, perfect gases, say, 1, 2, 3 in a container having volume V' and
temperature T.
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Equation of state for these gases shall be,
PV =mRT:p,V=m, R, -T,pV=my Ry T
The partial pressures of three gases shall be,
mRT my-Ry T my-Rg - T
L=y Ry kT Ty

From Dalton’s law;
_ B T
P=p tP,+ Py = (MR + MR, + MRy - &

or, it can be given in general form as,

i
pv=T-;mR

where i refers to congtituent gases
Amagat’s law of additive volumes states that volume of a gas mixture is equa to the sum of

volumes each gas would occupy at the mixture pressure and temperature.

V=V, +V, + Vs +V
P=P;=Py= Py p
T=T,=T,=Ty= e T,

Mass balance upon mixture yields m=m, + m, + m,
i
or m= z m
i=
From above the gas constant for the mixture can be given as,

o - MR+ MR, +mRy
T (mprmy +mg)
or, in genera form,

i

2m

i=1

Mole fraction x of a constituent gas can be defined as the ratio of number of moles of that

constituent to the total number of moles of al constituents.
Thus mole fractions of three gases, if number of moles of three gases are n;, n, and n;;

.

LT n,
n,

%2 T i+, +g
N

%= n+n, +n
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or,ingeneral  x = 2
’ i zn
Tota no. of moles,
J
n=n+n,+ngor,n= 3N

i=1
Sum of mole fractions of al constituent equals to 1,

Number of moles of any constituent gas,
n=n-X

For M, being the molecular weight of a constituent gas, the mass m of that constituent shall be
m =n - M

or, m=n-x: |\/|i

and the total mass m, shall be

m=5%m =n yx -M,
Molecular weight of mixture shall be:

_m—
M="1=3%%"M

1.16 REAL GAS

When agasisfound to disobey the perfect gaslaw, i.e. the equation of state for ideal gas, thenitiscalled
‘real gas'. Real gas behaviour can also be shown by a perfect gas at the changed thermodynamic states
such as high pressure etc.

Deviation of rea gas from ideal gas necessitates the suitable equation of state which can be used
for interrelating the thermodynamic properties P, V, and T.

From the kinetic theory of gases it is obvious that the ideal gas equation of state suits the gas
behaviour when intermol ecul ar attraction and volume occupied by the moleculesthemselvesisnegligibly
small in reference to gas volume. At high pressures intermolecular forces and volume of molecules both
increase and so the gas behaviour deviates from ideal gas to real gas.

A number of mathematical equations of state suggested by Van der-Waals, Berthelot, Dieterici,
Redlich-Kwong, Beattie-Bridgeman and Martin-Hou etc. areavailable for analysing thereal gasbehaviour.

Dalton’s law and Amagat’s law can also be used for real gases with reasonable accuracy in
conjunction with modified equations of state.

Astheideal gas equation does not conform to the real gas behaviour in certain ranges of pressures
and temperatures, so the perfect gas equation should be modified using compressibility factor for the
gas at given pressure and temperature.

Such modified form of equations shall be;

Pv =Z2-R-T
Here Z is the compressibility factor, a function of pressure and temperature.
Thus, compressibility factor is like a correction factor introduced in ideal equation of state for

suiting the real gas behaviour. Compressibility factor is an indication of deviation of agasfrom ideal gas
behaviour and can be mathematically given as;
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Z=f(RT)
7 = Vactua
o "~ Videa
Here, Vigoy = ) i.e. Z=1for ideal gaseswhile Z can be greater than or less than unity.

Individual graphical representations are available for getting the compressibility factor as shown
in Fig 1.12. Compressibility factor charts are available for different substances. Compressibility factors
for various substances can also be shown on ageneralized compressibility chart using reduced properties.
Reduced properties are non-dimensional properties given asratio of existing property to critical property
of substance. Such as reduced pressure is ratio of pressure of gas to critical pressure of gas. Similarly,
reduced temperature can be given by ratio of temperature of gas to critical temperature of gas.

p

Reduced pressure, Pr=

Pc

T

Reduced temperature, Ty = T_

C
1.1

1000 K 800 K
1.05 > {/
1 T 400 K »
300 K \\\ﬂ
Z0.95 —
0.9
0:

0.85
0.8

0 10 20 30 40 50 60 70 80 90 100

Pressure, atm

(a) Oxygen
1.1
1.05 1000 K[ |
] e e 800 K
—
\\\\\ 500 K
——
Z0.95
\\ 400 K
0.9
300 K ~
CO:
0.85 [~
\
0.8

0 10 20 30 40 50 60 70 80 90 100
Pressure, atm

(b) Carbon dioxide
Fig. 1.12 Compressibility factors, Z
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where P_ and T, denote critical pressure and critical temperature respectively. These reduced pressure
and reduced temperature are used for getting the generalized compressibility chart of the form, Z =
f (pg TR) where Z for all gasesis approximately same. Thissimilar behaviour of compressibility correction
factor for different gases in respect to reduced pressures and temperatures is called "principle of
corresponding states." Fig. 1.13 showsageneralized compressibility chart. In generalized compressibility
chart aset of curvesisfitted through a set of experimentally determined Z values plotted against reduced

N = ." P __ = . M ; I o= ‘__:<>'
S ool Tl Beo o= S N e e T g s e
S 0.80 A B S e 0 15
SO T A T N i A B S I s S PSR P s ALY
z . A e 2 3
N A I N N N i R N S iy e 90\40{3&-\-&‘
2 " b T Tvasl T ,»" & |-~ .
e T e T
o0ttt 4+t L P ) A 010
=S I N N N N O O O O D I {R77]
o RN
O 0.50 R N
N4
0.40 >
0.30

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Reduced pressure —
Fig. 1.13 (a) Generalized compressibility chart, p; < 1.0

5.00 |

—

— [7.00 | +—

10.00L———

[ TrR=15.0—o——F—T—]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.0
Reduced pressure ——

Fig. 1.13 (b) Generalized compressibility chart, p; < 10.0
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pressure and reduced temperatures for several gases. On the generalized compressibility chart it could
be seen that at “very small pressures the gases behave as an ideal gasirrespective of itstemperature” and
also at “very high temperatures the gases behave as ideal gas irrespective of its pressure’.

1.17 VANDER’ WAALS AND OTHER EQUATIONS OF STATE FOR REAL GAS

Vander’ Waals suggested the equation of state for real gas in 1873. The equation has been obtained
applying the laws of mechanics at molecular level and introducing certain constants in the equation of
state for ideal gas. This equation agrees with rea gas behaviour in large range of gas pressures and
temperatures.

Vander’ Waals equation of state for real gasis as follows,

ﬁp+\_/%ﬁ(\7—b):ﬁT

Oag
where ‘@’ is the constant to take care of the mutual attraction amongst the molecules and thus BV_ZH
accounts for cohesion forces.

Table 1.6 Vander’ Waals constant

Gas Constant a, N.n/(kg. mol)? Constant b, m*/kg.mol
Helium 34176.2 x 107 2.28 x 1072
Hydrogen 251.05 x 10? 2.62 x 1072
Oxygen 1392.5 x 102 3.14 x 102
Air 1355.22 x 10? 3.62 x 1072
Carbon dioxide 3628.50 x 107 3.14 x 107
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Constant ‘b’ accounts for the volumes of molecules which are neglected in perfect gas equation, thus it
denotes “co-volume”’, Mathematically,

C2IRTTZ =
—64—pc, b—(RTC)/(BpC)

Here, p,, T, are critica point pressures and temperatures having values as given in appendix.
Thus these constants ‘a’ & ‘b’ are determined from behaviour of substance at the critical point.
In general it is not possible to have a single equation of state which conforms to the real gas
behaviour at al pressures and temperatures.
A few more equations of state for real gas as suggested by various researchers are as follows.
Redlich-Kwong equation of state for rea gas,
_ RT a
(V-b) v-(V+b) T

OR*T2°0 R-T.0
=0.4278 and b = 0.08664 D—D

I o
Berthelot equation of state for real gas,

RT  a
V-b T.v%'

where a

p:

o7.R%-T20 DRT%
as= ﬁ 64 p, Eandb 08 P O

Here a and b refer to the constants as suggested in respective equations.
Beattie-Bridgeman equation of state given in 1928, for real gas has five constants determined
experimentally. Itis,

where

where, A=%@‘§ﬁand stoﬁ_gﬁ
Constants used in Besttie — Bridgeman equation are given in Table 1.7 when pisink p,, vV isin
m3/k mol, T isin K, and R = 8.314 k pa m¥/k mol.K.
Table 1.7. Beattie -Bridgeman constants

Gas A, a B, b c
Hdium 2.1886 0.05984 0.01400 0.0 40
Hydrogen 20.0117 —0.00506 0.02096 —0.04359 504
Oxygen 151.0857 0.02562 0.04624 0.004208 4.80 x10*
Air 131.8441 0.01931 0.04611 —0.001101 4.34 x 104
Carbon dioxide 507.2836 0.07132 0.10476 0.07235 6.60 x 10°
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Virial equations of state propose a form of equation which can be suitably modified and used for
real gases.
These equations of state are in the form,

pv
& =AtA .PHA . PPHA . PP
o B B,

or =T BO+7+_22+$+ .......

Where Ay, A}, A, A, ... and By, B}, B, B,.......

are called the "viria coefficients' and depend upon temperature alone. Viria equations of state
can be suitably modified based on experimental P, v, T data for the real gas analysis. Viria constants
can be calculated if the suitable model for describing the forces of interaction between the molecules
of gas under consideration is known.

| EXAMPLES |

1. Find out the pressure difference shown by the manometer deflection of 30 cm of Mercury. Take local
acceleration of gravity as 9.78 m/s? and density of mercury at room temperature as 13,550 kg/m?.
Solution:
From the basic principles of fluid statics,
Pressure difference = p-gh
= 13550 x 30 x 102 x 9.78
= 39755.70 Pa Ans.

2. An evacuated cylindrical vessel of 30 cm diameter is closed with a circular lid. Estimate the effort
required for lifting the lid, if the atmospheric pressure is 76 cm of mercury column (Take g = 9.78 m/s?)
Solution:
Effort required for lifting the lid shall be equa to the force acting upon the lid. Thus, effort
required = Pressure x Area
= (76 x 102 x 13550 x 9.78) x (3.14 x (30 x 102)%4)
= 711548 N Ans.
3. Calculatetheactual pressure of air inthetank if the pressure of compressed air measured by manometer
is 30 cm of mercury and atmospheric pressure is 101 kPa. (Take g = 9.78 m/s?)
Solution:
Pressure measured by manometer on the tank is gauge pressure, which shall be
=p.g.h
= (13550 x 9.78 x 30 x 1072
= 39755.70 Pa
= 39.76 kPa
Actual pressure of air = Gauge pressure + atmospheric pressure
=39.76 + 101
= 140.76 kPa Ans.

4. Determine gauge pressure at a depth of 1 min a tank filled with oil of specific gravity 0.8. Take
density of water as 1000 kg/m® and g = 9.81 nVs>.
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Solution:
Density of oil = Specific gravity x Density of water
Py = 0.8 x 1000
Py = 800 kg/m?
Gauge pressure =(p,; * g % h)
=800x9.81x1
or = 7848 N/m?

Gauge pressure = 7.848 kPa. Ans.

5. Calculate the gas pressure using a mercury manometer with one limb open to atmosphere as shown in
Fig. 1.14. Barometer reading is 76 cm and density of mercury is 13.6 x 103 kg/m®. Take g = 9.81 m/s.
Solution:
Figure shows that the difference of height in mercury columnsis 40 cm.
In reference to level AB the pressure exerted by gas, Pyas CAN be written as sum of atmospheric
pressure and pressure due to mercury column at AB
Pgas = (pmercury x 9.81 x 40 x 102 + Atmospheric pressure
=(13.6 x 10% x 9.81 x 40 x 102) + (13.6 x 10% x 9.81 x 76 x 1079
= 154762.56 N/m?

or P_ =154.76 kPa Ans.
gas
Atm.pr

: <

Pgas

Gas
40 cm

\ /) <

Fig. 1.14

6. 1 kg of water falls from an altitude of 1000 m above ground level. What will be change in the
temperature of water at the foot of fall, if there are no losses during the fall. Take specific heat of water
as 1 kcal/kg-K

Solution:
Initially when water is at 1000 m, it shall have potentia energy in it. This potential energy shall get
transformed upon its fall and change the temperature of water.

By law of energy conservation

Potential energy = Heat required for heating water

B 1x9.81x1000
- 418

or AT =2.35°C
Change in temperature of water = 2.35°C  Ans.

=1x1x103x AT
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7. A spring balance is used for measurement of weight. At standard gravitational acceleration it gives
weight of an object as 100 N. Determine the spring balance reading for the same object when measured
at a location having gravitational acceleration as 8.5 nVs%

Solution:
At standard gravitational acceleration, mass of object = 981
=10.194 kg
Spring balance reading = Gravitational force in mass
=10.194 x 85
=86.649 N
=86.65 N Ans
8. An incompressible gas in the cylinder of 15 cm diameter is used to
support a piston, as shown. Manometer indicates a difference of 12 ’
cm of Hg column for the gas in cylinder. Estimate the mass of piston
that can be supported by the gas. Take density of mercury as 13.6 x
103 kg/md. Gas
Solution:
Piston shall be supported by the gas inside, therefore, let mass of —15cm—
piston be ‘m' kg.
Weight of piston = Upward thrust by gas TRRTTRTRTRRRTITIIGRR
d? .
m.g = pX TIx 7 Fig. 1.15

T
mx 9,81 = (12 x 102 x 13.6 x 10% x 9.81) x ke (15 x 10792

m = 28.84 kg
Mass of piston = 28.84 kg. Ans.

9. Determine pressure of steam flowing through a steam pipe when
the U-tube manometer connected to it indicates as shown in figure &
1.16. During pressure measurement some steam gets condensed in
manometer tube and occupies a column of height 2 cm (AB) while
mercury getsraised by 10 cm (CD) in open limb. Consider barometer D |7
reading as 76 cm of Hg, density of mercury and water as 13.6 x 10° Steam
kg/m? and 1000 kg/m® respectively. pipe
Solution:

Let us make pressure balance at plane BC. |

psteam + pwater,AB = patm + pHg, CD B C
Psteam = Pam + pHg, cb— pwater, AB

= (13.6 x 10% x 76 x 102 x 9.81)

= 101396.16 N/m?

= (1000 x 2 x 102 x 9.81)

= 196.2 N/m?

Patm
Patm
pWater, AB
pWater, AB

Fig. 1.16
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Phg, co = (13.6 x 10° x 10 x 107 x 9.81)
Phg, co = 13341.6 N/m?
Substituting for getting steam pressure,

Pyean = 101396.16 + 13341.6 — 196.2
Pgeam = 114541.56 N/m?
or Pgeam = 114.54 kPa  Ans.
10. A vessel hastwo compartments‘ A’ and ‘B’ as shown with pressure @ @
gauges mounted on each compartment. Pressure gauges of A and B
read 400 kPa and 150 kPa respectively. Determine the absolute A B
pressures existing in each compartment if the local barometer reads
720 mm Hg.
Solution: Fig. 1.17

Atmospheric pressure from barometer
= (9810) x (13.6) x (0.720)
= 96060 Pa
= 96.06 kPa
Absolute pressure in compartment A,
I:)abs, A = I:)gauge, A + Patm
= 400 + 96.06 = 496.06 kPa
Absolute pressure in compartment B,
I:)abs, B = Pgauge, B + Patm
= 150 + 96.06 = 246.06 kPa
Absolute pressure in compartments A & B

= 496.06 kPa & 246.06 kPa Ans.

11. Determine the air pressure in a tank having multifluid manometer connected to it, with the tube open
to atmosphere as shown in figure. Tank is at an altitude where atmospheric pressure is 90 kPa. Take
densities of water, oil and mercury as 1000 kg/m2, 850 kg/m3 and 13600 kg/m? respectively.

Qil

|

b @ h1=15cm
hz2=25cm
Section 1 -2 : Water . hs =40 cm
Section 2 -3 : Oll s --- =]
Section 3 -4 : Mercury| - - - Water --- =5
=] |2 h3

Reference line

Mercury
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Solution:

It is obvious that the lengths of different fluids in U-tube are due to the air pressure and the
pressure of air in tank can be obtained by equalizing pressures at some reference line. Strating from
point (1) the pressure can be given as under for equilibrium,

p1+pwater'g'hl-'-poil'g'hzzpatm-'-pmercury'g'h3

Given: Pyaer = 1000 kg/m3, p, = 850 kg/m3, Prnercury = 13600 kg/m3
h, =0.15m,
h, =025 m,
h; = 0.40 m,
Pim = 90 kPa

Substituting we get p, = 139.81 kPa
Air pressure = 139.81 kPa Ans.

12. Estimate the kinetic energy associated with space object revolving around earth with a relative
velocity of 750 m/s and subjected to gravitational force of 4000 N. Gravitational acceleration may be
taken as 8 m/s.

Solution:

. Gravitational force
Mass of object = 5 pvitational acceleration

4000
8
500 kg

1
Kineticenergy = - x 500 x (750)2
= 140625000 J
Kineticenergy = 1.4 x 108 J Ans.

13. Determine the molecular weight of a gas if its specific heats at constant pressure and volume are
C, = 2.286 kJ/kg K and ¢, = 1.768 kJ/kg K.

Solution:

Gas constant shall be,

R = C—C
= 0.518 kJkg.K

Molecular weight of gas
R Universa gas constant
R ~ Characteristic gas constant
8

16.05 kg/k mol  Ans.

14. A perfect gas at pressure of 750 kPa and 600 K is expanded to 2 bar pressure. Determine final
temperature of gas if initial and final volume of gas are 0.2 m? and 0.5 m® respectively.
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Solution:

Initid states = 750 x 103 Pa, 600 K, 0.2 m3
Final states = 2 bar or 2 x 10° Pa, 0.5 m®.
Using perfect gas equation,

pVi PV,

T T
750x10°x0.2 _ 2x10°x05
600 - T,

T, =400K

2
Final temperature = 400 K or 127°C Ans.

15. A vessel of 5 m? capacity contains air at 100 kPa and temperature of 300K. Some air is removed
from vessel so asto reduce pressure and temperature to 50 kPa and 7°C respectively. Find the amount of
of air removed and volume of this mass of air at initial states of air. Take R = 287 J/kg.K for air.

Solution:
Initial states: 100 x 103 Pa, 300 K, 5 m3
Final states: 50 x 10° Pa, 280 K, 5 m3
Letinitial and final mass of air be m, and m,. From perfect gas equation of air,

_ plvl. _ Vs
MR
100x10° x5 . _ 50x10° x5

M = g7x300 ' M2~ 287x280

Mass of removed, (m, —m,)

[100x10° x50  [50x10° x50
- E 287x300 E‘ E287x280
m, —m, = 2.696 kg
Volume of this mass of air at initial statesi.e 100 kPa and 300 K;
(m -m,).RTy
]

_ 2.696% 287 x300
- 100x10°

Volume = 2.32 m3
Mass of air removed = 2.696 kg
Volume of air at initial states=2.32 m3 Ans.

16. A cylindrical vessel of 1 m diameter and 4 m length has hydrogen gas at pressure of 100 kPa and
27°C. Determine the amount of heat to be supplied so as to increase gas pressure to 125 kPa. For
hydrogen take Cp = 14.307 kJ/kg.K, C, = 10.183 kJ/kg K.
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Solution:
Assuming hydrogen to be perfect gas let initial and final states be denoted by subscript 1 and 2.
PLVL Py Vo
T - T, HereV, =V,
_PVel T 125%10° x300
27 pM - Pm o 100%x10°
T, =375K

Asit is constant volume heating so, heat supplied,
Q=m-C,(T,-T)

From perfect gas characteristics, R = Cp -C,
R =4.124 kJkg - K

Vi 100x10° x 77 % (0.5)% x4

Mass of hydrogen, m =

RT, —  4.124x10°x300
m = 0.254 kg
Heat added, Q = 0.254 x 10.183 x (375 — 300)

Heat tobesupplied = 193.99 kJ Ans.

17. Two cylindrical vessels of 2 m? each are inter connected through a pipe with valve in-between.
Initially valveis closed and one vessel has 20 kg air while 4 kg of air isthere in second vessel. Assuming
the systemto be at 27°C temperature initially and perfectly insulated, determine final pressure in vessels
after the valve is opened to attain equilibrium.

Solution:
When the valve is opened then the two vessels shall be connected through pipe and transfer of air shall
take placein order to attain equilibrium state. After attainment of equilibrium total mass of air shall be 24
kg.
Final total volume =2 x 2 =4 m?3
Using perfect gas equation.

pV = mRT
mRT
T v
For air, R =287 Jkg K
Substituting values, p = w
= 516600 N/m?

Final pressure = 516.6 kPa Ans.

18. Determine the pressure of 5 kg carbon dixoide contained in a vessel of 2 m? capacity at 27° C,
considering it as

(i) perfect gas

(i) real gas.
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Solution:

Given : Volume, V =2 m?3, Universa gas constt. = 8.314 kJkg . K
Temperature, T =27°C
= (273 + 27) K
T =300K
Mass, m =5 kg

Let pressure exerted be ‘p'.
(i) Considering it as perfect gas,

Universal gasconstt.

Reoz = Molecular weight of CO,
8.314x10°
Reo, = a0l
Reo, =188.9 Jkg - K
Substituting in perfect gas equation,
5x%188.9%300
p=—", = 141675 N/m?

Pressure = 1.417 x 10° N/m? Ans.
(ii) Considering it asreal gas let us use Vander-Waals equation;

pedfien -

where ‘' V' is molar specific volume and constants ‘a’ and ‘b’ can be seen from Table 1.6.
R =8.314 x 103

2x44.01
5
v =17.604 m3kg - mol
Vander-Waals Constant,
a =3628.5 x 102 N . m¥(kg - mol)2
b =3.14 x 102 m¥kg - mol
Substituting valuesin Vander Waal s equation,

Molar specific volume, v =

0 36285x10°0
+W% (17.604 — 3.14 x 10?) = (8.314 x 103 x 300)

p + 1170.86 = 141936.879
p = 140766.019 N/m?
Pressure = 1.408 x 10° N/m?
For CO, as perfect gas = 1.417 x 10° N/m?
For CO, asreal gas = 1.408 x 10° N/m? Ans.
(using Vander-Waal's equation)
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19. Determine the specific volume of steam at 17672 kPa and 712 K considering it as (a) perfect gas,
(b) considering compressibility effects. Takecritical pressure= 22.09 MPa, critical temperature=647.3 K,
Ryeam = 0.4615 kJ/kg-K.
Solution:

(a) Considering steam as perfect gas,

Sp. volume = Rieam T
p

_ 0.4615x 712
T 17672
Specific volume = 0.0186 m%kg Ans.

(b) Considering compressibility effects, the specific volume can be given by product of
compressihility factor ‘Z' and “specific volume when perfect gas’.

Reduced pressure = —— P
Critical pressure

_ 17672
~ 22.09x10°
Reduced pressure = 0.8

T
Critical temperature

Reduced temperature =

712

~ 647.3
Reduced temperature = 1.1
From generalized compressibility chart compressibility factor ‘Z' can be seen for reduced pressure
and reduced temperatures of 0.8 and 1.1. We get,
Z =0.785
Actual specific volume= 0.785 x 0.0186
= 0.0146 m%kg. Ans.

20. A spherical balloon of 5 m diameter is filled with Hydrogen at 27°C and atmospheric pressure of
1.013 bar. It is supposed to lift some load if the surrounding air is at 17°C. Estimate the maximum load
that can be lifted.

Solution:
Balloon filled with H, shall be capable of lifting some load due to buoyant forces.

4 BT
= —.TT. = 3
Volume of balloon 3 &H 65.45 m

Mass of H, in balloon can be estimated considering it as perfect gas.

8.314x10°
Gas constant for H, = — 5 = 4.157 x 10% Jkg - K
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I:)balloon'Vballoon
Ry Thy

Mass of H, in balloon

1.013x10° x 65.45
4.157x10° x300

m, =5.316 kg
Volume of air displaced =Volume of balloon
= 65.45 m®
1.013x10° x65.45

Mass of air displaced = R, x (17 +273)

R,, = 0.287 kikg . K

_1.013x10° x65.45
Mar = "0.287x10° x 290

m,. = 79.66 kg
Load lifting capacity due to buoyant force=m;, — m,,
= 79.66 — 5.316

=74.344 kg Ans.

21. A pump draws air from large air vessel of 20 m® at the rate of 0.25 m¥/min. If air is initially at
atmospheric pressure and temperature inside receiver remains constant then determine time required to

1
reduce the receiver pressure to n th of its original value.

Solution:
Let volume of receiver be V, m® and volume sucking rate of pump be v m3/min, then theoretically
problem can be modelled using perfect gasequation. Here pispressureinreceiver and T istemperature
invessal.

pVv = mRT
Here pressure ‘p’ and temperature ‘T’ shall change with respect to time t. Differentiating perfect gas
equation with respect to time.

dp dm

V-E=RTdt

Here ﬁd_rtnﬁ is mass extraction rate from receiver in kg/min. This mass rate can be given using perfect

gas equation when volume flow rate (m3/min) is given as v. So.

n__m ets reduced with

€ - RT (—ve as mass gets reduced with time)
Substituting,

o pv
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d
V- Ep =—pv
t t
LV
0 Vo P
\Y Up, O
t= —— In 020
\ PO
Here final pressure, p2=%,v=20 m? , v =0.25 m3min
o .
time, t= < nBZ—E
ti 20| 4) = 110.9 t
ime = 025n()— minutes

= 110.9 minutes Ans.
22. In 5 kg mixture of gases at 1.013 bar and 300 K the various constituent gases are as follows,
80% N, 18% O,, 2% CO,,

Determine the specific heat at constant pressure, gas constant for the constituents and mixture and
also molar mass of mixture takingy = 1.4 for N,and O, and y = 1.3 for CO..

Universal gas constant = 8314 J/kg - K

Solution:
Gas constants for constituent gases shall be,
_ 8314 8314
2 = mol.wt.of N, ~ 28 =296.9 Jkg - K
_ 8314 g
Rz = ‘mol.wt.of 0, - @ =259.8J/kg - K
&1 s34
Reoz =Tmol wi. of Co, = 44 =188.9 J/kg . K

Gas constant for mixture, R ;. e

DmN2
oM
(0.80 x 296.9) + (0.18 X 259.8) + (0.02 x 188.9)

Riixiure = 288.06 J/kg . K
Specific heat at constant pressure for constituent gases.

Oy O _[4g
C,, Ny = EV.__]H Ry, = ﬁHX 296.9 = 1.039 kJ/kg . K

DRN2 +D—D Ro, ﬂ —% Reo,
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Oy O_ 4o
Coo, = H, 215 Roz = [ 4% 259.8 = 0.909 ku/kg . K
Oy O _ .30
Coco, = 5,72 Reop = [y 3% 188.9 = 0.819 kJ/kg . K
Omy, O 0my, 0 O rrbo%
Cp, mixture = DD 2 0 Cp N2 E MZDD-CP o M Cp cop

Cpmixwre = (0.80 x 1.039) + (0.18 x 0.909) + (0.02 x 0.819)
1.0276 kJ/kg . K

Total massof mixture
Total no.of moles

Molar mass of mixture= 3 x, . M, =

] . .
X = z—n here M, = mol. wt. of ith constituent.
1
No. of moles of constituent gases,
n _ n}\lz _ 0.8x5 - 0143
N2 7 Mol.wt.N, T 28 T
B Mo, _018x5
"% = Mowto, - 32 00
B Mco, _ 0.02x5 0.0023
% = Mowtco, = a4 %

Total mole numbersin mixture = Ny, + No, + Nco,

= (0.143 + 0.028 + 0.0023)
>n =0.1733
Mole fractions of congtituent gases,

My, _ 0143

2 =5 Toa7as ~ 0820
o, _ 0028

2 =5y 01733 = 0162
Nco, _ 0.0023
=== = 00133

X2 =5 T 01733

Molecular wt. of mixture = Molar mass of mixture = 3x . M,
= (0.825 x 28) + (0.162 x 32) + (0.0133 x 44)
= 28.87 kg/kmol  Ans.



34 Applied Thermodynamics

23. A gas mixture comprises of 18% O, 75% N, and 7% CO, by volume at 0.5 MPa and 107°C. For 5
kg mass of mixture carry out gravimetric analysis and determine the partial pressure of gasesin mixture.

Solution:

L

V;
Mole fraction of congtituents O x = - VI

where ‘n;’ and *V;" are no. of moles and volume fraction of congtituent while‘n’ and V' are total
no. of moles and total volume of mixture.

0.18
Xo, = S =0.18
0.75
XN2 = T = 075
0.07
Xco, = - = 0.07
Molecular weight of mixture = Molar mass
= (0.18 x 32) + (0.75 x28) + (0.07 x 44)
=20.84

Gravimetric analysis refers to the mass fraction analysis.
Mass fraction of constituents

m (Vi /V) x Mol.wt.of constituent

m Mol.wt. of mixture

. 0.18x 32

Mole fraction of O, = Y 0.193 0
. 0.75% 28

Mole fraction of N, = 29;4 =0.704 O Ans.

: O
. 0.07x 44

Mole fraction of CO, = T;4 =0.104 :

Partial pressures of constituents = Volume fraction x Pressure of mixture
Partial pressure of O, = 0.18 x 0.5=0.09 MPa
Partial pressure of N, = 0.75 x 0.5=0.375 MPa [J Ans.

Partial pressure of CO, = 0.07 x 0.5=0.35 MPa O

24. A stedl insulated tank of 6 m3 volume is equally divided into two chambers using a partition. The
two portions of tank contain N, gas at 800 kPa and 480 K and CO, gas at 400 kPa and 390 K.
Determine the equilibriumtemperature and pressure of mixture after removing the partition. Usey = 1.4
for N,, y = 1.3 for CO,.

Solution:

Since tank is insulated so adiabatic mixing can be considered. Let us consider N, and CO, to
behave as perfect gas.

No. of moles of N,
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PV 800x10° 3
27 R-Ty, T 8314x480
No of moles of CO,

= 0.601

Pco, Voo, _ 400x10° x 3

o —= =0.370
ez = R, 8314 x 390
Tota no. of moles of mixture,
n = Ny, +Neo,
= 0.601 + 0.370
=0.971

Specific heat for N, at constant volume,

Ry, (8314/28)
Cme =y, -D) T w4

C,n, =74232 Jkg . K
Specific heat for CO, at constant volume,

__Reo, (8314144
Cco = (e, =) T @3-9)

Mass of N, = Ny, x Mol. wt. of N, = 0.601 x 28 = 16.828 kg

Mass of CO, = Nco, X Mol. wt. of CO, = 0.370 x 44 = 16.28 kg.

Let us consider the equilibrium temperature of mixture after adiabatic mixing at T. Applying
energy conservation principle :

My, .Cung - (T=Tny) + Mo, .Cycop - (T = Teo,) =0

{16.828 x 742.32 (T — 480)} + {16.28 x 629.85 (T —390)} =0

22745.7 . T = 9995088.881
Equilibrium temperature, T = 439.4 K Ans.

Equilibrium pressure of mixture, T .= 439.4K,V_ . =6m3
NRT ixwe  0.971x8314 x 439.4
Pmixture = V. . = 6
mixture

Equilibrium pressure = 591.205 kPa Ans.

25. 2 kg of Hydrogen and 3 kg of Helium are mixed together in an insulated container at atmospheric
pressure and 100 K temperature. Determine the specific heat of final mixture if specific heat at constant
pressure is 11.23 kJ/kg. K and 5.193 kJ/kg . K for H, and He respectively.
Solution:

Two gases are non reacting, therefore, specific heat of final mixture can be obtained by following
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for adiabatic mixing.

_ Cp, Ho* m-|2 +Cp, He* ml—ie
Cp, mixture — (mHZ + mHe)
Substituting values,

(2x11.23) + (3 x5.193)
B (3+2
Cp’ mixture = 7-608 kJ/kg . K Ans.

26. A mixture of 18 kg hydrogen, 10 kg nitrogen and 2 kg of carbon dioxide is put into a vessel at
atmospheric conditions. Determine the capacity of vessel and the pressure in vessel if it is heated upto
twice of initial temperature. Take ambient temperature as 27°C.

Solution:
Gas constant for mixture can be obtained as;

(m—|2 ' RHZ +n}\12' RN2 +rn:02'%02)

Rmixture = (mHz +mN2 +”b02)
8.314
RHZ = T kJkg . K
8.314
Ry, = o8 kJkg . K
_ 8.314 KJka . K
%02 - 44 g "

Ry, =4.15kJkg . K
Ry, =0.297 klkg . K
Reo, = 0.189 k¥kg . K

_ (18x4.15+10x0.297 +2 x0.189)
Rmixture - 30

R isiure = 2.606 kJ/kg . K
Considering mixture to be perfect gas;

i Myixture - I%’nixture T
Capacity of vessal Vo= D
Here, p = 101.325 kPa
30x 2.606 x300.15
Vmixture = 101.325

Capacity of vessel = 231.58 m® Ans.
For constant volume heating, final pressure shall be,
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_ N Thina
Pina = Pinitia * T,
Prpg = 101.325 x 2 = 202.65 kPa Ans.

27. Determine the ratio of exit to inlet diameter of a duct having heating element in the mid of duct.
Atmospheric air enters the duct at 27°C and gets heated up to 500 K before leaving the duct. The kinetic
and potential energy changes during passage of air through duct are negligible.
Solution:

Said air heating process is the case of constant pressure process. Let inlet state be ‘1’ and exit
state ‘2.

Therefore, by Charle's law volume and temperature can be related as;

Vl VZ
V2 _ T2
Vl _Tl
HT « d2Hx Velocity a 2
Ha” 4 T,
or T o0 _ =71
xdi x Velocity at 1 1
Ha” 4
| d; _T
Since AK.E—O,sodlz T

4 _ T
o dl - Tl

. . ' , / 500
Exit to inlet diameter ratio = 3005 - 1.29=1.29 Ans.

28. A vessdl of 2 m® volume contains hydrogen at atmospheric pressure and 27°C temperature. An
evacuating pump is connected to vessel and the evacuation processis continued till its pressure becomes
70 cm of Hg vacuum.

Estimate the mass of hydrogen pumped out. Also determine the final pressure in vessel if cooling
is carried up to 10°C. Take atmospheric pressure as 76 cm of Hg and universal gas constant as
8.314 kJ/kg. K

Solution:

8.314
For hydrogen, gas constant, R = ECH

R =4.157 kJkg . K
Say initial and final statesaregivenby ‘1’ and ‘2'.
Mass of hydrogen pumped out shall be difference of initial and final mass inside vessdl.
Final pressure of hydrogen = Atm. pr. — Vacuum pr.
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=76-70
=6 cm of Hg.

Therefore, pressure difference = 76 — 6
=70 cm of Hg.

= X Pa
76 '

= 903.33 kPa
A AD

Mass pumped out ﬁl‘ﬁz; heeV,=V,=Vad T =T,=T.

%(pl—pz)

2x93.33x10°

4.157 x 300.15 x10°

= 0.15 kg. Ans.
During cooling upto 10°C, the process may be considered as constant volume process. Say the
state before and after cooling are denoted by suffix 2 and 3.

[
|
N

Therefore, Py =

283.15 N 6x101.325
300.15 76
7.546 kPa. Ans.

Final pressure after cooling

/ EXERCISE /

1.1 Define thermodynamics and discuss different approaches to study of thermodynamics.
1.2 Write short notes on the following:
Thermodynamic properties, state, path, process, closed system, isolated system, open system, extensive
and intensive properties.
1.3 What is meant by quasi-static process? Also discuss its physical significance.
1.4 Describe thermodynamic equilibrium of a system.
1.5 State thermodynamic definition of work. Also differentiate between heat and work.
1.6 What is energy? What are different forms of it?
1.7 Explain the concept of continuum.
1.8 Define perfect gas.
1.9 Differentiate between characteristic gas constant and universal gas constant.
1.10 State the Dalton's law of partial pressures and assumptions for it.
1.11 What is meant by real gas? Why ideal equation of state cannot be used for it?
1.12 Write equations of state for real gas.
1.13 Define conpressibility factor.
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1.14
1.15

1.16

1.17

1.18

1.19

1.20
1.21

1.22

1.23

1.24

1.25

1.26

1.27

1.28

1.29

1.30

1.31

1.32

1.33

Write Boyl€e's law and Charl€'s law.

Determine the absolute pressure of gas in a tank if the pressure gauge mounted on tank reads 120 kPa
pressure. [221.3kPa)

What shall be the volume of a fluid having its specific gravity as 0.0006 and mass as 10 kg?
[16.67 M3

Determine the pressure of compressed air in an air vessel, if the manometer mounted on it shows a
pressure of 3 m of mercury. Assume density of mercury to be 13.6 x 10° kg/m3 and atmospheric

pressure as 101 kPa. [501.25 kP4]
Calculate the kinetic energy of a satellite revolving around the earth with a speed of 1 knmvs. Assume
acceleration due to gravity as 9.91 m/s? and gravitational force of 5 kN. [254.8 M ]|
If the gauge pressure of ail in atube is 6.275 kPa and oil’s specific gravity is 0.8, then determine depth
of ail inside tube. [80cm]
Determine the work required for displacing a block by 50 m and a force of 5 kN. [250kJ]
Determine the barometer reading in millimetres of Hg if the vacuum measured on a condenser is 74.5
cm of Hg and absolute pressure is 2.262 kPa. [760 mm]

Determine the absolute pressures for the following;
(i) Gauge pressure of 1.4 MPa
(i) Vacuum pressure of 94.7 kPa
Take barometric pressure as 77.2 cm of Hg and density of mercury as 13.6 x 103 kg/m3.

[1.5MPa, 8.3 kPq]
Determine the pressure acting upon surface of a vessel at 200 m deep from surface of sea. Take
barometric pressure as 101 kPa and specific gravity of sea water as 1.025. [2.11 MP4]

A vacuum gauge gives pressure in a vessdl as 0.1 bar, vacuum. Find absolute pressure within vessel
in bars. Take atmospheric pressure as 76 cm of mercury column, g = 9.8 m/s?, density of mercury

= 13.6 g/omd. [0.91 bar]
Determine the work done upon a spring having spring constant of 50 kN/m. Spring is stretched to 0.1
m from its unstretched length of 0.05 m. [0.0625kJ]
Determine the mass of oxygen contained in atank of 0.042 m3 at 298 K and 1.5 x 107 Pa considering it
as perfect gas. Also determine the mass using compressibility charts. [8.25,8.84]
What will be specific volume of water vapour at 1 MPa and 523 K, if it behaves as ideal gas? Also
determine the same considering generalized compressibility chart. [0.241 m3/kg, 0.234 m3/kg]
Calculate the pressure of CO, gas at 27°C and 0.004 m¥kg treating it as ideal gas. Also determine the
pressure using Van der Waals equation of state. [14.17 MPa, 6.9 MPa)

Determine molecular weight and gas constant for a mixture of gases having 65% N, 35% CO, by mole.
[33.6 kg/lk mal. 0.247 kJkg . K]

Considering air as a mixture of 78% N,, 22% O, by volume determine gas constant, molecular weight,

Cp and C, for air at 25°C. [0.2879 kJKkg . K, 28.88 kg/K moal, 1.0106 kJKkg . K, 0.722 kJkg . K]
What minimum volume of tank shall be required to store 8 kmol and 4 kmol of O, and CO, respectively
at 0.2 MPa, 27°C ? [149.7 m3]

Two tanks A and B containing O, and CO, have volumes of 2 m® and 4 m® respectively. Tank Ais at 0.6
MPa, 37°C and tank B is at 0.1 MPa and 17°C. Two tanks are connected through some pipe so as to
allow for adiabatic mixing of two gases. Determine final pressure and temperature of mixture.

[0.266 MPa, 30.6°C]
Determine the molecular weight and gas constant for some gas having C, = 1.968 kJkg . K, C, = 1.507
kJkg . K. [18.04 kg/kmol, 0.461 kJkg . K]
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Zeroth Law of Thermodynamics

2.1 INTRODUCTION

Thermodynamics is the branch of science which deals with the energy interactions. In order to find
whether energy interactions are taking place or not some measurable mathematical parameters are
needed. These parameters are called thermodynamic properties. Out of number of thermodynamic
properties discussed earlier the ‘temperature’ is one property.

One is well familiar with the qualitative statement of the state of a system such as cold, hot, too
cold, too hot etc. based on the day to day experience. The degree of hotness or coldnessisrelative to the
state of observer. For example, let us take an iron bar. Obviously the bar shall have intial temperature
equal to the room temperature. Now let us heat this metal bar. Observations at the molecular level show
that upon heating the molecular activity inside the bar getsincreased. This may be attributed to the more
agitated state of molecules as energy is given to them in the form of heating of the bar. From the
physiological sensationsit can befelt that this has resulted in increase in the degree of hotness of the bar.
Thisqualitativeindication of therelative hotness can be exactly defined by using thermodynamic property
known as temperature. If this hot bar is brought in contact with another bar at room temperature one
can fed that after some time the two bars which were initialy at high and low temperatures attain the
same temperature which is lying between the two temperatures. It is indicative of the fact that there has
been exchange of some entity between two barsresulting in the attainment of final equilibrium temperature.
This state of attainment of common equilibrium temperature is also termed as the state of thermal
equilibrium. Thus, thetemperature becomesapotential indicator of the energy interactionsin the systems.

A look at the history shows that for quantitative estimation of temperature a German instrument
maker Mr. Gabriel Daniel Fahrenheit (1686-1736) came up with idea of instrument like thermometer and
developed mercury in glass thermometer. Here he observed that height of mercury column used to
change as the bulb of thermometer was brought in the environments having different degrees of hotness.
In the year 1742, a Swedish astronomer Mr. Anders Celsius described a scale for temperature
measurement. This scalelater on became very popular and isknown as Centigrade Scale. For caliberation
of these measuring instruments some reference states of different substances were used initially and the
relative state of temperature of the substance could be quantified. Later on with the passage of time
thingswere standardised and internationally acceptable temperature scales and instrumentswere devel oped.

2.2 PRINCIPLE OF TEMPERATURE MEASUREMENT AND ZEROTH LAW OF
THERMODYNAMICS

After the identification of ‘ Temperature’ as a thermodynamic property for quantification of the energy
interactions the big question was its estimation. Based on the relative degree of coldness/hotness concept
it was concluded that the absolute value of temperature is difficult to be described. Hence it was mooted
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to make temperature estimations in reference to certain widely acceptable known thermal states of the
substances. Temperature is thus the intensive parameter and requires reference states. These acceptable
known thermal states are such as the boiling point of water commonly called steam point, freezing point
of water commonly called ice point etc. These easily reproducible and universally acceptable states of
the substance are known as reference states and the temperature values assigned to them are called
reference temperatures. Since these reference points and reference temperatures maintain their constant
value, therefore these are also called fixed points and fixed temperatures respectively. A list of thesefixed
pointsis given in Table 2.1.

Table 2.1 Some fixed points used for International Practical Temperature Scale

9. No. | Reference Sate Temperature °C
1. Ice point 0
2. Steam point 100
3. Triple point of water 0.010
4, Triple point of hydrogen —259.34
5. Triple point of oxygen -218.79
6. Oxygen point (normal boiling point) -182.96
7. Silver point (normal freezing point) 961.93
8. Gold point (normal freezing point) 1064.43
9. Zinc point (normal freezing point) 419.58
10. Neon point (normal boiling point) —246.05
11 Sulphur point (normal boiling point) 444.60

The methodology adopted was to first develop a temperature measurement system which could
show some change in its characteristics (property) due to heat interactions taking place with it. Such
systems are called thermometers, the characteristics of property which shows change in its vaue is
termed thermometric property and the substance which shows change in its thermometric property is
called thermometric substance. Science that deals with the temperature and its measurement is called
thermometry. For example in case of clinical thermometer the mercury in glass is the thermometric
substance and since there is change in length of mercury column due to the heat interactions taking place
between the thermometer and the body whose temperature is to be measured, therefore the length is the
thermometric property. Thus, the underlying principle of temperature measurement is to bring the
thermometer in thermal equilibrium with the body whose temperature is to be measured, i.e. when there
is no heat interaction or the state when two (thermometer and body) attain same temperature. In this
process it isto be noted that thermometer is already caliberated using some standard reference points by
bringing thermometer in thermal equilibrium with reference states of the substance.

Zeroth law of thermodynamics states

that if the bodies A and B are in thermal Thermal
equilibrium with athird body C separately Body A |, SAuilibrium by Zeroth law Body B
then the two bodies A and B shall also bein

thermal equilibrium with each other. Thisis  thermal Thermal
the principle of temperature measurement. equilibrium equilibrium
Block diagram shown in Fig. 2.1a and 2.1b Body C
show the zeroth law of thermodynamicsand
itsapplication for temperature measurement
respectively.

Fig. 2.1a Zeroth law of thermodynamics
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Body whose Reference body
temperature is and states
to be measured
Thermal Thermal
equilibrium equilibrium
(for temperature (for caliberation)
measurement) Thermometers

Fig. 2.1b Application of Zeroth law for temperature measurement

2.3 TEMPERATURE SCALES

Number of temperature measuring scales came up from time to time. The text ahead gives a brief idea
of the different temperature scales used in thermometry. Different temperature scales have different
names based on the names of persons who originated them and have different numerical values assigned
to the reference states.

(a) Celsius Scale or Centigrade Scale

Anders Celsius gave this Celsius or Centigrade scale using ice point of 0°C as the lower fixed point and
steam point of 100°C as upper fixed point for developing the scale. It is denoted by letter C. Ice point
refers to the temperature at which freezing of water takes place at standard atmospheric pressure.
Steam point refersto thetemperature of water at which itsvaporization takes place at standard atmospheric
pressure. The interval between the two fixed points was equally divided into 100 egqual parts and each
part represented 1°C or 1 degree celsius.

(b) Fahrenheit Scale

Fahrenheit gave another temperature scale known as Fahrenheit scale and has the lower fixed point as
32 F and the upper fixed point as 212 F. Theinterval between these two is equally divided into 180 part.
It is denoted by letter F. Each part represents 1 F.

(c) Rankine Scale

Rankine scale was devel oped by William John MacQuorn Rankine, a Scottish engineer. It is denoted by
letter R. It is related to Fahrenheit scale as given below.
T, =T + 459.67

(d) Kelvin Scale

Kelvin scale proposed by Lord Kelvin isvery commonly used in thermodynamic analysis. It also defines
the absolute zero temperature. Zero degree Kelvin or absolute zero temperature is taken as—273.15°C. It
is denoted by letter K.
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Fig. 2.2 Different temperature scales

Detailed discussion on Kelvin scale has been done in chapter 4 along with absolute thermodynamic
temperature scale. Mathematically, it is related to the different temperature scales as follows,

100 180 100 180
Tk _Tr
100 ~ 180

2.4 TEMPERATURE MEASUREMENT

For measurement of temperature number of thermometers are available using different thermometric
properties of the thermometric substances. Length, volume, pressure, resistance, e.m.f. etc. are the
commonly used thermometric properties for thermometers. Different thermometers developed using
these thermometric properties are given below.

(@) Liquid Thermometer

Liquid thermometers are those thermometers that employ liquids as the thermometric substance and the
changein volume of liquid with heat interaction is the characteristics used for temperature measurement.
Commonly used liquids in such thermometers are Mercury and Alcohol. Fig. 2.3 shows the mercury in
glass thermometer. In this the change in volume of the mercury results in the rise or fal in the level of
mercury column in the glass tube. Out of the two liquids mercury is preferred over alcohol asit has low
specific heat and hence absorbs little heat from body. Mercury is comparatively a good conductor of
heat. Mercury can be seen in a fine capillary tube conveniently. Mercury does not wet the wall of the
tube. Mercury has a uniform coefficient of expansion over a wide range of temperature and remains
liquid over alarge range as its freezing and boiling points are —39°C and 357°C respectively.

Thin glass wall

;Thick glass wall l

Capillary of small volume

Bulb of large volume
having mercury

Fig. 2.3 Mercury in glass thermometer
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(b) Gas Thermometers

Thermometers using gaseous thermometric substance are called gas thermometers. Gas thermometers
are advantageous over theliquid thermometers as the coefficient of expansion of gasesis more compared
to liquids therefore these are more sensitive. Also thermal capacity of agasislow compared to liquid so
even a small change can also be recorded accurately. Gas thermometers are not suitable for routine
work as they are large, cumbersome and can be used only in certain fixed conditions. These are used
mainly for calibration and standardization purpose. Main types of gas thermometers are discussed
ahead.

(i) Constant volume gas thermometer : Fig. 2.4 shows atypical constant volume gas thermometer
having a glass bulb ‘B’ connected to glass tube. Other end of glass tube is connected to mercury
reservoir through arubber tube. Thereisafixed marking ‘M’ over the glass tube. Difference in levels of
mercury in reservoir with reference to mark ‘M’ is seen on the scale. Bulb ‘B’ is generaly filled with
1/7th of its volume by mercury so as to compensate for expansion of bulb ‘B’. This is done so as to
keep volume of air in bulb upto the fixed mark ‘M’.

Bulb

[N O«—0

Fig. 2.4 Constant volume gas thermometer

Initially the bulb ‘B’ is kept in melting ice and reservoir level is suitably adjusted so that mercury
level isat mark *M’. Corresponding to this differencein level of reservoir and mark ‘M’ of h. height, the
ice point pressure shall be,

Pi :P+(hi.p.g):P0

Bulb is kept at the boiling water (steam point) and again the reservoir is adjusted so as to keep
mercury at the fixed mark. For difference in mercury levels between mark ‘M’ and reservoir level being
h, the pressure corresponding to steam point shall be

Ps= P+(hs'p 'g)zploo

Now for the bulb ‘B’ kept in the bath whose temperature is to be measured, again the reservoir isto
be adjusted so as to keep mercury level a mark ‘M’. At this state if the difference in mercury levelsis
h,, then the pressure shall be,

Pt=P+(ht'p'g)
For a fixed volume, the pressure variation with respect to temperature can be given as,
P=P,(1+a-t)
Similarly making appropriate substitutions one can give the temperature t as follows,
(h —h) =100
- (hh—h)
(ii) Constant pressure gas thermometer : These thermometers are based on the principle that,

pressure remaining constant the volume of a given mass of gas is directly proportional to its absolute
temperature. Fig. 2.5 shows a constant pressure gas thermometer having a silica bulb ‘B’ connected to
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the reservoir ‘R’ containing mercury through a connecting tube ‘A’, compensating bulb ‘C’ having a
compensating tube with volume equal to the connecting tube. Manometer tube contains sulphuric acid.

A

b
B
Silica bulb g €
Manometer

Compensating
bulb

Fig. 2.5 Constant pressure gas thermometer

Initially the reservoir is filled with mercury upto zero marking and the stop cock is closed. The
bulbs‘B’ ‘R’ and ‘C’ are immersed in melting ice. Tubes are sealed when the pressure on the two sides
as shown by manometer is the same i.e. the pressure in silica bulb ‘B’ and compensating bulb ‘C’ are
same. When the pressure on two sides of the manometer containing sulphuric acid is same the acid level
in two limbs shall be same. This way the pressure of gas and air can be maintained same. Now let us
assumethe silicabulb ‘B’ to have definite number of molecules of air. Also, the compensating bulb and
compensating tube contain the same number of molecules of air. If the silica bulb is immersed in the
environment whose temperature is to be measured and compensating bulb being kept in melting ice.
Both connecting tube and compensating tubes are at the room temperature and the air in silica bulb
attains temperature equal to the temperature to be measured.

Reservoir

(c) Electrical resistance thermometer

Electrical resistance thermometer first developed by
Siemen in 1871, also known as ‘Platinum Resistance
Thermometer’ works on the principle of change in e
resistance of the thermometric substance (platinum)
with temperature. Thus resistance is the thermometric
property used in these thermometers. It consists of a
pure platinum wire wound in adouble spiral on amica
plate. Two ends of the platinum wire are connected to
the copper leads (for low temperatures) or platinum Galvano-(7)
leads (for high temperatures). Principle of Wheatstone eter
bridge is employed in these thermometers, as shown Resistance (platinum)
in Fig. 2.6. It has a set of compensating leads having
exactly similar resistance as leads used. Platinum wire

and the compensating leads are enclosed in a sealed Fig. 2.6 Electrical resistance thermometer,
glazed porcelain tube having binding terminals at the (principle of wheatstone bridge)
top. The resistance of wire can be mathematically

related as

R=R,-(1+a-t+b-t?
where a and b are the constants having their values depending upon the nature of material used.
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Using fixed points of ice point and steam point the temperature can be mathematically obtained by
substituting the different parameters in the following,
(R —R) x100
(R-R)

where R & R are resistance values for ice and steam points

(d) Thermoelectric Thermometer

Thermo electric thermometer works on the principle of Seebeck effect. Seebeck effect says that a
current flows or em.f. is produced in acircuit of two dissimilar metals having one junction as hot while
other as cold junction. Current produced in this way is called thermo electric current while the em.f.
produced is called thermo e.m.f. Measurement of temperature is being done by knowing the em.f.
produced which is the thermometric property here.

In such type of thermometer asensitive Galvanometer
galvanometer is connected with @
thermocouple as shown in Fig. 2.7. One
junction is kept at ice point and other in ail
bath having any temperature. Upon heating Cu Fe
the oil bath it is seen that the thermal em.f. \ /
is produced by Seebeck effect. Temperature
of the oil bath is measured by some
calibrated thermometer of any other type.

Further the temperature of oil bath is Oil bath
changed to known temperatures and for
different temperatures the em.f. is noted

and a graph is plotted between the Fig. 2.7 Thermoelectric thermometer using a
temperature of bath and em.f. galvanometer
Now for using this thermocouple the cold Battery
junction shall still be maintained at the ice point .|._AMN_r@-'
while the hot junction may be kept in contact with ‘E

the bath whose temperature is to be measured. To
get the temperature depending upon the e.m.f.
available the caliberated graph is used and
corresponding temperature noted from there. lce 8

Galvanometer

/__

I n these thermometers the potentiometers may #-___cold
also be used as shown in Fig. 2.8. Here aso the Standard cell | Hot
one junction is maintained at ice point while the

other junction is put at the temperature to be
measured. The potentiometer wire is directly Fig. 2.8 Thermoelectric thermometer using a
calibrated to measure temperature. potentiometer

Here the length of the potentiometer wire at which the balance point is obtained is used for getting
temperature.

| EXAMPLES |

1. Determine the human body temperature in degree celsius (°C) if the temperature in Fahrenheit is
98.6°F.
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Solution:
Degree Celsius and Fahrenheit are related as below,
. To(F)-32
TCO="13
Substituting values.
o B6-32
T(°C) = T =37°C

Temperature in degree celsius shall be 37°C. Ans.
2. A temperature scale is being developed using the following relation.

(b0
t=a-In(p) + BEH

where ‘p’ is thermometric property and ‘a’ and ‘b’ are constants. Determine celsius temperature
corresponding to thermometric property of 6.5, if ice point and steam point give thermometric property
value of 3 and 8.
Solution:

For Ice point; t=0°Cand p = 3

For Steam point; t = 100°C and p = 8

Using thermometric relation,

CbO
0=aln(d + EEE

b
100 =aln(8) + >
Solving the above two equations, we get

a = 101.95
b =224
02240
Thus, t = 101.95. In(p) + BTE

t = 101.95 In(p) + 112
For p =6.5,t=230283°C Ans.

3. In a thermoelectric thermometer for t°C temperature, the emf is given as;
E =0.003 -t—5x 107 - t2+ 0.5 x 1073, volts
Thermometer is having reference junction at ice point and is calibrated at ice point and steam
points. What temperature shall be shown by the thermometer for a substance at 30°C?

Solution:
Atice point; t=0°C, E,= 05 x 1073, volts
At steam point, t = 100°C, E,, = 0.0265, volts
When t =30°C
E;, = 9.14 x 103 volts
Thus temperature shown by this thermometer;

Di—Eso 5 B T T
t = X —
B0 —Eo 0 ( 100 0)
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[0.14x107 -05x10730
= 5 00265-05x107 FX 100
= 33.23°C Ans

4, Estimate the % variation in temperature reading from a thermocouple having its test junction in gas
and other reference junction at ice point. The temperature of gas using gas thermometer is found 50°C.
Thermocoupleis caliberated with emf varying linearly between ice point and steam point. When thermo-
coupl€e's test junction is kept in gas at t°C and reference junction at ice point, the em.f. produced in
millivolts is,

e=0.18-t—52 x 10 x t2, millivolts.
Solution:
As ice point and steam points are two reference points, so
at ice point havingt = 0°C, em.f. =0
at steam point having t = 100°C, em.f. = 12.8 mV
at gas temperature of 50°C, em.f. = 7.7 mV
Since em.f. variation is linear so, temperature at em.f. of 7.7 mV;

(100-0) x7.7
= (128-0)
= 60.16°C

Temperature of gas using thermocouple = 60.16°C
% variation in temperature reading with respect to gas thermometer reading of 50°C.

60.16-50

— X
50

20.32% Ans.

5. In an unknown temperature scale freezing point of water is 0°X and boiling point of water is 1000°X.
Obtain a conversion relation between degrees X and degree celsius. Also determine the absolute zero in
degree X.

Solution:
Let the conversion relationbe X=aC + b
where C is temperature in degree celsius, a & b are constants and X is temperature in °X.
At freezing point, temperature = 0°C, 0°X
or, 0=a.0+b
O b=0
At boiling point, temperature = 100°C, 1000°X
1000 =a-100+b
g a=10
Conversion relation

100

X =10.C| Ans.
Absolute zero temperature in °C = — 273.15°C
Absolute zero temperature in °X = — 2731.5°X

—2731.5°X| Ans.
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/ EXERCISE |/

2.1
2.2
2.3

2.4
2.5
2.6
2.7

2.8

2.9
2.10

211

2.12

State Zeroth law of thermodynamics.
Explain, how the Zeroth law of thermodynamics can be used for temperature measurement.
Write short notes on the following:
Thermometry, thermometric substance, thermometric property, Constant volume gas thermometer.
Sketch and explain the working of constant pressure thermometer.
Write equivalence amongst different temperature scales. Also write brief note on each of them.
Obtain triple point of water in Fahrenheit, Rankine and Kelvin scale.
Heating of a body causes its temperature to change by 30°F. Find out the increase in temperature in °R
and °C.
Temperature of an object changes by 10°C. What is the change in temperature in °R, °F.

(-18°R, -18F)
Prove that the difference between the two temperatures in Celsius scale is same as that in Kelvin scale.
On some temperature scale 0°C is equivaent to 100°B and 100°C is equivalent to 300°B. Determine the

temperature in °C corresponding to 200°B. (50°C)
During temperature measurement of a body it is seen that the same numerical reading is obtained in
Celsius and Fahrenheit scales. What is the temperature in degree Rankine? (419.67°R)

Write a generic computer program for conversion of temperature in °C, K, °F and °R into one another.
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First Law of Thermodynamics

3.1 INTRODUCTION

Let ustake water in a container and heat it from the bottom. What will happen? Container and the water
inside shall start getting heated up. This heating is being sensed by either touching it or by measuring its
initial and final temperatures. What has caused it to happen so?

Let ustake bicyclewhed and paddleit very fast, Chained wheel starts rotating very fast. Now let us
apply the brake. The whedl gets stopped. What has made it to stop? Also, if we touch the brake shoe and
observe its temperature it shall show that the brake shoe has got heated up. Why has it happened so?

Answer for the above question lies in the energy interactions.

The heating up of the container and water has been caused by the heat being added through the
burner flame. Heat available in the flame is being transferred to the container resulting into temperature
rise of the container and water.

The fast rotation of the bicycle wheel by paddling has been due to work done in the form of
paddling and causing wheel to rotate. Subsequent application of the brake has brought wheel to rest as
the driving potential with thewheel isgradually dissipated due to the friction between the brake shoe and
whesl. Thus the energy of wheel gets transferred to brake shoe bringing it to rest and heating up of the
brake shoe (observed by the rise in temperature of brake shoe).

Thus, it is obvious that there is some entity which is responsible for the above phenomenon. This
entity is called the energy which is available in different forms, some times causing the wheel rotation,
heating up of water etc. Similar to the cases discussed above one may look at other real life systems and
understand phenomenon occurring in them. It can be concluded that it is the energy interaction in some
form which is responsible for occurrence of such phenomenon. These energy interactions only permit
the transformation of energy from one form to other while making the creation and destruction of
energy impossible. Hence, it is true that “energy can neither be produced nor destroyed, it can only
change it's form”. The prevailing law of “energy conservation” also states the same thing.

Herein this chapter we shall look into thefirst law of thermodynamics, heat, work and its definition,
flow and non-flow work, their estimation, steady and unsteady flow processes, their analysis and
limitations of the first law of thermodynamics.

3.2 THERMODYNAMIC PROCESSES AND CALCULATION OF WORK

Thermodynamic processes can be precisely categorized as cyclic process and non-cyclic process. The
cyclic processis the one in which the initial and final states are identical i.e. system returns to its initial
states after occurrence of process. The non cyclic process is the one in which the initial and final states
are different i.e. the occurrence of process is accompanied by the state change. Thermodynamic work
and its explanation has already been givenin Article 1.12.
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Let us consider a system consisting of a tank filled with water and fitted with a stirrer at room
temperature, Fig. 3.1. Work can be transferred to the system by the stirrer and the temperature of water
shall rise. When stirring stops, the system shall cool down till it reaches to the room temperature. Thus,
the processis cyclic as the initia and final states are identical.

Let us now take a cylinder having piston and gas filled inside. If the gas is made to expand due to
heating, the piston shall undergo displacement and say the piston displacement is dx. If the force exerted
by gas on face of piston is F and the cross section area of piston is A, then the displacement work done

may be given by :
dW=F - dx
For the gas pressure being p, the force may be given by F = p - A. Substituting for F,
dw=p-A-dx
Stirrer
0%
Tank Temperature rises upon
stirring, temperature
f-oooiis (I restores its original value
"""""" OO when stirring is stopped.

Fig. 3.1 Cyclic process

or, dW = p - dV, where dV is the elemental change in volume or the volumetric displacement.

If the total displacement of piston is given by L then the total work can be had by integrating the

above dW with respect to x for displacement L, or with respect to volume for volume change.
W=[pdV=[p-Adx

Now, let us examine whether the work estimated above is in conformity to thermodynamic
definition of work or not. If the piston displacement is transferred to a suitable link then the weight can
be raised, thus it satisfies thermodynamic definition of work. What about the nature of process? cyclic
or non cyclic. It is obvious that the initial and fina states are not identical therefore, it is a non-cyclic
process.

Thus, the work W as defined above refers to thermodynamic work for a non-cyclic process.

Thermodynamic processes can be further classified based on the thermodynamic constraints under
which they occur. Different types of thermodynamic processes are as detailed below.

(i) Constant pressure process or isobaric process. It refers to the thermodynamic process in which
there is no change in pressure during the process. Such type of processes are aso known as isobaric
processes. To understand let us take a cylindrical vessel having gasin it. It has a piston above it. Piston
is free to reciprocate in the cylinder. Under normal situation piston shall be subjected to atmospheric
pressure. Now, let heat be added to cylinder from bottom of cylinder. Due to heat addition, presuming
energy transfer taking place reversibly and system aways remaining in equilibrium, the gas shall try to
expand. Expansion of gas results in raising up of the piston and it attains a new state say 2. Process is
shown on p-V diagram in Fig. 3.2.
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Fig. 3.2 Isobaric process

The work involved in the raising of piston shall be given by,
V2

W, = \7[ PAV =P (V,—V)
1

Mathematically from the first law of thermodynamics, it can be given that,

dQ =dU +dw
2 2 2
Jd@=[du+[aw
1 1 1
Q. =mg, (T,-T) +P(V,- V)
=mc, (T,-T) +mR(T,-T)
R
Substituting for ¢, , i.e. %= (y-1

01 +E
Q. =MRT,-T) gy Y

(ii) Constant volume process or isochoric process. When a fluid undergoes a thermodynamic
process in a fixed enclosed space such that the process occurs at constant volume, then the process is
called constant volume process or isochoric process. Let us consider
heating of agasin fixed enclosure at constant volume. On p-V diagram
this process is represented by a vertical line as shown in Fig. 3.3.
Areaunder the process lineis zero which indicates that thereisrisein
pressure but there is no work done as there is no change in volume.
Work involved shall be,

e

Pressure —,

Vo=V
W, = I P.dV _ o v — Volume
ViV

Fig. 3.3 Isochoric process
From first law of thermodynamics,
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dQ = dU +dw
2 2 2 2
Jad=[du+[aw=[du+o
1 1 1 1

or Q,=U,-U,=nc, (T,-T)

Thus, it indicates that the effect of heat addition in constant volume process is to increase the
temperature and conseguently the internal energy of system.

(iii) Constant temperature process or isothermal process. Thermodynamic process in which the
temperature remains constant is called constant temperature or isothermal process. In this case the gas
or vapour may be heated at constant temperature and there shall be no change in internal energy. The
work done will be equal to the amount of heat supplied, as shown ahead. For a perfect gas during
isothermal process,

_ _ _ AV
p,V; = p,V, = Constant, or, P = T
V2
so work involved, W, ,= I P-dv
Vi
s
F pV, v, 0 ¢ Ti=T
_ _1 _ 2 S 1= 12
W, _\7[ v av=PVIn 00 g
o
W, , =PV, Inr P2 2
wherer =ratio of final and initial volumes. i
By first law of thermodynamics Vi vz Volume —
) ) ) Fig. 3.4 Isothermal process

Jd@=[aw+ [du
1 1 1

Qo= Wy, + (U,—U) =W, ,+0

as Uu,-u,=m, (T,-T),and T, =T,

(iv) Adiabatic process. An adiabatic processis the thermodynamic process in which there is no heat
interaction during the process, i.e. during the process, Q = 0. In these processes the work interaction is
there at the expense of internal energy. If we talk of adiabatic expansion then it shall mean that work is
done at the cost of its own internal energy. The adiabatic process follows the law PVY = constant where
yiscalled adiabatic index and is given by the ratio of two specific heats. Thus, it is obvious that adiabatic
expansion shall be accompanied by the fall in temperature while temperature will rise during adiabatic
compression. The adiabatic expansion process is shown on Fig. 3.5. Work done during expansion shall
be,

V2
W, ,= I P - dV, where PVY = constant, therefore solving after substitution. Work shall be,
Vi

W. - I:)1\/1 B I:)2\/2
12 (v-91
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2 2 2

From first law of thermodynamics IdQ =IdU +Id\N [ - 1
1 1 1
) PV = constant
_ PVL~ PV, = )
Ql_z = (Uz_ Ul) + (y_l) 8 p2
o
PVi — PVs
0=me, (T=T) *+ -y ViV Vi voune”
O W, =m, (T,-T,) Fig. 3.5 Adiabatic expansion

(v) Polytropic process: Polytropic process is the most commonly used process in practice. In this,
the thermodynamic processis said to be governed by the law PV" = constant where n is the index which
can vary from — co to + oo, Figure 3.6 shows sometypical casesin which the value of nisvaried and the
type of processindicated for different values of n. Thus the various thermodynamics processes discussed
above are special cases of polytropic process. Work interaction in case of polytropic process can be
given as,

V2
W1_2 = .r p- dv . .
Vi n =0, isobaric process
n— n— n =1, isothermal process
thePlVl = P,V," = constant P n = 2, polytropic process
Solving the above, we get n = oo, isochoric process
W = PV1 — PV,
12 = (n-1
From first law of thermodynamics, Fig. 3.6 Polytropic process
2 2 2

JdQ=[du+ [aw
1 1 1

A AA
or Quo =(Uy-Up+ — 77—
mR(T, - T,)
or Qo =me, (T,=TY) + —(1
R
aso cv=y—_10rR=cV(y—1)
-9

Qo =me, {(T,=T) + (=g - (T =T}
Thus heat transfer during a polytropic process for a perfect gas;

Oy - nO
Qp =me, (T,— Ty x Hi-nH
or also, substituting for ¢,
-n0

Qs = gy-18" W
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(vi) Hyperbolic process:. Hyperbolic process is the one in which product of pressure and volume
remains constant during the process. The curve for such an expansion process is arectangular hyperbola
and hence this is known as hyperbolic expansion.

PV
For a perfect gas B Constant, if T is also constant then it means that for a perfect gas the

hyperbolic process shall also be isothermal process. Figure 3.7 shows hyperbolic expansion process
between 1 and 2. Work done during process shall be
2
W, = [ p-dVandp,V,=p,V,= constant
1

Py v,
W, = Jl v V=pViiny
Vs . . — . .
or, W_,=p,V,Inr,wherer = IV ratio of final andinitial volumesfrom first law of thermodynamics,
1

2 2 2 D\/ZD
_l[dQ = _l[dU + _l[dwz (U,—U) +pV,In Evlg

e
=

PV = constant
2

e
]

Pressure ——

Vi hyl V2 \olume

Fig. 3.7 Hyperbolic expansion

(vii) Free Expansion: Free expansion, as the name implies refers to the unrestrained expansion of
agas. Let astake an insulated tank having two compartments separated by a partition, say A and B. Let
us assume that compartment A is filled with gas while B is having vacuum. If now the partition is
removed and gas allowed to occupy the whole volume of tank, then the gas expands to fill the complete
volume space. New pressure of gas will be lesser as
compared to initial pressure of gas occupying the Partition of removable type
compartment A. A close look at the expansion process
shows that the expansion due to removal of partition is
unresisted expansion due to gas expanding in vacuum.
This is aso known as free expansion. The reverse of
free expansion is impossible and so it is an irreversible
process.

A B

Gas Vacuum Insulated tank

Fig. 3.8 Free expansion
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in the system.

thermodynamics,

. freeexpansion . . o .
Also in the above there shall be no heat interaction as tank is insulated. From first law of

AQ = AU + AW
O=AU+O
or, Uy, g=U, i.einitial and final internal energies are same, which means for a perfect gasinitial and

final temperatures of gas are same.

Table 3.1 Thermodynamic processes

Applied Thermodynamics
During free expansion no work shall be done by the gas or on the gas due to no boundary displacement

9. Process Governing Heat Displacement
No. eguations interaction work or non flow
work during state
change from 1 to 2
2
1
1. | sobaric p = constant W= p(V,-V,)
T_V2
process T, = v, q=c,x T,-T)
indexn=0
2. Isochoric V = constant W=0
hL_p
process ﬁ Fz g=c, x (T,—T)
index, n = o
V2
3. Isothermal T = constant W=P)\V, In v,
1
In 020
rocess V, = pV. =p,V, xIn
p Pl 1= PV, q=p Ele
index, n=1
- PV~ PV
4. Adiabatic PV, = pVv) q=0 W= y-1
T, _Dud”
rocess ==
P T 201
vy
T, OOp,0Ovy
2-gkg
T OpO
index, n=vy
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. N N Ly —nd PVi — PV,
5. Polytropic AR AV g= CVBEE W= o1
o SH (T,-T)
rocess == x (T, —
P Tz 101 21
n-1
Op, 0
E = D&D " or,
T OPO
Oy —nQ % -n0
€= Hi-nfl 9= dy-1g
where C, is x work
specific heat for
polytropic process.
. ov, 0
6. Hyperbolic pV = constant q=c, (T,-T) W=RT, In Evlg
b in B20
rocess ut not +RT, In
P ! EVID
necessarily
T = constant
7. Free Unresisted g=0 W=0
expansionin expansion
adiabatic
conditions

3.3 NON-FLOW WORK AND FLOW WORK

Work interaction taking place in a system can be classified as flow work or non-flow work based on the
nature of process.
Two basic types of processes are
(i) Flow process
(i) Non flow process

3.3.1 Flow Process

Flow process is the one in which fluid enters the system and leaves it after work interaction, which
means that such processes occur in the systems having open boundary permitting mass interaction
across the system boundary.

Figure 3.9 shows the flow process occurring in a system. Flow processes can be further classified
into steady flow and non-steady flow processes. Examples of engineering systems having steady flow
processes are flow through nozzles, turbines, compressors etc. and the examples of nonsteady flow
processes are the filling or emptying of any vessel. Flow process shown indicates various energy and
mass interactions taking place across the system boundary.



58 Applied Thermodynamics

Heat addition

L

Flow in — () «— Control volume

I_ZXZ—v Flow out

Wort

Control system boundary

Fig. 3.9 Flow process

As the mass interaction takes place here so for every mass fraction crossing the boundary, work is
done upon or by the system. Thus, a portion of work is always required to push the fluid mass into or
out of the system. This amount of work is called flow work, or, “work required for causing flow of
fluid to or from the system is called flow work”.

Here in the control volume shown say, some mass of
fluid element is to be pushed into the control volume.

Fluid mass can be injected into the control volume
with certain force, say F. The force required for pushing 7
(F) owing to the pressure P of fluid element may be
guantified as; F = PA, where A is cross-section area of /
the passage. For injecting entire mass of fluid, the force  vjryal piston L
F must act through a distance L. Thus, work done in -
injecting the fluid element across the boundary will be,

W=FL =PAL, (kJ) Fig. 3.10 Flow work

or w = P, (kJ/kg)

Thiswork is the flow work. Thus, flow work per unit mass can be given as the product of pressure
and specific volume. It is also referred to as flow energy or convected energy or transport energy.

Control
volume

3.3.2 Non-Flow Processes

Non-flow process is the one in which there is no mass interaction across the system boundaries during
the occurrence of the process.

Figure 3.11 shows block diagram of a piston-cylinder arrangement in which a constant mass of
fluid inside the cylinder is shown to undergo compression. Thus, during compression the type of
process shall be non-flow process and the work interaction shall be non-flow work.

Say, the force exerted by piston is F, and cross-section area of piston being A, the elemental work
done in compressing along the length dL shall be

dw =F - dL
If pressure of fluidisPthen F =P - A
S0 dw=P-A.dL

The total work done in piston displacement, from 1 to 2 shall be,



First Law of Thermodynamics 59

2 2

dL
Jaw=[P.A-dL
1 1 —
F
2 2 -
Jaw=[P.av 2 D
1 1 | L |
2 Fig. 3.11 Non-flow process
or W, =[P.av
1

Thus, this is called the non-flow work or displacement work.

3.4 FIRST LAW OF THERMODYNAMICS

Benjamin Thompson (Count Runsford) 1753-1814 discovered the equivalence of work and heat in the
course of manufacturing canon (1797) by boring solid metal submerged in the water. He was intrigued
by the water boiling because of mechanical work of boring, as no heat had been added to the water. In
hiswords, “isit possible that such a quantity of heat as would have caused five pounds of ice cold water
to boil could have been furnished by so inconsiderable a quantity of metallic dust merely in consequence
of achangein its capacity for heat?’ Other experiments later discovered more evidence until some fifty
years dafter the above experiment.

Let astake abicycle, tyre pump and use it for inflating the bicycle tyre. It is observed that the pump
becomes hotter during use. This phenomenon of heating of pump is obviously not from heat transfer
but because of the work done. Although the heating of pump could also be realized by heat transfer. It
indicates that some effects can be caused equivalently by heat or work and that there exist some
relationship between heat and work.

James Prescott Joule (1818-1889) an English scientist and one time student assistant to John Dalton
(1766-1844) with assistance from Lord Kelvin showed conclusively that mechanical work and heat are
equivalent.

For example, let us take a closed system which permits work interaction and heat interaction both,
asin case of stirring in a container, fig. 3.12. As a result of stirring it is seen that the temperature of
water gets raised up. This rise in temperature can be accounted by quantifying the amount of heat
supplied for raising this temperature. Thus, it is obvious that for any closed system undergoing a cycle

? w=J- EF Q, where J is Joule's constant.

i.e., the net heat interaction is proportional to the work = nsulated tank
interaction. Also the constant isknown as* Joul€' smechanical Yy b
equivaent of heat”. Joule's constant is described as;

w Joules
Q ~V7418 Chories
Thus, Jisanumerical conversion factor which could be T X
unity if the heat isaso givenin joules.
For any cyclic process in the closed system the
rel ationship between heat and work shall be, (if the consistent
units are used) Fig. 3.12 Closed

§ 5a = ¢ aw. system

Stirrer

Water
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Thus first law of thermodynamics states that “in a closed system undergoing a cyclic process, the
net work done is proportiona to the net heat taken from the surroundings’ or “for any cycle of a closed
system the net heat transfer equals the net work”.

First law of thermodynamics can’t be proved but it is supported by a large number of experiments
and no exceptions have been observed. It is therefore termed as the law of nature.

Mathematica expression for the first law of thermodynamics can be rearranged and it shall be,

P (da—dw) =0
which shows that the quantity (dq — dW) is a thermodynamic property.
For non-cyclic process: Let us now take up a system undergoing a non-cyclic process where transfer
of heat and work take place and there is some change in the state of systemi.e. initial and final states are
different.

Figure 3.13 shows the non-cyclic process occurring between states 1 and 2. The change in state is
accomplished by the energy interactions. If we assume the system to have the heat interaction AQ and
work interaction AW, then from the basic principles it can be said that :
Energy lost = Energy gained
as the energy can neither be created nor destroyed.

Therefore, between states 1-2 one can write energy balance as,

QoW ,=Uy, I !
where Q, ,, W, , and U,_, are the heat, work and stored energy p
values. This stored energy is called as internal energy for a system
having negligible electrical, magnetic, solid distortion and surface
tension effects.

General expression based on above can be given as follows : vV —

AQ - AW = AU Fig. 3.13 Non cyclic process
2 2 2

or {dQ—{d\N={dU

or, for elemental interactions; dQ — dw = dU
dQ =dU + dw

Thus, the first law of thermodynamics for non-cyclic processes can be given by

fdQ =JdU +[dw

Above equations make it obvious that the internal energy change in the closed system during any
non-cyclic process is obtained by subtracting the net amount of work done by the system from the net
amount of heat added to the systemi.e. AU = Q —W.

Actualy, thereisno absol ute value of internal energy of any system.
Therefore its value may be taken to be zero for any particular state of 1
the system and absolute value in reference to arbitarily assumed state I
may be easily defined.

Mathematically, it can be shown that the internal energy is a
thermodynamic property, as explained ahead. L et us consider the non- 2
cyclic process following paths A, B and C in the directions as shown
inFig. 3.14.

As the processes A & B and A & C constitute a thermodynamic Fig. 3.14 Two different
cycle starting and finishing at state 1, the first law of thermodynamics thermodynamic cycles.
for cyclic process can be employed,

2

C

VvV —
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§ (3Q-3W) =0
For the cycle following path 1-A—2-B-1, the first law of thermodynamics says,
§ 3Q-3wW) =0
1-A-2-B-1
2 1
or J eo-sw+ | 3o-aw=0
1A 2,B

which can be rewritten as,

2 1
[ Ge-sw=- [ 3Q-aw)
1, A 2B

2 2
or J ee-aw= | Q-aw (i)
1A 1,B
Also, for the cycle following path 1-A—2—C-1, the first law of thermodynamics can be applied as,
§ (6Q-3W) =0
1-A-—2-C-1
2 1
or J eo-aw+ | @Q-aw=0
1, A 2,C
2 1
or J ee-awy=- | Q-aw
1, A 2,C
2 2
or J eo-awy= [ 5Q-aw) (i)
1, A 1,C

From equations (i) & (ii) it is obvious that

2 2 2
| co-aw= | cQ-aw= [ (3Q-3w)
1, A 1,B 1,C

which shows that (6Q — dW) is some property as it is independent of the path being followed.
Also, it can be rewritten as,

2 2 2
[ su=[ su=J su
1, A 1B 1,C

= AU

or AU, a=8U, g =AU, ¢ _
which means the change in internal energy is independent of the path followed and therefore internal
energy is a thermodynamic property.
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3.5 INTERNAL ENERGY AND ENTHALPY

Let us take a mass at certain elevation in earth’s gravitational field and make it move with certain
velocity. Energy considerations say that the mass shall have the potential energy (PE = mgz) and kinetic
energy (K.E = (1/2) . mC?) stored init. Similarly, several other forms of energy such as due to magnetic,
electrical, solid distortion and surface tension effects can be estimated as the contributory components
of stored energy.

Difference of heat and work interactions yield the stored energy as given below; E=Q — W.

If the energy at macroscopic level as discussed above could be separated from the total stored
energy E, then the amount of energy left shall be called internal energy.

Mathematically,

Internal energy, U = (Stored energy) — (Kinetic energy) — (Potentia energy) — (Magnetic energy) —
(Electrica energy) — (Surface tension energy) — (Solid distortion energy).

Therefore, stored energy is summation of internal energy, potential energy, kinetic energy, magnetic,
electrical, surface tension, solid distortion etc. types of energy.
For the situation when magnetic, electric, surface tension, solid distortion effects are negligible, the
stored energy shall be;

E=U+KE+PE

2
or, E=U+

+ Mgz

2
or, on unit mass basis; [€=U+ > +0z

and the change in stored energy relative to some reference state shall be given as,

AE = AU + AKE + APE.
Enthalpy (H) of a substance at any point is quantification of energy content in it, which could be given
by summation of internal energy and flow energy. Enthalpy is very useful thermodynamic property for
the analysis of engineering systems.
Mathematicaly, itis given as,

H=U+PV

On unit mass basis, the specific enthalpy could be given as,

A look at expression of enthalpy shows that as we can’t have absolute value of internal energy, the
absolute value of enthalpy can not be obtained. Therefore only change in enthalpy of substance is
considered. For certain frequently used substances such as steam, the enthalpy values of steam are
available in tabulated form in Steam Tables at different thermodynamic states.

From the definition of enthalpy;

h=u+pv
or dh=du+p-dv+v-dp.
For a constant pressure process, dp = 0.

dh = du + pdv

or, dh = dqp - congt (From first law of thermodynamics)
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3.6 SPECIFIC HEATS AND THEIR RELATION WITH INTERNAL ENERGY AND
ENTHALPY

Soecific heats of the substance refer to the amount of heat interaction required for causing unit change
in temperature of the unit mass of substance. This unit change in temperature may be realized under
constant volume and constant pressure conditions separately.

Therefore, the above heat value obtained with heat interaction occurring under constant volume
conditions is called specific heat at constant volume, denoted as c,. Whereas the above heat value
obtained with heat interaction occurring under constant pressure conditions is called specific heat at
constant pressure, denoted as c_.

Mathematically, the heat interaction causing AT temperature change in m mass of substance can be
given as,

For isochoric conditions;

Q,=m-c, -AT
and for isobaric conditions
Qp =m-c,- AT
_ Q-
or = mAT
Qp
or, c =
P mAT

For getting the specific heat values, substituting m= 1, AT =1,

¢, =Q,| and [ =Qp

The specific heat at constant volume can also be given as the partial derivative of interna energy
with respect to temperature at constant volume.

oud
Thus c, = BG_TEL
Odu
or, C, = B(EEL

Also from first law of thermodynamics, on unit mass basis

dq = du + pdv
at constant volume, dv =0
dg=du
or dg=c,-dT=du
o %
arl for v = constant

Specific heat at constant pressure can be given as the partial derivative of enthalpy with respect to
temperature at constant pressure.

gohQO
Mathematicaly: C, = Bﬁﬁp

OdhO

o c,= Hirt),
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64
From definition of enthalpy, at unit mass basis.
h=u+pv

or dh = du + pdv + vdp
at constant pressure, dp = 0

dh = du + pdv
substituting from first law of thermodynamics dg = du + pdv

dh =dq
or dq=cp-dT=dh

p=qr| forp= constant

Let ustry to establish relationship between C and ¢,
From enthalpy definition, at unit mass basis

h=u+pv
or h = u + RT {for ideal gas}
Taking partial derivative,
dh =du + RdT

Also we know for anideal gas, ¢
dh=cp- dT; du=c, -dT
Substituting dh and du
cp-dT=cV-dT+R-dT
or %=%+R

.

Difference of specific heats at constant pressure and volume is equa to the gas constant for an ided

gas

o

Combining above two relations of C and ¢, we get,

_ YR R
%= (y-1 396 = (o

3.7 FIRST LAW OF THERMODYNAMICS Control boundary

APPLIED TO OPEN SYSTEMS

Let us consider an open system as shown in Fig.
3.15 having inlet at section 1-1 and outlet at section
2-2. The cross-section area, pressure, specific
volume, mass flow rate, energy at section 1-1 and
22 are

Section 1-1 = A, p;, v, m;, €

Section 2-2 = A,, p,, V,, Mm,, &,

Inlet——

Also the ratio of specific heats at constant pressure and volume could be given as 'y,

Q
/@
Open system \:@:—» Outlet
@)

Fig. 3.15
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Open system is aso having heat and work interactions Q, W as shown in figure above.
Applying the energy balance at the two sections, it can be given as,
Energy added to the system + Stored energy of the fluid at inlet
= Stored energy of the fluid at outlet
Quantifying the various energies;
Energy of fluid at inlet shall comprise of stored energy and flow energy as given here.
= my(& +p,vy)
Similarly, energy of fluid at outlet shall comprise of stored energy and flow energy,
= Stored energy + Flow energy
=m, (& + pV,)
The energy added to the system shall be the net energy interaction due to heat and work interactions.
=Q-W
Writing energy balance, mathematically;
Q-W+m, (e +pvy) =m,(&+p,Vy)
or Q+ my(e, + pvy) =W+ my(e,+ p,v,)
If the mass flow rates at inlet and exit are same, then
Q+ m(e, + pyvy) =W+ mle,+p,v,)
On unit mass basis
q+€+pV, =W+ &+DpyV,
Thus,
Heat + (Stored energy + Flow energy), = Work + (Stored energy + Flow energy),
Stored energy at inlet and outlet can be mathematically given as,

2
€ =U1+% +t0z
2
and e2:[_12+c—22 + 0z,

where C, and C, are velocities at inlet and exit, u, and u, areinternal energy at inlet and outlet, z, and z,
are elevations of inlet and exit.

3.8 STEADY FLOW SYSTEMS AND THEIR ANALYSIS

Steady flow refers to the flow in which Control boundary
its properties at any point remain / ®
constant with respect to time. Steady o—1f— |__ p2, C2, Az, V2
system is the system whose properties | e e —,
areindependent of time, i.e. any property System )
at apoint in system shall not change with @ out
time. p1, C1, A1, vy 7
Let us take an open system having In 'T:—‘ T—Ww
steady flow. Figure 3.16 shows steady z @
flow system having inlet at section 11, | Datum

outlet at section 2—2, heat addition Q and

Fig. 3.16 S fi st
work done by the system W. I9 eady flow system
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At section 1-1 At section 2-2
Pressure, (N/m?) P, P,
Sp volume, (m3kg) v, v,
Vel ocity, (m/s) C, C,
Elevation, (m) z z,
Cross-section area, (m?) A, A,
Mass flow rate, (kg/s) m, m,
Internal energy, (Jkg) u, u,

As described in earlier article the energy balance when applied to open system resultsin
Q+mye +pvy) =W+ my(e,+p,V,)
Substituting for e, and e,
Q §J+C12+g +pl§ W §J+C§+gz +pv§
+m Bht—-+04 TpviH =W+m, 5277, T 92 T V2
2 2

and from definition of enthalpy,
h, =u, +pyv,
h, = u, + p,v,
therefore,

2

Q+my "‘921 =W +mygh, +C—2 "‘QZD
ﬁl ﬁ &

Above equation is known as steady flow energy equation (S.F.E.E.). If the mass flow rates at inlet
and exit are same, i.e. m;=m,=m

a +c;12+ O g +sz+ O
i Z _ — Z
then, Q+mﬁl 5 91@-W+mg‘z 5 92%
or, on unit mass basis the S.F.E.E. shal be;
2 2
q+n+%+gzl =w +h, +C—22 +02,
w
where q=9,w=—
m m

The steady flow energy equation can be used as a tool for carrying out thermodynamic analysis of
engineering system with suitable modifications.
Foecial Case : Such as for any system of perfectly insulated type, Q =0
The steady flow energy equation gets modified to;

hl+%+gz1 :W+h2+C—22 +0z,
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Application of Continuity equation resultsin, W
Wi Q1 Qs Q2
m =m N\ 1/ // // //
or, Al—cl = Az—CZ INn—— Steady flow system

Vi V2
For any system having more than one inlets, outlets and
energy interactions the example is shown below.

Out

§<— In
@

Out
@

Datum

Fig. 3.17 Example of steady flow system

Salient properties at different sections are tabulated as under

Section Section Section Section

11 2-2 33 4-4
Pressure, (N/m?) P, P, P, P,
Sp. volume, (m3Kkg) v, v, vV, v,
Mass flow rate, (kg/s) m, m, m, m,
Internal energy, (Jkg) u, u, Uy u,
Velocity, (m/s) C, C, G, C,
Elevation, (m) z z, A z,
Cross-section area, (m?) A, A, A, A,

Net heat added, Q=Q, - Q, + Q,
Net work done, W =W, + W,
Applying steady flow energy equation on the system as shown in Fig 3.17;

0 c? 0 0 .c 0
Q+m E—'1+7+921+F31V1E+ m, %’3+7+923+%V3E

O C% . a +C—‘%+g +va
=W+mZE_|2+7+gzz+p2v2E+m4E"4 2 24 44%

Substituting enthalpy values, h, h,, h;, h, and for Q and W,

0o ¢ 0 0 ¢ O
Ql—Qz+Q3+mlEl +7 +921E+mﬁhs +—2 0z
O (322 o O Cf O
=W +W,) +ng‘z +7 +922E+"1ﬁh4 +—2 +92ﬁ

Casel
If theinlet and exit velocities are negligible, then
KE,=KE,=KE;=KE,=0
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and S.FE.E. is modified to

Ql_ Qz + Q3 + ml(hl + ng) + mg(h3 + gzg)
= W+ W, + my(h, + gz) + m(h, + gz,)

Case?2
If there is no change in elevation and mass flow rates at all inlets and outlets are same, then, m, = m, =
my=m,=m

Q-Q+Q;+m.h+mh;=W, +W,+mh,+mh,
or, on unit mass basis

g,— 0, *+ 0+ h1+ h3=wl+ w, + h2+ h4

3.9 FIRST LAW APPLIED TO ENGINEERING SYSTEMS

Here the first law of thermodynamics applied to different engineering systems is discussed. It is as-
sumed in general that the processes are of steady flow type and so the steady flow energy equation can
be directly used with modificationsin it.
(a) Turbine: It is the device in which the high temperature and high pressure fluid is expanded to low
temperature and pressure resulting in generation of positive work at turbine shaft. Thus, turbine is a
work producing device.
Turbines using gas as working fluid are called gas turbine where as turbines using steam are called
steam turbines.
Expansion in turbine is assumed to be of adiabatic type so that the maximum amount of work is
produced.
Assuming changein kinetic energy, potential energy to be negligible, the steady flow energy equation
can be modified and written between 1 and 2 as,
O+ mh, =W+ mh,
W, =m(h, - h,)
i.e, Q=0andtotal energy interaction is available in the form of work
Turbine work = m(h, — h,) =m cp(Tl -T)
Here mis mass flow rate and T,, T, are temperatures at inlet and outlet.

Fluid out

7 Q=0

/WT
) 4

@)

/®
Fluid in \

Fig. 3.18 Turbine

(b) Compressor: Compressor is a work absorbing device used for increasing the pressure of a fluid.
Pressure of afluid isincreased by doing work upon it, which is accompanied by increase in temperature
depending on the gas properties.
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N High pressure Fluid out
Wec

@ 1 Low pressure fluid in

Fig. 3.19 Compressor

For compression of a gas adiabatic process is used as in this there is no heat loss and so minimum
work requirement.

L et us assume change in kinetic energy and potentia energy to be negligible between 1 & 2 and also
flow to be of steady type.

Applying steady flow energy equation in modified form:

Q=0
AKE =0
APE =0

W, = (-ve) work for compression
mh, =—-W_+ mh,
or W, = m(h,-h,)
Adiabatic compression work = m(h, —h,) = me, (T,-T)
Here T, T, are temperatures at inlet and outlet and mis mass flow rate.
(c) Pump: A pump is used for pumping liquid or suction of liquid. In case of pump the following
assumptions can be made for using S.FE.E.
(i) Heat transfer is zero, Q =0
(ii) Changeininternal energy is zero, AU =0

Therefore
g ¢ g g .. ¢ O
mﬁprl > gzlﬁ =m Eszz > gzzﬁ— Womp
c2 -2
or, Wy = MY~ Pivy) + 25 + (2, 2))
Wpump @
— Out
@

Fig. 3.20 Pump
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(d) Boiler: Boiler is the engineering device used for steam generation at constant pressure. Heat is
supplied externally to the boiler for steam generation depending upon state of steam desired.

Boiler may be assumed similar to a closed vessel having no work interaction, no change in kinetic
energy, no change in potential energy.
i.e W =0, AKE = 0, APE = 0.
Applying steady flow energy equation

Qpoiter + MNy) = m(hy)

or Qpoiter =M —hy) =mc, (T,—T)

Qbar @ ﬁ I Steam out
oller

—O

Water in

Fig. 3.21 Boiler

(e) Condenser: Condenser is the device used for condensing vapour into liquid at constant pressure. It is
atype of heat exchanger in which another cool fluid is used for condensing the vapoursinto liquid. Heat
exchange between the hot fluid and cold fluid takes place indirectly as cold fluid passes through the
tubes and hot vapours are outside tubes in the shell.

Steam in

L 1
Cold fluid in — = Fluid out

[
1

Condensate out

Fig. 3.22 Condenser

Steady flow energy equation can be applied with the following assumptions :
(i) No work interaction, W= 10
(ii) No changein kinetic energy, AKE=0
(iii) No changein potential energy, APE =0
Heat lost by steam,
Q=m¢(h, —h)
(f) Nozze: Nozzle is the engineering device in which expansion of fluid takes place and pressure drops
simultaneously. Thus in nozzle the vel ocity of fluid increases from inlet to exit. In case of subsonic flow
the nozzle has converging cross-section area in the duct where as in supersonic flow the nozzle has
diverging cross-section area in the duct.
Let us take a converging cross-section area duct as shown in Fig. 3.23.
Flow through the nozzle may be analysed with following assumptions:
(i) No heat interaction, i.e. Q = 0, during passage through duct.
(ii) No work interaction, i.e. W = 0, during passage through duct.
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(iii) No changein elevation from 1to 2, i.e. APE = 0.
Applying S.FE.E on nozzle,

¢ _. .G

hy+ = =h,+ 72

c2-c2
or, 2 2C1 =h,—h,

C, = {C +2(hy )
or, C, = \/C12 +2¢,(T, = Ty)
In case, the velocity at inlet to nozzleis very small, then C, may be neglected and velocity at nozzle

exit shall be:

CZ = ,2Cp(T1 _Tz)

@
@

Fluid in—-- -—-—Fluid out

Co, h
C1, hy 22

@ Nozzle

Fig. 3.23 Nozze

(9) Throttling: Throttling refers to passage of a fluid through some restricted opening under isenthalpic
conditions. Thusin the figure shown below the fluid passes through a restriction from section 1 to 2 and
undergoes drop in its pressure and increase in volume, but during this passage enthalpy remains con-
stant, such that h; = h,.

Based on above throttling process the device called “throttle valve’ has been developed in which
pressure drop is realized without involving any work and heat interaction, change in kinetic energy and
potentia energy. Temperature may drop or increase during the throttling process and shall depend upon
the Joule-Thomson coefficient, a property based on characteristic of substance.

0
Joule-Thomson coefficient p =ED£D

0P Checonst.
and if u = 0, Temperature remains constant
u > 0, Temperature decreases.
U < 0 Temperature increases.

Restricted opening

/
o v e

)

Fig. 3.24 Throttling process
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(h) Combustion chamber: Combustion chambers are commonly used in gas turbine installations, in
which fuel isinjected at high pressure into achamber having high pressure, high temperature air init and
ignited for heat release at constant pressure.
Mass balanceyields:
m, =m, +m o
where m;, m,, m are mass flow rates at 1, 2, and f shown in figure.
S.FE.E. may be applied with assumptions of AKE = 0,

APE =0,
W=0
Here, Q = m, x Calorific value of fuel
or Q=mxCV

Q+mhy+mh=mh,

substituting for Q
m CV +m hy +mh = mph,

@ Fuel
Mg
@ @
my —my
Airin Combustion

products, out

Fig. 3.25 Combustion chamber

(i) Adiabatic mixing: Adiabatic mixing refers to mixing of two or more streams of same or different
fluids under adiabatic conditions.
Let us consider two streams of same fluid with mass flow rates m, and m, to get mixed together
adiabaticaly.
Assumptions for applying S.F.E.E shall be;
(i) No heat interaction, Q =0
(ii) No work interaction, W= 0
(iii) No changein kinetic energy, AKE=0
(iv) No change in potential energy, APE = 0.

Thus,
m-hy+my-h,=my-hy

or m-c, Ty+m-c - T,=my-c - T,
o r-mh+mT, mlvhl\

m; ®
. @ . mghg
y mass balance, @ —

m, + m, = m, © 3

772

m,, hy

Fig. 3.26 Adiabatic mixing
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3.10 UNSTEADY FLOW SYSTEMS AND THEIR ANALYSIS

In earlier discussions, for a steady flow system, it has been assumed that the properties do not change
with time.

However, there exist a number of systems such as filling up of a bottle or emptying of avessel etc.
in which properties change continuously as the process proceeds. Such systems can not be analysed
with the steady state assumptions. Unsteady flow processes are also known as transient flow processes
or variable flow processes.

Let us take example of filling up of the bottle. =

Thebottleisfilled up gradually, thereforeit is case of an unsteady system.

By conservation of mass, the unsteady process over a period of time ‘dt’ can
be expressed as following in generic form.
(Mass entering the control volume in time dt)
— (Mass leaving the control volume in time dt)
= Net change in mass in control volume in time dt.
If the mass flow rate at inlet and exit are given as m, m, then

dm _dm, _ dm, Fig. 3.27 Filling of
dt dt dt the bottle
and also, M =3 m = (Mg — Mpya)o
By the conservation of energy principle applied on control volume for time ‘t’, energy balance

yields;
Net energy interaction across the boundary in time dt

+ Energy entering into control volume in time dt

— Energy leaving out of control volume in time dt

= Change in energy in control volume in time dt
Mathematicaly, it can be given as:

—

)

Q-W) +3 E-3 E=AF,

t 2
where . I m (h +—+92|) dt
0

c?
E, = ‘([me(hﬁ? +0z,) . dt

Thus, the above mass balance and energy balance can be used for analysing the unsteady flow systems
with suitable assumptions.

It may be assumed that the control volume state is uniform and fluid properties are uniform and
steady at inlet and exit.

Simplified form of energy balance written above can be given as;

c2 c2
Q-W+3 m(h +7'+ga)—2 me(he+7‘°‘+gze)

= (Mina - Yina — Mnitia - Ynitia)ov o -
If the changesin kinetic energy and potential energy are negligible, then energy balance getsmodified
as,

Q-W+3m-h-3m-h= (M Yina— Muitia * Ynitiadov
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Case 1: Let us now use the energy and mass balance to the unsteady flow process of filling up a bottle
as shown in Figure 3.27. Bottle is initially empty and connected to a pipe line through valve for being
filled.

Let us dencote initial state of system by subscript 1 and final state by 2.
Initially as bottle is empty, som, =0
From mass balance

2 m=3m,=(m-0),
Here there is no exit from the bottle som, =0
hence, >m=m,
or, m = m,
Mass entered into bottle = Final mass inside the bottle
Applying the energy balance assuming changein kinetic and potential energy to be negligible, treating
bottle filling process to be occurring in insulated environment, and no work interaction, we get
Q=0,W=0,AKE =0, APE =0,
Initia internal energy inbottle = 0
Massleaving = 0

0==-3 m-h+ (M),

or m - hi =myu,
aso h =u,aam=m,

Enthalpy of fluid entering bottle = Final internal energy of fluid in bottle.

If fluid isided gas, then ¢, Ti=c, T, ==
or T2 =y .Ti S

h G
where — =
c, Y

Case 2: Let us now take a case of emptying of bottle. Arrangement is shown in
Fig. 3.28.

Initially bottle has mass m; and finally as a result of emptying, say mass
left is m, after some time.

Applying mass balance, (as mass entering is zero), Fig. 3.28 Emptying of

bottle
or, 0-3 m=(m,—m,),
or 3 my= (my—my),
or m,= (M, —my),,

Total mass leaving the bottle = (Mass reduced in bottle)
Applying energy balance, with the assumptions given below;
(i) No heat interactioni.e. Q=0

(ii) No work interactioni.e. W=10

(iii) No changein kinetic energy i.e. AKE=0

(iv) No changein potential energy i.e. APE=0

-2 m,- he= (mz u,— m1ul)cv

or, (=m, - he) = (M, —myuy),,
Substituting for ‘m.;’ we get (m,—m,), - h,= (mu, —myu,),,
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In case of complete emptying, m,=0
i

3.11 LIMITATIONS OF FIRST LAW OF THERMODYNAMICS

First law of thermodynamics based on law of energy conservation has proved to be a powerful tool for
thermodynamic analysis. But over the period of time when it was applied to some real systems, it was
observed that theoretically first law stands valid for the processes which are not realizable practicaly. It
was then thought that there exist certain flawsin first law of thermodynamics and it should be used with
certainlimitations.

Say for example let ustake abicycle wheel and paddleit to rotate. Now apply braketo it. Asaresult
of braking wheel comesto rest upon coming in contact with brake shoe. Stopping of wheel isaccompanied
by heating of brake shoe. Examining the situation from Ist law of thermodynamics point of view it is
quite satisfying that rotational energy in wheel has been transformed into heat energy with shoe, thus
causing risein its temperature:

Now, if we wish to introduce the same quantity of heat into brake shoe and wish to restore wheel
motion then it is not possible simply, whereas theoretically first law permits the conversion from heat to
work (rotation of wheel in this case) as well.

Therefore, it is obvious that Ist law of thermodynamics has certain limitations as given below:

(i) First law of thermodynamics does not differentiate between heat and work and assures full
convertibility of one into other whereas full conversion of work into heat is possible but the
vice-versais not possible.

(ii) First law of thermodynamics does not explain the direction of a process. Such as theoreti-
caly it shall permit even heat transfer from low temperature body to high temperature body
which is not practically feasible. Spontaneity of the processis not taken care of by the first
law of thermodynamics.

Perpetual motion machine of the first kind (PMM-1) is a hypothetical device conceived, based on
violation of First law of thermodynamics. Let us think of a system which can create energy as shown
below.

—  PMM-l ——W#0

Q=0 Q%0
(a) (b)

Fig. 3.29 PMM-I, based on violation of Ist law of thermodynamics

Here adevice which is continuoudly producing work without any other form of energy supplied to it has
been shown in (&), which is not feasible.

Similarly adevice which is continuously emitting heat without any other form of energy supplied to
it has been shown in (b), which is again not feasible.

Above two imaginary machines are called Perpetual Motion Machines of 1st kind.

PMM-I  [#=——W=0
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| EXAMPLES |

1. Figure shows a system comprising of gas in cylinder at pressure of 689 kPa.

Paddle wheel

// / Piston
('E:@ |::I
Gas
N
Cylinder
Fig. 3.30

Fluid expands from a volume of 0.04 m3 to 0.045 m? while pressure remains constant. Paddle wheel
in the system does a work of 4.88 kJ on the system. Determine (a) work done by system on the piston (b)
the net amount of work done on or by the system.

Solution:
(a) Itisaclosed system. If the pressure on face of piston is uniform, then the work done on piston
can be obtained as,
2

W=p{dV

= 689 x 10°(0.045 — 0.04)
Work done on piston, W = 3445 Jor 3.445 kJ
Work done on piston = 3.445 kJ Ans.
(b) Paddle work done on the system = — 4.88 kJ

Net work of systemU W = Wogon + Woaide
= 3445 - 4880
W, =-14357

Work done on system = 1435 J or 1.435 kJ.
Work done on system = 1.435 kJ Ans.

2. A gas at 65 kPa, 200°C is heated in a closed, rigid vessd till it reaches to 400°C. Determine the
amount of heat required for 0.5 kg of this gasif internal energy at 200°C and 400°C are 26.6 kJ/kg and
37.8 kJ/kg respectively.

Solution: Q=7
Given m = 0.5 kg /~
u, = 26.6 kJkg Gas ©
u, = 37.8 kJkg in closed
As the vessel is rigid therefore work done shall be zero. rigid vessel ——W =0
W=0 )
Fig. 3.31

From first law of thermodynamics;
Q=U,-U +W=mu,—u)+0
Q =05 (37.8 - 26.6)
Q =56kJ
Heat required = 5.6 kJ Ans.
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3. Carbon dioxide passing through a heat exchanger at a rate of 50 kg/hr is to be cooled down from
800°C to 50°C. Determine the rate of heat removal assuming flow of gas to be of steady and constant
pressure type. Take c,= 1.08 kJ/kg K.

Solution:
$_MW$
T1=800°C T2=50°C
Fig. 3.32
Given, m = 50 kg/hr
Writing down the steady flow energy equation.
c C;

q+h, + -t =h,+ 72+922+W
Here let us assume changes in kinetic and potential energy to be negligible. During flow the work
interaction shall aso be zero.

Hence q=h,—h,
or Q=m (hz_ hl)
im-cp- (T,-T)

50 x 1.08 x (750)
= 40500 kJ/hr
Heat should be removed at the rate of 40500 kJ/hr  Ans.

4. A completely evacuated cylinder of 0.78 m? volume is filled by opening its valve to atmosphere and
air rushing into it. Determine the work done by the air and by surroundings on system.

Solution : Total work done by the air at atmospheric pressure of 101.325 kPa,

W = I p.dv+I p. dv
cylinder air
=0+ p.Av, itis—ve work as air boundary shall contract
Work done by air = —101.325 x 0.78 = - 79.03 kJ [J

Work done by surroundings on system = + 79.03 kJ E Ans.

5. A system comprising of a gas of 5 kg mass undergoes expansion process from 1 MPa and 0.5 m? to 0.5
MPa. Expansion process is governed by, p.v2 = constant. The internal energy of gasis given by, u =
1.8 pv + 85, kJ/kg. Here ‘U’ is specific internal energy, ‘p’ is pressure in kPa, ‘V' is specific volume in
m/kg. Determine heat and work interaction and change in internal energy.
Solution:

Given mass of gas, m = 5 kg, pv-3 = constant

Assuming expansion to be quasi-static, the work may be given as,

W =mf p.dv
PV -pVy
1-n)

From internal energy relation, change in specific internal energy,
Au =u,—u, =18 (p,v,—p,v,), kJkg
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Total change, AU =18 x mx (pv,—p,V,), kJ
AU =18 x (p,V,—p,V,)
Between states 1 and 2,
plvll.3 - p2V21.3

or plvll.3 - p2V21.3
. V. = (05 |:|1 /1.3
, =(05). HosH
V, =0.852 m?3

Total change in internal energy, AU = —133.2 kJ
(0.5%0.852 -1 x0.5) x10°

Work, W = 1-13
W = 246.67 kJ
From first law,
AQ =AU +W
= -133.2 + 246.7
AQ =1135kJ

Heat interaction = 113.5 kJ
Work interaction = 246.7 kJ [ Ans.
Changeininterna energy = —133.2 kJ U

6. A gas contained in a cylinder is compressed from 1 MPa and 0.05 m? to 2 MPa. Compression is
governed by pvi# = constant. Internal energy of gas is given by;,

U = 75pV -425, k.
where p is pressure in kPa and V is volume in m®.

Determine heat, work and change in internal energy assuming compression process to be quasi-
static.

Also find out work interaction, if the 180 kJ of heat is transferred to system between same states.
Also explain, why is it different from above.

Solution:
0 l]1/1.4
Final state, volume V, = D&D -V
ar20
|:I:I_D‘lllA
= BH -0.05
V, =0.03 m?

Change in internal energy,
AU =U,-U,=(75p,V,-75pV))
=75x 10%(2 x 0.03 — 1 x 0.05)
AU =75kJ
For quasi-static process,
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Work, w=[p-dv
1
PV - Py
T 1-n
(2x0.03-1x0.05) x10°
@a-14
W = 25 kJ, (-ve)
From first law of thermodynamics,
Heat interaction AQ = AU + W
=75 + (-25)
=50kJ
Heat = 50 kJ

Work = 25 kJ (-ve)d Ans.
Internal energy change = 75 kJ
If 180 kJ heat transfer takes place, then from Ist law,

AQ =AU +W
Since end states remain same, therefore AU, i.e. change in internal energy remains unaltered.
180 =75+W
or W = 105 kJ
This work is different from previous work because the process is not
guasi-static in this case. Ans.

7. Determine the heat transfer and its direction for a system in which a perfect gas having molecular
weight of 16 is compressed from 101.3 kPa, 20°C to a pressure of 600 kPa following the law pV13 =
constant. Take specific heat at constant pressure of gas as 1.7 kJ/kg.K.

Solution:
o Universal gas constant
Characteristic gas constant, R = Molecular weight
8.3143x10°
= ———, JkgK
16 g
= 519.64, Jkg.K
or = 0.51964, kJkg.K
R = 0.520, kJkg.K
G =C,-R
=17-0520
C, = 118, kJkgK
Cp _17
or y = a —m =144
. I . y D[)_LDULB y
or polytropic process, =0o-g -
polytropic p 2= Bp,0 1
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1.3-1
Op, 013
or T, =T, 00
OP.0
0 600 D0.231
T,=293- F01.3H
T, =4419K
R(M -T,)
Work, W = (15—_1)2
W = 258.1 kJkg
For polytropic process
- n% 1.44-1.30
Heat, Q= Hy-10° W= Bma x 258.1

= 82.12, kJ/kg (+ve) Ans.

8. Inanozzeair at 627°C and twice atmospheric pressure enters with negligible velocity and leaves at
a temperature of 27°C. Determine velocity of air at exit, assuming no heat loss and nozzle being
horizontal. Take C, = 1.005 kJ/kg.K for air.

Solution: Applying steady flow energy equation with inlet and exit states as 1, 2 with no heat and work
interaction and no change in potentia energy.

¢ _. .G
hl+ 7 = h2+ 7
Giventhat, C, =0, negligibleinlet velocity
C,= V2 -hy)

Exit velocity, C,= {2C,(T,~T,)

Given, T, = 900K, T, = 300 K

or C, = 1/2x1.005 x10°(900 —300)

C, = 1098.2 m/s
Exit velocity = 1098.2 m/s. Ans.

9. An air compressor requires shaft work of 200 kJ/kg of air and the compression of air causes increase
in enthalpy of air by 100 kJ/kg of air. Cooling water required for cooling the compressor picks up heat
of 90 kJ/kg of air. Determine the heat transferred from compressor to atmosphere.

Solution:

Work interaction, W = — 200 kJKkg of air

Increase in enthalpy of air = 100 kJkg of air

Total heat interaction, Q = Heat transferred to water + Heat transferred to atmosphere.

Writing steady flow energy equation on compressor, for unit mass of air entering at 1 and leaving at 2.
c C;

- 2
h1+ 7 +ng+Q_h2+ 7 +0Z,+W
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Assuming no change in potential energy and kinetic energy;

AKE = APE =0
Q=(h,-h)+W
= 100 + (- 200)
Q = - 100 kJ/kg of air
Also
= — 100 = Heat transferred to water + Heat transferred to atmosphere
or

- 100 = (- 90) + Heat transferred to atmosphere
Heat transferred to atmosphere = — 10 kJ/kg of air Ans.

10. In a cinema hall with seating capacity of 500 persons the comfort conditions are created by circulat-
ing hot water through pipes in winter season. Hot water enters the pipe with enthalpy of 80 kcal’kg and
leaves the pipe with enthalpy of 45 kcal/kg. The difference in elevation of inlet pipe and exit pipe is 10
m with exit pipe being higher than inlet pipe. Heat requirement per person is 50 kcal/hr. Estimate the
quantity of water circulated per minute, neglecting changes in velocity.

Solution:
Above problem can be solved using steady flow energy equations upon hot water-flow,

¢ c
Q+m | Mt t8u | =Wamy | Tt 8L

Here total heat to be supplied = 500 x 50
Heat lost by water (—ve), Q@ = — 25000 kcal/hr.
There shall be no work interaction and change in kinetic energy, so, steady flow energy equation
shall be,
Q + my(h, + gz)) =my(h, + 82))
Here m, = m, = m, h, = 80 kcal/kg, h, = 45 kcal/kg
Qg+ m(hl - hz) = m(gzz— gz])
- (25000 x 10° x 4.18) + m(80 — 45) x 103 x 4.18 = m x (9.81 x 10)
m = 714.76 kg/hr
or, Water circulation rate = 11.91 kg/min. Ans.

11. Figure 3.33 shows steam injector for lifting water from a depth of 2 m from axis of injector.
Determine the rate at which steam should be supplied for pumping unit mass of water. Enthalpy of steam
entering and water entering injector are 720 kcal/kg and 24.6 kcal/ky respectively.

Enthalpy of steam and water mixture leaving injector is 100 kcal/kg. Velocity of steam entering
injector is 50 m/s while mixture leaves with 25 m/s. Heat loss from injector to surroundings is 12 kcal/kg
of steam sent through injector.

Q=12 kcal/kg Steam injector
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Solution:
Let mass of steam to be supplied per kg of water lifted be ‘m’ kg. Applying law of energy conservation
upon steam injector, for unit mass of water lifted.

Energy with steam entering + Energy with water entering = Energy with mixture leaving + Heat loss
to surroundings.

50)2
m

02
K.E. Enthal py Enthalpy PE

0
+(720x10% ><4-18)E +1 % [(24.6 x 10° x 4.18) + (9.81 x 2)]

O 3 (25)°0
- (1 + m) glOOX].O X418) +TE + [m x 12 x 103X 418]

Enthal py K.E Heat loss

m [3010850] + [102847.62] = (1 + m) . (418312.5) + m[50160]
Upon solving, m = 0.124 kg steam/kg of water
Steam supply rate = 0.124 kg/s per kg of water. Ans.

12. An inelastic flexible balloon is inflated from initial empty state to a volume of 0.4 m* with H,
available from hydrogen cylinder. For atmospheric pressure of 1.0313 bar determine the amount of work
done by balloon upon atmosphere and work done by atmosphere.

Solution:

Balloon initially empty

Balloon after being inflated

Fig. 3.34

Here let us assume that the pressure is always equal to atmospheric pressure as balloon is flexible,
inelastic and unstressed and no work is done for stretching balloon during its filling. Figure 3.34 shows
the boundary of system before and after filling balloon by firm line and dotted line respectively.

. .av
Displacement work, W = P + p.av
cylinder balloon

J’p.dv = 0 ascylinder shall berigid.

=0+p- AV
=0+ 1.013 x 10° x 0.4
= 40.52 kJ
Work done by system upon atmosphere = 40.52 kJ U
Work done by atmosphere = —40.52 kg Ans.

13. In a steam power plant 5 KW of heat is supplied in boiler and turbine produces 25% of heat added
while 75% of heat added is rejected in condenser. Feed water pump consumes 0.2% of this heat added
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for pumping condensate to boiler. Determine the capacity of generator which could be used with this
plant.

Solution:
Given, Q,yq = 5000 Js
S0, W, = 0.25 x 5000 = 1250 J's

Qigected = 0-75 x 5000 = 3750 Js
W, = (-) 0.002 x 5000 = 10 J's
Capacity of generator = W, — W,

=1250-10

= 1240 Jsor 1240 W

= 1.24 kW Ans.

Wr (+ve)
Qadd
Boiler Turbine Generator
Condenser

Wp (—ve) Qrejected

Feed pumpl_\)
Fig. 3.35

14. In a gasturbine installation air is heated inside heat exchanger upto 750°C from ambient tempera-
ture of 27°C. Hot air then enters into gas turbine with the velocity of 50 nvs and leaves at 600°C. Air
leaving turbine enters a nozze at 60 Vs velocity and leaves nozzle at temperature of 500°C. For unit
mass flow rate of air determine the following assuming adiabatic expansion in turbine and nozze,

(a) heat transfer to air in heat exchanger

(b) power output from turbine

(c) velocity at exit of nozze.

Take c for air as 1.005 kJ/kg°K.

Solution:
In heat exchanger upon applying S.F.E.E. with assumptions of no change in kinetic energy, no work
interaction, no change in potential energy, for unit mass flow rate of air,
h+Q,=h,
1o ==y
Q,=C,-(T,-T)
Heat transfer to air in heat exchanger Q,_, = 726.62 kJ Ans.

v
27°C 750 °C
Air —\V\ NN ——

1 2

Heat exchanger

Fig. 3.36
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In gas turbine let us use S.F.E.E., assuming no change in potentia energy, for unit mass flow rate
of air

2 2

C
2 3
—< h3+_+VVT

0c3 - 30
W= (h-hy+ 5
0c3 - 30
=Cy(T,—Ty + ﬁTﬁ
[50? - 60° 0
= 1.005 (750 — 600) + ﬁiz E x 103

Power output from turbine = 150.2 kJ/s Ans.

h, +

—%—600 °C, 60 m/s
3
5 \\‘WT
Gas turbine
50 m/s
750 °C
Fig. 3.37

Applying S.F.E.E. upon nozzle assuming no change in potential energy, no work and heat interac-
tions, for unit mass flow rate,

CZ CZ
h,+ = =h, + -2
32 42
C2 c2
2 (hy=h,) 2
3
= Cp(T3— T4) + 7
O60? U
= 1.005 (600 — 500) + %E x 1073
600 °C
o 60 m/s ’\\ 500 °C
74 = 1023 3 |/ 4
C, = 143 m/s Nozzle

Velocity at exit of nozzle = 14.3 m/s Ans. Fig. 3.38
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15. One mal of air at 0.5 MPa and 400 K, initially undergoes following processes, sequentially
(a) heating at constant pressure till the volume gets doubled.
(b) expansion at constant temperature till the volume is six times of initial volume.
Determine the work done by air.

Solution:
For constant pressure heating, say state changes from 1 to 2

2

V\{’:l = I ] av
1
W= py (V- V)
Itisgiven that V,=2V,
SO W=p, V,
W, = RT,
For subsequent expansion at constant temperature say state changes from 2 to 3.
: Vs Va
Also given that Vi 6, so V, " 3
3
Work, W, = I pdV
2
}RT Vs
= |7, =RT.In 5
24 270V,
W, =RT, In (3)
Temperature at 2 can be given by perfect gas considerations as,
T, _V
Tl - Vl
or T,=2T,
Total work done by air, W=W_ +W,
=RT, + RT, In (3)

= RT, + 2RT, In (3)
=RT,(1+2In3)=8314x400(1+2In3)
Work done = 10632.69 kJ Ans.

16. Determine the work done by gas for the arrangement shown in Fig. 3.39. Here spring exerts a force
upon piston which is proportional to its deformation from equilibrium position. Spring gets deflected
due to heating of gastill its volume becomes thrice of original volume. Initial states are 0.5 MPa and
0.5 m3 while final gas pressure becomes 1 MPa. Atmospheric pressure may be taken as 1.013 x 10° Pa.

Solution:
Let stiffness of spring be k and it undergoes a deflection by ‘x’ along x-axis. Force balance at any
equilibrium position of piston shall be,
p. A=p - A+ kX
here x shall be linear displacement of piston due to expansion of gas. Let volume of gas change fromV,
0

to some vaue V. Then, x = A

, V, is volume of gas when spring is at its natural length.
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A

P-A=py: A+kB—H

k(V -Vy)
or (P=Pa) =~ 7
f

Work done by gas between initial and final states, W= [ P-dV
i

f
k B2 g8
W=pm (Vi=V) + — iy —Vo-VO
A* g i

_ k Ovf-v? 0

= Pam (Vi = V) + ?DD—Z — Vo Vs +VO'ViE

2 \,2
k f=Vi“ =2 Vi +2 .V,
= (V= V) Py * ?ﬁ >

0k 0
=(V;—V) Py + E!W((Vf Vo) + (M =Vo))(Vs _Vi)%
k 0
= (V= V) BPam 33 (Vs ~Vo) +4 ~Vol
k
from above force balance, (p; - p,,) = ?(Vf ~Vo)

K
(P = Par) = 2 M Vo)

D
or W= (- %pam P~ Pani, OP = Pan
2 o
ap; + psO0
=(V; = V) B—DZ substituting pressure and volume values, V; = 3V,
a

W = 0.75 x 10° J Ans.

-
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17. A closed insulated container has frictionless and smooth moving insulated partition as shown in
Fig. 3.40 such that it equally divides total 1 m? of volume, when both the gases are at initial pressure of
0.5 MPa and ambient temperature of 27°C. Subsequently the nitrogen is heated using electrical heating
element such that volume of N, becomes 3/4 of total volume of Insulated
container. Determine, (i) final pressure of hydrogen, (ii) Work

done by partition, (iii) Workdone by N, and H,, (iv) Heat added Electric
to N, by electric heater. heating

element
Take Cp n,= 1.039 kJ/kg. K, Cp, n, = 14.307 kJ/Kg . K,

Frictionless
moving partition

Ry, = 0.2968 kl/kg . K, Ry, = 4.1240 ki/kg . K

Solution: Fig. 3.40
With the heating of N, it will get expanded while H,, gets compressed simultaneously. Compression of H,

in insulated chamber may be considered of adiabatic type.
Adiabatic Index of compression for H, can be obtained as,

U yn, O

Cete = Raf
Uyn, O
14.307 = 4.124 ﬁmﬁ

Vi, = 1405

Uyy, U
Adiabatic Index of expansion for N, C, ., = Ry, ﬁﬁﬁ

039 = 0.2968 o Ve o
1.039 = 0. ﬁf
yNz _Jﬁ

Y, = 1.399
(i) For hydrogen, p V) =p,V,
Herey = Y, = 1405, V, =05 m?
p, =05 x 10°Pa, V, = 0.25 m3

0 05 D1.405
1 - 6
Final pressure of H, = 0.5 x 10 EF.25H

=1.324 MPa Ans.
(ii) Since partition remains in equilibrium throughout hence no work is done by partition. Itisa
case similar to free expansion.
Partition work = 0. Ans.
(iii) Work done upon H,,

RVi — pVs

W = (v, -1)
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(iv)

Here p, = 0.5 x 10°Pa, p, = 1.324 x 10°Pa, V, = 0.5 m? V, = 0.25 m®.

(-)0.081x10°
0.405
=(9)2x10°J Ans.
Work done by N,, = Work done upon H,
Work done by nitrogen = + 2 x 10° J Ans.
Heat added to N, can be obtained using first law of thermodynamics as
Qu, = AU\, + Wy, O Qu, =me(T,—T)) + Wy,
Final temperature of N,, can be obtained considering it as perfect gas.

PVl

U\
p, = Final pressure of N, which will be equal to that of H, as the partition is free and
frictionless.

Work done by hydrogen, Wy, =

Therefore, T, =

p, = 1.324 x 10° Pa

1.324x10° x0.75 x300
0.5x10° x0.5
=1191.6 K

(A 0.5x10% x0.5

massof N,, m= o+ =
2 RT, ~ 0.2968x10° x300

T, = Final temperature of N, =

= 2.8 kg.

Specific heat at constant volume, C,= C,—~ RO G, n,=0.7422 kJkg . K.

Heat added to N, Qu, ={2.8 x (1191.6 — 300) x 0.7422 x 10% + 2 x 10°
= 2052.9 kJ Ans.

18. A cylinder of 2 m® has air at 0.5 MPa and temperature of 375°K. Air is released in atmosphere
through a valve on cylinder so asto run a frictionless turbine. Find the amount of work available from
turbine assuming no heat loss and complete kinetic energy being used for running turbine. Take Coair =
1.003 kJkg . K, C, 5, = 0.716 kJ/kg . K, R, = 0.287 kJ/kg . K.

Solution:

Let initial states and final states of air inside cylinder be given by m, p;, V,, T, and m,, p,, V,, T,
respectively. It is a case of emptying of cylinder.

Initial mass of air - P g0k
’ ™ Pir-Ty G
For adiabatic expansion during release of air through valve from 0.5 MPato atmospheric pressure.
y-1
Up, Oy
T,=T D&D
apO
14-1
[1.013x10°0 14

=375 -
0.5x10
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T,=23765K

' . . AP
Final mass of air leftintank, m,= RT.
2

1.013x10° x2
M= (0.287 x10% x237.65)
Writing down energy equation for unsteady flow system

=2.97 kg

O c20
(m, —m,) g‘z +7E = mu, —mu,
2

C
(M, —my) == = (M, Uy — M) — (M, — my)h,

Kinetic energy available for running turbine

=mCT,-mCT)-(m-m)-C,-T,

=(9.29 x 0.716 x 10° x 375) — (2.97 x 0.716 x 103 x 237.65) — {(9.29 — 2.97) x 1.003

x 103 x 237.65}

=48254 x 103 ]

Amount of work available = 482.54 kJ Ans.
19. Arigid and insulated tank of 1 m® volume is divided by partition into two equal volume chambers
having air at 0.5 MPa, 27°C and 1 MPa, 500 K. Determine final pressure and temperature if the
partition is removed.
Solution:
Using perfect gas equation for the two chambers having initial states as 1 and 2 and final state as 3.

p, =05 x 10%Pa, V, = 0.5 m3, T, = 300 K

_ v
nl = RTl

_ 05x10°x0.5
~8314x300
0.1002

P2V2
and n, = & Wherep,=1x10°Pqa V,=05m’ T,=500 K
2

>
1

_ 1x10°x0.5
~ 8314x500
n, = 0.1203
For tank being insulated and rigid we can assume, AU = 0, W= 0, Q = 0, so writing AU,
AU =n, C(T,-T) +n,C(T,—T,) =0

or T, =409.11K
Using perfect gas equation for final mixture,
(n, +ny)RT,
=" vy =075MPa
Ps (Vy +V5)

Final pressure and temperature = 0.75 MPa, 409.11 K Ans.
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20. An evacuated bottle of 0.5 m® volume is slowly filled from atmospheric air at 1.0135 bars until the
pressure inside the bottle al so becomes 1.0135 bar. Dueto heat transfer, the temperature of air inside the
bottle after filling is equal to the atmospheric air temperature. Determine the amount of heat transfer.

[U.PSC., 1994]

Solution:

«— Initial system boundary
Pam = 1.0135 bar

Valve

— Initial system boundary

+— Evacuated bottle

4 Final system boundary
after filling

Fig. 3.41

Displacement work; W= 1.0135 x 10° x (0 — 0.5)
= —0.50675 x 10° Nm
Heat transfer, Q= 0.50675 x 10° Nm

Heat transfer = 0.50675 x 10° Nm | Ans.

21. A compressed air bottle of 0.3 m® volume contains air at 35 bar, 40°C. This air is used to drive a
turbogenerator sypplying power to a device which consumes 5 W. Calculate the time for which the
device can be operated if the actual output of the turbogenerator is 60% of the maximum theoretical

C
output. The ambient pressure to which the tank pressure has fallen is 1 bar. For air, —+ =14

C,

[U.P.SC. 1993]

Solution:
Here turbogenerator is fed with compressed air from a compressed air bottle. Pressure inside bottle
gradually decreases from 35 bar to 1 bar. Expansion from 35 bar to 1 bar occurs isentropically. Thus,
for theinitial and final states of pressure, volume, temperature and mass inside bottle being given as P,,
V, T, & m and P,, V,, T, & m, respectively. It is transient flow process similar to emptying of the
bottle.
vy
0ROy T
O

=71 Given: P, = 35 bar, T, = 40°C or 313 K
1

0hd
V,=03m3%V,=03m?
P, =1 bar.
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y-1

UR, Oy
T,=T 0
2= 1 g g

T,=113.22K

By perfect gas law, initid massin bottle, m, = Ll = M
’ 'U1T RT, T 0.287x313

m, = 11.68 kg

| | PV, 1x10% x0.3
Final massin bottle, ™= RT, = 0287x113.22
2 : :

m, = 0.923 kg
Energy available for running turbo generator or work;
W+ (m—-my)h,=mu-mu,
W= (myu, —myu,) — (M —m,) h,
_ =(mc, Ty-m, ¢, T) —(m—m) -¢,- Ty
Taking ¢, = 0.718 kJkg . K and ¢, = 1.005 kJkg - K
W= {(11.68 x 0.718 x 313) — (0.923 x 0.718 x 113.22)}
—{(11.68 — 0.923) x 1.005 x 113.22}
W= 1325.86 kJ
This is the maximum work that can be had from the emptying of compressed air bottle between
given pressure limits.
Turbogenerator’s actual output = 5 kJ/s

5
Input to turbogenerator = 06 - 8.33 kJs.

Time duration for which turbogenerator can be run;
_ 1325.86

8.33
At = 159.17 sec.

Duration = 160 seconds | Ans.

22. 3 kg of air at 1.5 bar pressure and 77°C temperature at state 1 is compressed polytropically to state
2 at pressure 7.5 bar, index of compression being 1.2. It is then cooled at constant temperature to its
original state 1. Find the net work done and heat transferred. [U.RP.SC. 1992]

Solution:
Different states as described in the problem are denoted as 1, 2 and 3 and shown on p-V diagram.
Process 1-2 is polytropic process with index 1.2

n-1
T, 0OpOn
So, T =02
T RO
n-1
R, On
or, T2 = Tl D&D

ORO



92

Applied Thermodynamics

3 P =Constant 5

75
bar

T PV*? = Constant
[=]
1.5 bar
PV = Constant
........................ 1
vV —>»
Fig. 3.42
121
07.5012
=350.
HLsH
T, =457.68K
At state 1, P,V, = mRT;
1.5x10°
T-Vl =3x0.287 x 350
or, V, =2.009 = 2.01 m?
12 L
RV 5x(2.0)"% x10°G12
For process 1-2, V2 = =V, = HL5x(208 z H
P g  7.5x10 &
or, V, = 0.526 m?
. I:)2\/2 P3V3 .
Process 2-3 is constant pressure process, so . T T, gets modified as,
2 3
O V, = T,
Here process 3-1 is isothermal process, so T, = T,
V. = 0.526 x 350
or. 37 45768
or, V, = 0402 m?®
During process 1-2 the compression work;
2" 1-n
3x0.287(457.68 —350)
- @-12

W,_, = — 46356 kJ
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Work during process 2-3,
W5 =P, (V53— V)
= 7.5 x 10° (0.402 — 0.526)
=—-93kJ
Work during process 3-1,

W, , = P.v.In G20 =75 x 105 0,402 x In Pt
31~ 3Vs E‘/_sﬂ - : Ho.a02H

W, , = 485.25 kJ

Net work, Wy =W ,+W, .+ W,
= —463.56 — 93 + 485.25
Network = —71.31 kJ | Ans.

—ve work shows work done upon the system. Since it is the cycle, so

Woa = Quet

@dW = @dQ =-7131kJ

Heat transferred from system = 71.31 kJ | Ans.

23. A compressed air bottle of volume 0.15 m? contains air at 40 bar and 27°C. It is used to drive a
turbine which exhausts to atmosphere at 1 bar. If the pressure in the bottle is allowed to fall to 2 bar,
determine the amount of work that could be delivered by the turbine. [U.P.S.C. 1998

Solution:

C,= 1005 kJkg . K, c,=0.718 kJkg K,y=14

. . pV, _ 40x10°x0.15
Initial mass of air in bottle O m, = BT
1

0.287x 300
m, = 6.97 kg
Final mass of air in bottle 0 m, = P22
™= R,
y1
T, OrOv _ 2x10°x0.15
T " HrH ™7 o287x127.36
14-1
02014
= , m, = 0.821 kg.
o+ ™ ’
T,=127.36 K

Energy available for running of turbine due to emptying of bottle,
=(mc, T,-mg, T)—(m-m)-c,-T,
= {(6.97 x 0.718 x 300) — (0.821 x 0.718 x 127.36)}
—{(6.97 — 0.821) x 1.005 x 127.35}
= 639.27 kJ.

Work available from turbine= 639.27 kJ | Ans.
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/ EXERCISE /

3.1
3.2
3.3
3.4

3.5

3.6
3.7
3.8
3.9

3.10

311

3.12

3.13

3.14

Define the first law of thermodynamics. Also give supporting mathematical expression for it.
How the first law of thermodynamics is applied to a closed system undergoing a non-cyclic process?
Show that internal energy is a property.
Explain the following :
(a) Free expansion
(b) Polytropic process
(c) Hyperbolic process
Also obtain expressions for work in each case.
Show that for a polytropic process.

Oy —nO
Q= Hy-1gW
where Q and W are heat and work interactions and n is polytropic index.
Derive the steady flow energy equation.
Explain a unsteady flow process.
Show that for a given quantity of air supplied with a definite amount of heat at constant volume, the
rise in pressure shall be directly proportional to initial absolute pressure and inversely proportional to
initial absolute temperature.
How much work is done when 0.566 m?3 of air initially at a pressure of 1.0335 bar and temperature of 7°C
undergoes an increase in pressure upto 4.13 bar in a closed vessel? 0]
An ideal gas and a steel block are initially having same volumes at same temperature and pressure.
Pressure on both is increased isothermally to five times of its initial value. Show with the help of P-V
diagram, whether the quantities of work shall be same in two processes or different. If different then
which one is greater. Assume processes to be quasi-static.
An inventor has developed an engine getting 1055 MJ from fuel and rejecting 26.375 MJ in exhaust
and delivering 25 kWh of mechanical work. Is this engine possible? [No]
For an ideal gas the pressure is increased isothermally to ‘n’ times itsinitial value. How high would the
gas be raised if the same amount of work were done in lifting it? Assume process to be quasi-static.
A system'’s state changes from a to b as shown on P-V diagram

a « d

VvV —>

Fig. 3.43

Along path ‘acb’ 84.4 kJ of heat flows into the system and system does 31.65 kJ of work. Determine
heat flow into the system along path ‘adb’ if work done is 10.55 kJ. When system returns from ‘b’ to
‘a’ following the curved path then work done on system is 21.1 kJ. How much heat is absorbed or
rejected? If internal energy at ‘a’ and ‘d’ are 0 and 42.2 kJ, find the heat absorbed in processes ‘ad’ and
‘db’. [63.3kJ,—73.85kJ, 52.75kJ, 10.55 k]
A tank contains 2.26 m3 of air at a pressure of 24.12 bar. If air is cooled until its pressure and temperature
becomes 13.78 bar and 21.1°C respectively. Determine the decrease of internal energy.

[-5857.36 kJ]
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3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

Water in arigid, insulating tank is set in rotation and left. Water comes to rest after some time due to
viscous forces. Considering the tank and water to constitute the system answer the following.
(i) Is any work done during the process of water coming to rest?
(ii) Isthere a flow of heat?
(iii) Is there any change in internal energy (U)?
(iv) Is there any change in total energy (E)? [No, No, Yes, Noj
Fuel-air mixture in arigid insulated tank is burnt by a spark inside causing increase in both temperature
and pressure. Considering the heat energy added by spark to be negligible, answer the following :
(i) Isthere a flow of heat into the system?
(ii) Is there any work done by the system?
(iii) Is there any change in interna energy (U) of system?
(iv) Is there any change in total energy (E) of system? [No, No, No, NoJ
Calculate the work if in a closed system the pressure changes as per relation p = 300 . V + 1000 and
volume changes from 6 to 4 m3. Here pressure ‘p’ isin Paand volume V' isin md, [-5000]]
Hydrogen from cylinder is used for inflating a balloon to a volume of 35m3 slowly. Determine the work
done by hydrogen if the atmospheric pressure is 101.325 kPa. [3.55M]]
Show that the work done by an ideal gas is mRT,, if gas is heated from initial temperature T, to twice
of initial temperature at constant volume and subsequently cooled isobarically to initial state.
Derive expression for work done by the gas in following system. Piston-cylinder device shown has a
gas initially at pressure and volume given by P,, V,. Initialy the spring does not exert any force on
piston. Upon heating the gas, its volume gets doubled and pressure becomes P,.

|

Fig. 3.44 Piston-cylinder arrangement

An air compressor with pressure ratio of 5, compresses air to %th of the initial volume. For inlet

temperature to be 27°C determine temperature at exit and increase in internal energy per kg of air.
[101.83°C, 53.7 kJkg]

In a compressor the air enters at 27°C and 1 atm and leaves at 227°C and 1 MPa. Determine the work
done per unit mass of air assuming velocities at entry and exit to be negligible. Also determine the
additional work required, if velocities are 10 m/s and 50 m/s at inlet and exit respectively.

[200.9 kJkg, 202.1 kJkg]
Turbojet engine flies with velocity of 270 m/s at the atitude where ambient temperature is —15°C. Gas
temperature at nozzle exit is 873 K and fuel air ratio is 0.019. Corresponding enthalpy values for air and
gas at inlet and exit are 260 kJkg and 912 kJkg respectively. Combustion efficiency is 95% and
calorific value of fuel is 44.5 MJkg. For the heat losses from engine amounting to 21 kJkg of air
determine the velocity of gas jet at exit. [613.27 m/q]
Oxygen at 3MPa and 300°C flowing through a pipe line is tapped out to fill an empty insulated rigid
tank. Filling continues till the pressure equilibrium is not attained. What shall be the temperature of the
oxygen inside the tank? If y = 1.39. [662.5°C]
Determine work done by fluid in the thermodynamic cycle comprising of following processes :
(a) Unit mass of fluid at 20 atm and 0.04 m? is expanded by the law PV15 = constant, till volume gets

doubled.

(b) Fluid is cooled isobarically to its original volume.
(c) Heat is added to fluid till its pressure reaches to its original pressure, isochorically. [18.8kJ]
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3.26

3.27

3.28

3.29

3.30

3.31

3.32

An air vessel has capacity of 10 m® and has air a 10 atm and 27°C. Some leskage in the vessel causes
air pressure to drop sharply to 5 atm till leak is repaired. Assuming process to be of reversible adiabatic
type determine the mass of air leaked. [45.95kq]
Atmospheric air lesks into a cylinder having vacuum. Determine the final temperature in cylinder when
inside pressure equals to atmospheric pressure, assuming no heat transferred to or from air in cylinder.
[144.3°C]
Determine the power available from a steam turbine with following details;
Steam flow rate = 1 kg/s
Velocity at inlet and exit = 100 m/s and 150 m/s
Enthalpy at inlet and exit = 2900 kJkg, 1600 kJkg
Change in potential energy may be assumed negligible. [1293.75 kW]
Determine the heat transfer in emptying of arigid tank of 1m? volume containing air at 3 bar and 27°C
initially. Air is alowed to escape slowly by opening a valve until the pressure in tank drops to 1 bar
pressure. Consider escape of air in tank to follow polytropic process with index n = 1.2  [76.86kJ|
A pump is used for pumping water from lake at height of 100 m consuming power of 60 kW. Inlet pipe
and exit pipe diameters are 150 mm and 180 mm respectively. The atmospheric temperature is 293 K.
Determine the temperature of water at exit of pipe. Take specific heat of water as 4.18 kJkg.K
[293.05K]
Air a 8 bar, 100°C flows in aduct of 15 cm diameter at rate of 150 kg/min. It is then throttled by avalve
upto 4 bar pressure. Determine the velocity of air after throttling and also show that enthalpy remains
constant before and after throttling. [37.8 /g
Determine the power required by a compressor designed to compress atmospheric air (at 1 bar, 20°C)
to 10 bar pressure. Air enters compressor through inlet area of 90cm? with velocity of 50 m/s and
leaves with velocity of 120 my/s from exit area of 5 cm?2. Consider heat losses to environment to be 10%
of power input to compressor. [50.4 kW]



4
Second Law of Thermodynamics

4.1 INTRODUCTION

Earlier discussions in article 3.11 throw some light on the limitations of first law of thermodynamics. A
few situations have been explained where first law of thermodynamics fails to mathematically explain
non-occurrence of certain processes, direction of process etc. Therefore, need was felt to have some
more law of thermodynamics to handle such complex situations. Second law came up as embodiment
of real happenings while retaining the basic nature of first law of thermodynamics. Feasibility of process,
direction of process and grades of energy such as low and high are the potential answers provided by
IInd law. Second law of thermodynamics is capable of indicating the maximum possible efficiencies of
heat engines, coefficient of performance of heat pumps and refrigerators, defining a temperature scale
independent of physical properties etc.

4.2 HEAT RESERVOIR

Heat reservoir is the system having very large heat capacity i.e. it is a body capable of absorbing or
rejecting finite amount of energy without any appreciable changein its' temperature. Thusin generd it
may be considered as a system in which any amount of energy may be dumped or extracted out and
there shall be no change in its temperature. Such as atmosphere to which large amount of heat can be
rejected without measurable change in its temperature. Large river, sea etc. can also be considered as
reservoir, as dumping of heat to it shall not cause appreciable change in temperature.

Heat reservoirs can be of two types depending upon nature of heat interaction i.e. heat rejection or
heat absorption from it. Heat reservoir which rejects heat from it is called source. Whilethe heat reservoir
which absorbs heat is called sink. Some times these heat reservoirs may aso be called Thermal Energy
Reservoirs (TER).

4.3 HEAT ENGINE

Heat engine is a device used for converting heat into work as it has been seen from nature that
conversion from work to heat may take place easily but the vice-versais not simple to be realized. Heat
and work have been categorized as two forms of energy of low grade and high grade type. Conversion
of high grade of energy to low grade of energy may be complete (100%), and can occur directly
whereas complete conversion of low grade of energy into high grade of energy is not possible. For
converting low grade of energy (heat) into high grade of energy (work) some device called heat engine
is required.

Thus, heat engine may be precisely defined as“a device operating in cycle between high temperature
source and low temperature sink and producing work” . Heat engine receives heat from source, transforms
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some portion of heat into work and rejects balance heat to sink. All the processes occurring in heat
engine congtitute cycle.

W(=Q1-Q2)

T2, Sink

Fig. 4.1 Heat engine

Block diagram representation of a heat engine is shown above. A practical arrangement used in gas
turbine plant is also shown for understanding the physical singnificance of heat engine.

Qadd
|Th'9h/ | Heat exchanger 1, Source

AN 2:
A
WC 1 WT
C T

G

4 3
C : Compressor

VY P T : Turbine

AAAA G : Generator

Qre,ec?g [ Tow THeat exchanger 2, Sink

Fig. 4.2 Closed cycle gas turbine power plant
Gas turbine installation shows that heat is added to working fluid from 1-2 in a ‘heat exchanger 1’
and may be treated as heat supply by source. Working fluid is expanded in turbine from 2-3 and
produces positive work. After expansion fluid goes to the ‘ heat exchanger 2' where it rejects heat from
it like heat rejection in sink. Fluid at state 4 is sent to compressor for being compressed to state 1. Work

required for compression is quite small as compared to positive work available in turbine and is supplied
by turbine itsglf.

Therefore, heat engine model for it shall be as follows,

Th|gh

Source

Tiow
Fig. 4.3 Heat engine representation for gas turbine plant

Efficiency of heat engine can be given by the ratio of net work and heat supplied.

Net work w
rlhmtmgine - Heat SJpp“ed - Ql
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For gas turbine plant shown
W =W, - W,
and Q= Quq
Also sinceit is operating in cycle, so;
o - Wi =We = Quig ~ Qrgjected
therefore, efficiency of heat engine can be given as;

. W W
heat engine Qajd
_ Qud ~ Qgected
Qudd
Qrejected
rl ine = -
e Qadd

4.4 HEAT PUMP AND REFRIGERATOR

Heat pump refers to a device used for extracting heat from alow temperature surroundings and sending
it to high temperature body, while operating in a cycle. In other words heat pump maintains a body or
system at temperature higher than temperature of surroundings, while operating in cycle. Block diagram
representation for a heat pump is given below:

Low temp.
surroundings
T2

Fig. 4.4 Heat pump

As heat pump transfers heat from low temperature to high temperature, which is non spontaneous
process, so external work is required for realizing such heat transfer. Heat pump shown picks up heat
Q, at temperature T, and rejects heat Q,for maintaining high temperature body at temperature T,.

For causing this heat transfer heat pump is supplied with work W as shown.

As heat pump is not awork producing machine and also its objective is to maintain a body at higher
temperature, so its performance can't be defined using efficiency asin case of heat engine. Performance
of heat pump is quantified through a parameter called coefficient of performance (C.O.P). Coefficient
of performance is defined by the ratio of desired effect and net work done for getting the desired effect.

COP.= Desired effect
Net work done
For heat pump :
Net work =W

Desired effect = heat transferred Q, to high temperature body at temperature, T,.
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(COP),,, = %
aso W= Ql - Qz
COP),» =
SO ( )HP Ql _Q2

Refrigerator is a device similar to heat pump but with reverse objective. It maintains a body at
temperature lower than that of surroundings while operating in a cycle. Block diagram representation of
refrigerator is shown in Fig 4.5.

Refrigerator also performs a non spontaneous process of extracting heat from low temperature
body for maintaining it cool, therefore external work W is to be done for redizing it.

Block diagram shows how refrigerator extracts heat Q, for maintaining body at low temperature T,
at the expense of work W and rejects heat to high temperature surroundings.

High temp. T1
surroundings

T<T1 W R :Refrigerator

Fig. 4.5 Refrigerator
Performance of refrigerator is also quantified by coefficient of performance, which could be defined
as
_ Desredeffect _ Q,

(COP)refrigeratOr T Network W
Here W=Q -Q
Q,
or (Cop)refrigerator = Q1 - Q2

COP values of heat pump and refrigerator can be interrelated as:
(COP),,, = (COP) +1

refrigerator

4.5 STATEMENTS FOR lino LAW OF THERMODYNAMICS

Rudolph Julius Emmanuel Clausius, a German physicist presented a first general statement of second
law of thermodynamics in 1850 after studying the work of Sadi Carnot. It was termed as Clausius
statement of second law. Lord Kelvin and Max Planck also came up with another statement of second
law which was termed as Kelvin-Planck statement for second law of thermodynamics. Thus, there are
two statements of second law of thermodynamics, (although they are equivaent as explained ahead).
Clausius statement of second law of thermodynamics. “It is impossible to have a device that while
operating in a cycle produces no effect other than transfer of heat from a body at low temperature to a
body at higher temperature.”

Above statement clearly indicates that if a non spontaneous process such as transferring heat from
low temperature body to high temperature body is to be realized then some other effects such as
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external work requirement is bound to be there. As aready seen in case of refrigerator the external work
is required for extracting heat from low temperature body and rejecting it to high temperature body.
Kelvin-Planck statement of second law of thermodynamics: “It isimpossible for a device operating in
a cycle to produce net work while exchanging heat with bodies at single fixed temperature’.

It says that in order to get net work from a device operating in cycle (i.e. heat engine) it must have
heat interaction at two different temperatures or with body/reservoirs at different temperatures (i.e.
source and sink).

Thus, above two statements are referring to feasible operation of heat pump/refrigerator and heat
engine respectively. Devices based on violation of IInd law of thermodynamics are called Perpetual

motion machines of 2nd kind (PMM-II). Fig 4.6 shows such PMM-II.
High temp.

Source, T1

Sink, T2

Low temp.
reservoir T2

@ (b)
Fig. 4.6 Perpetual Motion Machine of 1Ind kind

PMM-II shown in Fig. 4.6a, refers to a heat engine which produces work while interacting with
only one reservoir. PMM-II shown in Fig. 4.6b, refers to the heat pump which transfers heat from low
temperature to high temperature body without spending work.

4.6 EQUIVALENCE OF KELVIN-PLANCK AND CLAUSIUS STATEMENTS OF IIno
LAW OF THERMODYNAMICS

Kelvin-Planck and Clausius statements of IInd law of thermodynamics are actually two different
interpretations of the same basic fact. Here the equivalence of two statements has been shown. For
establishing equivalence following statements may be proved.
(a) System based on violation of Kelvin-Planck statement leads to violation of Clausius statement.
(b) System based on violation of Clausius statement leads to violation of Kelvin-Planck statement.
The exaplanation for equivalence based on above two is explained ahead.
(a) Letusassumeaheat engine producing net work while exchanging heat with only onereservoir
at temperature T, thus based on violation of Kelvin Planck statement. Let us also have a
perfect heat pump operating between two reservoirs at temperatures T, and T,. Work
requirement of heat pump may be met from the work available from heat engine. Layout
shown ahead explains the proposed arrangement.

| Source, T1 |

Qs Q1
w
@ W Ti1>T2
Q2
| Sink, T |

Fig. 4.7 System based on violation of Kelvin Planck statement
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If heat pump takes input work from output of heat engine then,

Q=Q,+W
and W= Ql
or Q=Q+Q,

Combination of heat engine and heat pump shall thus result in an equivalent system working as heat
pump transferring heat from low temperature T, to high temperature T, without expense of any external
work. This heat pump is based on violation of Clausius statement and therefore not possible.

Hence, it shows that violation of Kelvin Planck statement leads to violation of Clausius statement.

Source, T1

Sink, Tz

Fig. 4.8 Equivalent system

(b) Let us assume a heat pump which operating in cycle transfers heat from low temperature
reservoir to high temperature reservoir without expense of any work, thus based on violation
of Clausius statement.

=Q2 Q3=Q1
Ti>T2

W =Q3—Q4

Q2

Sink, T2

Fig. 4.9 System based on violation of Clausius statement

Heat pump transfers heat Q, to high temperature reservoir while extracting heat Q, from low

temperature reservoir. Mathematically, as no work is done on pump, so
Q,=Q

Let us also have a heat engi nze bet\}veen same temperature limits of T, and T, and produce net work
W. Heat engine receives heat Q, from source which may be taken equal to Q,. Let us now devise for
heat rejected from heat pump be given directly to heat engine. In such a situation the combination of heat
pump and heat engine resultsin equivalent heat engine which produces work ‘W while exchanging heat
with only one reservoir at temperature T,,. Arrangement is shown by dotted lines. Thistype of equivalent
system is producing work as a result of only one heat interaction and thus violation of Kelvin Planck
statement.
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Thus, it shows that violation of Clausius statement al so causes violation of Kelvin Planck statement.
Hence from (a) and (b) proved above it is obvious that the Clausius and Kelvin-Planck statements
are equivalent. Conceptually the two statements explain the basic fact that,
(i) net work can’t be produced without having heat interactions taking place at two different
temperatures.
(ii) non spontaneous process such as heat flow from low temperature body to high temperature
body is not possible without spending work.

4.7 REVERSIBLE AND IRREVERSIBLE PROCESSES

Reversible processes as described in chapter 1 refer to “the thermodynamic processes occurring in the
manner that states passed through are aways in thermodynamic equilibrium and no dissipative effects
are present.” Any reversible process occurring between states 1-2 upon reversal, while occurring from
2-1 shall not leave any mark of process ever occurred as states traced back are exactly similar to those
in forward direction. Reversible processes are thus very difficult to be realized and also called ided
processes. All thermodynamic processes are attempted to reach close to the reversible process in order
to give best performance.

Thermodynamic process which does not fulfil conditions of a reversible process are termed
irreversible processes. Irreversibilities are the reasons causing process to be irreversible. Generaly, the
irreversibilitiescan betermed asinternal irreversibility and external irreversibility. Internal irreversibility
is there because of internal factors whereas externa irreversibility is caused by external factors at the
system-surrounding interface. Generic types of irreversibilities are due to;

(i) Friction,

(ii) Electrical resistance,

(iii) Inelastic solid deformations,

(iv) Free expansion

(v) Heat transfer through a finite temperature difference,

(vi) Non equilibrium during the process, etc.

(i) Friction: Frictionisinvariably present in real systems. It causesirreversibility in the process
as work done does not show equivalent rise in kinetic or potential energy of the system.
Fraction of energy wasted due to frictional effects leads to deviation from reversible states.

(ii) Electrical resistance: Electrical resistance in the system also leads to presence of dissipation
effects and thus irreversibilities. Due to electric resistance dissipation of electrical work into
internal energy or hesat takes place. The reverse transformation from hesat or interna energy
to electrical work is not possible, therefore leads to irreversibility.

(iii) Inelastic solid deformation: Deformation of solids, when of inelastic typeisasoirreversible
and thus causes irreversibility in the process. If deformation occurs within elastic limits then
it does not lead to irreversibility asit is of reversible type.

(iv) Freeexpansion: Free expansion as discussed earlier in chapter 3, refers to the expansion of
unresisted type such as expansion in vacuum. During this unresisted expansion the work
interaction is zero and without expense of any work it is not possible to restore initia states.
Thus, free expansion is irreversible.

(v) Heat transfer through a finite temperature difference: Heat transfer occurs only when
there exist temperature difference between bodies undergoing heat transfer. During heat
transfer if heat addition is carried out in finite number of steps then after every step the new
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(vi)

state shall be anon-equilibrium state. In order to have equilibrium statesin between, the heat
transfer process may be carried out in infinite number of steps. Thus, infinitesimal heat
transfer every time causesinfinitesmal temperaturevariation. Theseinfinitesimal state changes
shall require infinite time and process shall be of quasi-static type, therefore reversible. Heat
transfer through a finite temperature difference which practically occurs is accompanied by
irreversible state changes and thus makes processes irreversible.

Non equilibrium during the process: Irreversibilities are introduced due to lack of
thermodynamic equilibrium during the process. Non equilibrium may be due to mechanical
inequilibrium, chemical inequilibrium, thermal inequilibrium, electrical inequilibrium etc. and
irreversibility are called mechanical irreversibility, chemical irreversibility, thermal irreversibility,
electrical irreversibility respectively. Factors discussed above are a so causing non equilibrium
during the process and therefore make process irreversible.

Comparative study of reversible and irreversible processes shows the following major differences.

Difference between reversible and irreversible processes

Reversible process Irreversible process
(i) Reversible process can not be realized (i) All practical processes occurring are
in practice irreversible processes

(if) The process can be carried out in the (if) Process, when carried out in reverse direction
reverse direction following the same follows the path different from that in
path as followed in forward direction forward direction.

(iii) A reversible process leaves no trace of (iii) The evidences of process having occurred
occurrence of process upon the system are evident even after reversal of irreversible
and surroundings after its reversal. process.

(iv) Such processes can occur in either (iv) Occurrence of irreversible processes in
directions without violating second law either direction is not possible, asin one
of thermodynamics. direction it shall be accompanied with the

(v) A system undergoing reversible processey (v) System having irreversible processes do not
has maximum efficiency. So the system have maximum efficiency asit is accompanied
with reversible processes are considered by the wastage of energy.
as reference systems or bench marks.

(vi) Reversible process occurs at infinitesimal | (vi) Irreversible processes occur at finite rate.
rate i.e. quasi-static process.

(vii) System remains throughout in (vii) System does not remain in thermodynamic
thermodynamic equilibrium during equilibrium during occurrence of irreversible
occurrence of such process. processes.

(viii) Examples; (viii) Examples,

Frictionless motion, controlled expansion Viscous fluid flow, inelastic deformation and
and compression, Elastic deformations, hysteresis effect, Free expansion, Electric
Electric circuit with no resistance, circuit with resistance, Mixing of dissimilar
Electrolysis, Polarization and gases, Throttling process etc.

magnetisation process etc.

violation of second law of thermodynamics.
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4.8 CARNOT CYCLE AND CARNOT ENGINE

Nicholas Leonard Sadi Carnot, an engineer in French army originated use of cycle (Carnot) in
thermodynamic analysis in 1824 and these concepts provided basics upon which second law of
thermodynamics was stated by Clausius and others.

Carnot cycle is a reversible thermodynamic cycle comprising of four reversible processes.

Thermodynamic processes congtituting Carnot cycle are;

(i) Reversible isothermal heat addition process, (1-2, Q)

(ii) Reversible adiabatic expansion process (2—3, Woeon +ve)
(iii) Reversible isothermal heat release process (34, Qrejected)
(iv) Reversible adiabatic compression process (4-1, Woompr -ve)

Carnot cycle is shown on P-V diagram between states 1, 2, 3 4, and 1. A reciprocating piston-
cylinder assembly is also shown below P-V diagram.

Process 1 -2 is isothermal heat addition process of reversible type in which heat is transferred to
system isothermally. In the piston cylinder arrangement heat Q,,, can be transferred to gas from a
constant temperature source T, through a cylinder head of conductor type.

First law of thermodynamics applied on 1-2 yields;

Qug = U, —Up + W,

Reversible adiabatics

Reversible
isothermals

Cylinder
head of
insulated

type

Insulated cylinder

Cylinder head of
conducting type

Fig. 4.10 Carnot cycle
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Qada | |Heat exchanger 1
™~ T1
AN
7' N
T 2Y  Weun
C =
41 3y «c: Compressor
______________________ T : Turbine
ANAMA
v r\/\/\/\/\/-l Ts
Qre|ec1ed I l Heat exchanger 2

Fig. 4.11 Gas turbine plant: Carnot heat engine

For the perfect gas as working fluid in isothermal process no change in internal energy occurs,
therfore U, = U,
and Quag = Wi,

Process 2—-3 isreversibl e adiabati c expansi on process which may be had inside cylinder with cylinder
head being replaced by insulating type cylinder head so that complete arrangement is insulated and
adiabatic expansion carried out.

During adiabatic expansion say work Woron isavailable,

Q=0
From first law of thermodynamics;
0= (U3 - UZ) + W@(pn
or Woin = U,-uy

Process 34 isreversible isothermal heat rejection for which cylinder head of insulating type may be
replaced by conducting type asin 1-2 and heat (Qrej octeg) € EXtracted out isothermally.

From first law of thermodynamics applied on process 34,

Qugecteg = Uy = Ug) + (W)
for perfect gas internal energy shall remain constant during isothermal process. Thus, U, = U,

Qgjected = Wa 4

reiected — Wa 4

Process 4-1 isthe reversible adiabatic compression process with work requirement for compression.
In the piston cylinder arrangement cylinder head of conducting type as used in 34 is replaced by
insulating type, so that the whole arrangement becomes insulated and adiabatic compression may be
redlized,

From first law applied on process 4-1

or

For adiabatic process; Q=0
0 0= (Ul - U4) + (_Wcompr)
or |Wcompr =, _U4)|

Efficiency of reversible heat engine can be given as;
Net work

Nrev, HE = m

Here, Net work = W@(pn -W

compr
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and heat is supplied only during process 1-2, therefore
heat supplied = Q,,
Substituting in the expression for efficiency.

W =W,

N _ pn — VVcompr
rev, HE Qa:ld
Also for acycle
2"~ 2.0
cycle cycle
Y Wiet = Qaid — Qrejected
Hence
Nrev, HE = 1- Q"eieCted
’ Qad

Asthe heat addition takesplace at high temperature, while heat rejection takesplace at low temperature,
so writing these heat interactions as Qg Qq, We get,

Nrev, HE = l_Qlﬂ
Qhigh
Q

Ncarnot = 1-<low
Qrigh

Piston-cylinder arrangement shown and discussed for realizing Carnot cycleisnot practically feasible
as;

(i) Frequent change of cylinder head i.e. of insulating type and diathermic type for adiabatic and
isothermal processes is very difficult.

(ii) Isothermal heat addition and isothermal-heat rejection are practically very difficult to be
redized

(iii) Reversible adiabatic expansion and compression are not possible.

(iv) Even if near reversible isothermal heat addition and rejection is to be achieved then time
duration for heat interaction should be very largei.e. infinitesimal heat interaction occurring
at dead slow speed. Near reversible adiabatic processes can be achieved by making them to
occur fast. In a piston-cylinder reciprocating engine arrangement such speed fluctuation in a
single cycleis not possible.

Carnot heat engine arrangement is also shown with turbine, compressor and heat exchangers for
adiabatic and isothermal processes. Fluid is compressed in compressor adiabaticaly, heated in heat
exchanger at temperature T,, expanded in turbine adiabatically, cooled in heat exchanger at temperature
T, and sent to compressor for compression. Here aso following practical difficulties are confronted,

(i) Reversibleisothermal heat addition and rejection are not possible.

(ii) Reversible adiabatic expansion and compression are not possible.

Carnot cycle can also operate reversibly as all processes constituting it are of reversible type.
Reversed Carnot cycle is shown below;
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Weompr T.= constant
Wexpn

3 Ts= constant

V—>

Fig. 4.12 Reversed Carnot cycle

Heat engine cyclein reversed form as shown aboveis used asideal cycle for refrigeration and called
“Carnot refrigeration cycle”.

4.9 CARNOT THEOREM AND ITS COROLLARIES

Carnot theorem states that “any engine cannot have efficiency more than that of reversible engine
operating between same temperature limits.”
Different corollaries of Carnot theorem are,
(i) Efficiency of al reversible engines operating between same temperature limits is same.
(ii) Efficiency of areversible engine does not depend on the working fluid in the cycle.
Using Clausius and Kelvin Planck statements, the Carnot theorem can be proved easily. Let us take

two heat engines HE, and HE,, operating between same temperature limits T,, T, of source and sink as
shown in Fig. 4.13a.

| Source, T1
| Source, T1 | Source, Tz |
Q1 Q11=Q1,1
Q1,1 1,00
Wi Wi W
|—
W
Q2.1 2,1l Q> Wi—-W) ol
| Sink, T2 |

‘ Sink, T2
@
(©
Fig. 4.13 Proof of Carnots theorem
Arrangement shown has heat engine, HE, getting Q,, from source, rejecting Q, | and producing
work W,. Heat engine, HE,, receives Q, |, rejects Q,,, and produces work W,.

1=Qp 1~ Q
- . Wi =Qp = Q
Efficiency of engines HE,, HE,,
W

0
Nug, = Q
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Wi
Mhey = Quu

Now let us assume that engine HE, is reversible engine while HE,; is any engine.
As per Carnot's theorem efficiency of HE, (reversible engine) is always more than that of HE,. Let
us start with violation of above statement, i.e., efficiency of HE,, is more than that of HE,

Nug, < N,

W W
or QJ,I Ql,ll
Let us take the heat addition to each engine to be samei.e.
Q1=Qy
Hence W <W,
Also we have assumed that engine HE, is of reversible type, so let us operate it in reversed manner,
as shown in Figure 4.13b.
Let us also assume that the work requirement of reversed heat engine, HE, be fed by work output
W, of the heat engine HE,,. Since W, is more than W,, a net work (W, —W,) shall also be available as
output work after driving HE,. Also since Q, | and Q, |, are assumed to be same, the heat rejected by
reversed HE, may be supplied to heat engine, HE,, as shown in figure 4.13c by dotted lines. Thus, it
results into an equivalent heat engine which produces net work (W, —W,) while heat interaction takes
place with only one reservoir at temperature, T,. Thisis aviolation of Kelvin Planck statement, so the
assumption made in beginning that efficiency of reversible engineislessthan that of other engine, is not
correct.
Hence, it is established that out of all heat engines operating within same temperature limits, the
reversible engine has highest efficiency.
Similarly for showing the correctness of corollaries of Carnot theorem the heat engines and their
combinations be considered like above and proved using Kelvin-Planck and Clausius statements.

4.10 THERMODYNAMIC TEMPERATURE SCALE

After the Carnot's theorem and its corollary were stated and verified, it was thought to have a
thermodynamic temperature scal e, independent of thermometric substance and principles of thermometry.
Such a temperature scale can be devel oped with the help of reversible heat engine concept and is called
thermodynamic temperature scale. Defining thermodynamic temperature scale refers to the assigning of
numerical values to different temperatures using reversible heat engines.

From the previous discussions on heat engines it is obvious that the efficiency of areversible heat
engine depends on the temperatures of reservoir with which heat interaction takes place.

Mathematicaly, it can be easily given by any unknown function * f';

Nrev, e = [ (Thigns Tiow)

where T, oh and T, are the two temperatures of high temperature source and low temperature sink.
— OVV —
or r]rev, HE ~ 1- thgh =f (Thigh’ Tlow)

Unknown function ‘ f may be substituted by another unknown function, say @
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Source, T1

Q1
— W1

Q2 )
7 S— Hypothetical
Temperature reservoir

Source, Thigh

Sink, Tiow

Sink, Ts
(@) (b)

Fig. 4.14 Reversible heat engine and its combinations

thgh _
Quy @ (Trign Tiow)
Thus, some functional relationship as defined by ‘ ¢ is established between heat interactions and

temperatures.
Let us now have more than one reversible heat engines operating in series as shown in Figure 4.14b,

between source and sink having T, and T, temperatures. In between animaginary reservoir at temperature
T, may be considered.
From the above for two reversible heat engines,

Q
Q, =M T)
Q
and @ =@(T, Ty
Combination of two heat engines may be given as shown here,
Source, T
Q1

Sink, Ts

Fig. 4.15 Equivalent heat engine for two reversible heat engines operating in series.

Q& _ QS

Q- QI

or % =@(T, Ty
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Q_QQ
G QXY
or (T, =0T, T). (T, Ty
Above functional relation is possible only if it is given by another function  as follows.
Y(™)
P D=y
W(T,)
P T9= gy
Y(T)
0T T)= 4,
Thus,
QA ym
Q  Y(T)
QYT
QG Y(T)
Q um
QG Y(M)

Lord Kelvin based upon his observations proposed that the function @ (T) can be arbitrarily chosen
based on Kelvin scale or absolute thermodynamic temperature scale as;
Y (T) = Temperature T in Kelvin Scale

Therefore,
Q ym T
Q Y T,
Q Y@M T,
QG Y(M) T,
Q ym T
QG Y@M Ty

where T,, T, T, are temperatures in absolute thermodynamic scale.

Here heat absorbed and heat rejected is directly proportional to temperatures of reservoirs supplying
and accepting heats to heat engine. For a Carnot heat engine or reversible heat engine operating between
reservoirs at temperature T and triple point of water, T,;

e T T
Q T, 27316

or T =273. 162
Q
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Here for aknown Q and Q, values the temperature T can be defined. Thus, heat interaction acts as
thermometric property in thermodynamic temperature scale, which is independent of thermometric
substance. It may be noted that negative temperatures cannot exist on thermodynamic temperature

scale.
Let us now have alarge number of reversible heat engines (Carnot engines) operating in series as

shown in Figure 4.16.

Source, T1

All temperature are in Kelvin

Qn+1
Th+1
Sink

Fig. 4.16 Series of reversible heat engines
From thermodynamic temperature scale for different engines,

Q_ N
QL T
L _T
&G T
S _ I
Q Ty

For nth engine
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O _ T
Qn+l - Tn+l
Here work output from each engine shall continuously diminish the heat supplied to subsegquent heat
engine. Let us assume work outputs from ‘n’ engines to be same; i.e.

W =W, =W, =W, =..=W
or (Q-Q)= (Q-Q) =(Q3-Q) = .. =(Q, - Q. 1)
or (Tl_T2)= (TZ_TS)=(T3_T4)="'=(Tn_Tn+1)
Itisobviousthat for alarge number of heat enginesthe heat rejected by nth engine shall be negligible
i.efor very largevalueof n, Q,,,- 0
or forLimn - o, LimQ, ,, -0

Thus, from thermodynamic temperature scale when heat rejection approaches zero, the temperature
of heat rejection aso tendsto zero asalimiting case. But in such a situation when heat rejection is zero,
the heat engine takes form of a perpetual motion machine of 2nd kind, where work is produced with
only heat supplied to it. Thus, it leads to violation of Kelvin-Planck statement. Hence it is not possible.

Also it can be said that “it is impossible to attain absolute zero temperature in finite number of
operations.” There exists absolute zero temperature on thermodynamic temperature scale, but cannot be
attained without violation of second law of thermodynamics. This fact is popularly explained by third
law of thermodynamics.

Carnot cycle efficiency can now be precisely defined as function of source and sink temperatures.

Qlow

Neamot = 1= thgh
T
nca’not =1- Thigh

Thus, it is seen that Carnot cycle efficiency depends only upon lower and higher temperatures.
Carnot cycle efficiency is high for small values of sink temperature (T,,,) and larger values of source
temperature (Ty,; ).

Therefore for maximum efficiency, Carnot cycle must operate between maximum possible source
and minimum possible sink temperatures.

| EXAMPLES |

1. Using lInd law of thermodynamics show that the following are irreversible
(i) Freeexpansion.
(ii) Heat transfer through finite temperature difference.

Solution:

(i) Let us consider a perfectly insulated tank having two compartments divided by thin wall.
Compartment | has gas while |l has vacuum. When wall is punctured then gasin | expands
till pressurein | and |1 gets equalised. Let us assume that free expansion isreversiblei.e. the
gasin Il returnsinto | and original states are restored.

When gas is alowed to expand, say it produces work W from a device D due to expansion. This
work Wis available due to change in internal energy of gas. Internal energy of gas can be restored by
adding equivaent heat Q to it from a source as shown. This whole arrangement if consolidated can be
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treated as adevice which is producing work while exchanging heat with single body. Thus, it isviolation
of l1Ind law of thermodynamics, therefore the assumption that free expansion is reversible is incorrect.
Free expansion isirreversible.

Source
Gas Vacuum
I I Q

W

Fig. 4.17 Free expansion

(ii) For showing that the heat transfer through finite temperature difference isirreversible, let us
start with the fact that such heat transfer is reversible. Let us take a heat source (T,) and sink
(T,) and assume that a heat Q,_, flows from T, to T,.
Let us have a heat engine operating between T, and T, as shown and producing work W. Let us
reverse heat transfer process from T, to T, i.e. Q,_,, as assumed. Let us assume Q,=Q, ;.
This assumption paves the way for eliminating sink. Let us now remove sink and directly supply Q,
as Q, ; (= Q,). Thisresultsin formation of a heat engine which produces work while exchanging heat
with single reservoir, the violation of IInd law of thermodynamics. (Kelvin Planck statement).

\_Source, T1 |_Source, T

T1>Te Q1 Q

Q12 v Q21 H

Q2

[ sink, T2 [

Fig. 4.18 Heat transfer through a finite temperature difference

Hence, assumption that heat transfer through finite temperature is reversible, stands incorrect.
Therefore, heat transfer through finite temperature difference is irreversible.

2. Determine the heat to be supplied to a Carnot engine operating

‘.,~__‘_,4
Sink, T2

T1

between 400°C and 15°C and producing 200 kJ of work. 400°C
Solution : o
To find out Q=7
In Carnot engine from thermodynamic temperature scale; ——200 kJ
& _ L Q2
QL T 15°C
and work W=Q,-Q, T2

Fig. 4.19
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673
Thus % = g8 D
and Q, —Q,=200kJ (2
From equations 1 and 2, upon solving
Q,=349.6 kJ
and Q,= 149.6 kJ

Heat to be supplied = 349.6 kJ Ans.

3. Arefrigerator operates on reversed Carnot cycle. Determine the power required to drive refrigerator
between temperatures of 42°C and 4°C if heat at the rate of 2 kJ/sis extracted from the low temperature
region.

Solution:
T1
(273 +42) K
——W
(273 +4)K
T2
Fig. 4.20
To find out, W=7
Given: T,=315K, T,=277K
and Q,=2kJs
From thermodynamic temperature scale;
Q_h
QT
Q _ 315
or 2 T 217
or Q,= 2274 kJs
Power/Work input required = Q, — Q,
=2274-2

Power required = 0.274 kJ/s
Power required for driving refrigerator = 0.274 kW Ans.

4. Areversible heat engine operates between two reservoirs at 827°C and 27°C. Engine drives a Carnot
refrigerator maintaining —13°C and rejecting heat to reservoir at 27°C. Heat input to the engine is 2000
kJ and the net work available is 300 kJ. How much heat is transferred to refrigerant and total heat
rejected to reservoir at 27°C?

Solution:
Block diagram based on the arrangement stated;
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WEe Wr
R l N R
300 kJ %“

T2 Low temperature |
reservoir

Fig. 4.21
. . Q& T
We can write, for heat engine, Q, = T,
Q _ 1100
Q, ~ 300
Substituting Q; = 2000 kJ, we get Q, = 545.45 kJ
Also W.=Q, - Q, = 1454.55 kJ
For refrigerator,
[ _ 260
Q4 - % (1)
Also, W,=Q,—-Q, 2
and W — W, = 300
or W, = 1154.55 kJ
Equations (1) & (2) result in,
Q,—Q,;=115455 3
From equations (1) & (3),
Q;= 7504.58 kJ

Q,= 8659.13 kJ
Total heat transferred to low temperature reservoir
=Q, + Q, =9204.68 kJ
Heat transferred to refrigerant = 7504.58 kJ U
Total heat transferred to low temperature reservoir = 9204.68 kJ JANS.
5. In awinter season when outside temperature is—1°C, the inside of house is to be maintained at 25°C.

Estimate the minimum power required to run the heat pump of maintaining the temperature. Assume
heating load as 125 MJ/h.

Solution:

Also we know
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Q 27215 Qi=125MJ/h
Thus COP,, = 1147
W
Also COP, = % , Substituting Q, 2
therefore W= 10.89 MJh )
W= 302 kW
Minimum power required = 3.02 kW Ans. Fig. 4.22

1
6. A cold storage plant of 40 tonnes of refrigeration capacity runs with its performance just 2 th of its

Carnot COP. Inside temperature is —15°C and atmospheric temperature is 35°C. Determine the power
required to run the plant. [Take : One ton of refrigeration as 3.52 kW]

Solution:
Cold storage plant can be considered as a refrigerator operating
between given temperatures limits.
Capacity of plant = Heat to be extracted = 140.8 kW

1
Carnot COP of plant = (?'O%Tls)‘l

=5.18
5.18
Actud COP= T =1.295
Also actual COP= % , hence W = 108.73 kW.

Power required = 108.73 kW Ans.
7. What would be maximum efficiency of engine that can be had between the temperatures of 1150°C
and 27°C ?

Solution:
Highest efficiency isthat of Carnot engine, so let usfind the Carnot cycle efficiency for given temperature
limits.
0273+27 0O
N=1-Hh73+1150
n=0.7891 or 78.91% Ans.

8. A domestic refrigerator maintains temperature of — 8°C when the atmospheric air temperatureis 27°C.
Assuming the leakage of 7.5 kJ/min from outside to refrigerator determine power required to run this
refrigerator. Consider refrigerator as Carnot refrigerator.

Solution:

Here heat to be removed continuously from refrigerated space shall be 7.5 kJ/min or 0.125 kJ's.
For refrigerator, C.O.P. shall be,
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0125 265
W~ (300-265)
or W= 0.0165 kJ/s.

Power required = 0.0165 kW Ans.

9. Threereversible engines of Carnot type are operating in seriesas shown
between the limiting temperatures of 1100 K and 300 K. Determine the
inter mediate temper aturesif the work output fromenginesisin proportion
of3:2: 1.

Solution:

Here, W, : W, :W;=3:2:1

Efficiency of engine, HE,,

W T, O 1100W,

Q - ﬁl 1100H” Q= (1100-T,)
for HE, engine,

W, T.O

—2 = %-__3|:|

Q, 0 .o
for HE, engine,

W, 30001

— = %-__D

& O 0O

From energy balance on engine, HE;

Q =W, +Q, 0 Q=Q —-W

Applied Thermodynamics

Above gives,
0 0 1100w _
[(1100 T,) V\& \Mﬁloo ng
Substituting Q, in efficiency of HE,
W T,O
—2 - %-_ 3D
\MD T, 0 0O TO
Hi100-T,H
W2 o T, D]]T2 T% 0T,-T, O
or = H1oo-T,/H T, H © Fuoo-1,1
or 58~ Hi100-T, 1
or 2200 - 2T, = 3T, - 3T,

|5T, - 3T, =2200|
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Energy balance on engine HE, gives,

Q=W+ Qq
Substituting in efficiency of HE,,
W, _ DTD 2 _ng
W,+Q) O T2 O
or W, T, = (W, + Qy) (T, —Ty)
W, T3
o Q= (T, = T3)
Substituting Qs in efficiency of HE,,
W, T5—300
OWwL O T
Diz _ng
W, 0O 1, 00T,-300]
W T EL-TE T o
2 O'2 = 130 3 0O
1 T;-300
27 T
3T, - T, = 600
Solving, equations of T, and T,, T, = 433.33 K
T,= 700K

Intermediate temperatures. 700 K and 433.33 K Ans.

10. A Carnot engine getting heat at 800 K is used to drive a Carnot refrigerator maintaining 280 K
temperature. Both engine and refrigerator reject heat at some temperature, T, when heat given to engine
is equal to heat absorbed by refrigerator. Determine efficiency of engine and C.O.P. of refrigerator.

Solution:
Efficiency of engine,

W B00-TO
o ~Hewo H
For refrigerator, COP
Q 280
w (T -280)
Itisgiven that Q,=Q;=Q
so, from engine
W  [8B00-TO
o “Heoo H
From refrigerator,
Q 280
W ~ T-280



120 Applied Thermodynamics

800 K 280 K
Q Qs
HE L R
Q2 Q4
| T K |
Fig. 4.26
From above two ﬁ%ﬁ may be equated,
T-280 800-T
280 = 800

Temperature, T =414.8K

Effici ¢ . [B00-414.80 _ 04815 A
iciency of engine = WE =0. ns.

. O 280 O
C.O.P. of refrigerator = 148—2805= 2.077 Ans.

11. 0.5 kg of air executes a Carnot power cycle having a thermal efficiency of 50%. The heat transfer
to the air during isothermal expansion is 40 kJ. At the beginning of the isothermal expansion the
pressureis 7 bar and the volume is 0.12 m3. Determine the maximum and minimum temper atures for the
cyclein Kelvin, the volume at the end of isothermal expansion in m®, and the work and heat transfer for
each of the four processes in kJ. For air ¢, = 1.008 kJ/kg . K, ¢ = 0.721 kJ/kg. K. [U.P.SC. 1993]
Solution:
Given: Nearot = 0-5, M= 0.5 kg
P, =7 bar, V,=012m3

Let thermodynamic properties be denoted with respect to sdlient states;
Tl

Carnot efficiency N o =1 - =
2

Fig. 4.27
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n
or, T, ~ 0.5
or, T,=2T,

Corresponding to state 2, P, V, = mRT,
7x10°x012=05x 287 x T,
T, =585.36 K
Heat transferred during process 2-3 (isothermal expansion), Q,; = 40 kJ

Q3 =Wy = PV, In E\/_ZE

40 = RT, | 220 0.5 x 0.287 x 585.36 In 2o
= X = X X
> In E\/_zD : ) 36 It 50
V, = 0.1932 m?3
T2
Temperature at state 1, T, = >
T, = 29268 K
During process 1-2,
-1
L
T RO
G 10
V=G, T o7z YT LB
Thus, P, = 0.613 bar
P, V. = mRT

0.6113 x 10° x V, = 0.5 x 287 x 292.68
V, = 6.85 x 104 m?
Heat transferred during process 4 — 1 (isotherma compression) shall be equal to the heat transferred
during process 2 — 3 (isothermal expansion).
For isentropic process, dQ = 0

dw = du
During process 1 — 2, isentropic process, W,, = -, (T, —T,)

Q;, =0, W, =-0.5 x 0.721 (585.36 — 292.68)

W,, = —105.51 kJ, (~ve work)
During process 3 — 4, isentropic process, W,, = —-mc, (T, - T,)

Qz, =0, W,, =+ 0.5 x 0.721 x (585.36 — 292.68)

W,, = + 105.51 kJ (+ve work)
Ans. Process Heat transfer Work interaction
0 —105.51, kJ

2

-3 40 kJ 40 kJ
4
1

0 + 105.51, kJ
—40 kJ - 40 kJ
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Maximum temperature of cycle = 585.36 kJ
Minimum temperature of cycle = 292.68 kJ
Volume at the end of isothermal expansion = 0.1932 m3

12. A reversible engine as shown in figure during a cycle of operation draws 5 mJ from the 400 K
reservoir and does 840 kJ of work. Find the amount and direction of heat interaction with other reservoirs.
[U.PSC. 1999

200 K 300 K 400 K
v A\ 4
Qs e Q:=5mJ
W =840 kJ
Fig. 4.28

Solution:

Let us assume that heat engine rejects Q, and Q, heat to reservoir at 300 K and 200 K respectively. Let
us assume that there are two heat engines operating between 400 K and 300 K temperature reservoirs
and between 400 K and 200 K temperature reservoirs. Let each heat engine receive Q and Q' from
reservoir at 400 K as shown below:

| 400 K |

Q1 Q",Q1+Q"1=Q1=5MJ
HE'
1W =840 kJ
Q2
Fig. 4.29 Assumed arrangement

Thus, Q,+Q",=Q, =5x 103 kJ

Q400 4
aso, Q ~ 300" MQ173%

d Q:{ —_ @ I 2

an Q " 200 QT

Substituting Q', and Q"
4
3 Q +2Q; = 5000

Also from total work output, Q'; + Q";, —Q, - Q; =W
5000 - Q, — Q; = 840
Q, + Q, = 4160
Q; =4160 - Q,
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Substituting Q,, ng +2(4160 — Q,) = 5000

4
~Q,-2Q, =5000-8320

3
-2Q,
5 =—3320
Q, = 4980 kJ
and Q, =—820kJ

Negative sign with Q, shows that the assumed direction of heat Q, is not correct and actually Q,
heat will flow from reservoir to engine. Actua sign of heat transfers and magnitudes are as under:

[200K ] [[400K ]
Y Q2= 4980 kJ 1
Q3=820kJ = Qi=5mJ
W = 840 kJ
Fig 4.30

Q, = 4980 kJ, from heat engine
Q; = 820 kJ, to heat engine Ans.

13. A heat pump working on a reversed Carnot cycle takes in energy from a reservoir maintained at 3°C
and ddlivers it to another reservoir where temperature is 77°C. The heat pump drives power for it's
operation from a reversible engine operating within the higher and lower temperature limits of 1077°C
and 77°C. For 100 kJ/s of energy supplied to the reservoir at 77°C, estimate the energy taken from the
reservoir at 1077°C. [U.RP.S.C. 1994]
Solution:

Arrangement for heat pump and heat engine operating together is shown here. Engine and pump both
reject heat to the reservoir at 77°C (350 K).

For heat engine.

350 W 77°C
=1— — =< or
Me=1 1350 Q 350 K ‘
Q-Q Q TQZ
0.7407 = Q w
HP < HE
Q
07407 = 1— az Qs o}
3°C 1077 °C
Q, = 0.2593 Q, or or
276 K 1350 K
For heat pump Fig. 431
O
COP,,, =

Q4_Q3
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cop. =350 _ Q
HP T 350-276 = Q- Qs
0 Q, = 1.27Q,

Work output from engine = Work input to pump

Q,-Q,=Q,-Q,0 Ql—0.2593Q1=Q4—%

Alsoitisgiven that Q, + Q, = 100
Substituting Q, and Q, as function of Q, in following expression,

Q,+Q, =100
0.2593 Q, + % _ 100
' 17 0287
Q, =26.71 kJ
Energy taken by engine from reservoir at 1077°C
= 26.71 kJ Ans.

14. A reversible engine is used for only driving a reversible refrigerator. Engine is supplied 2000 kJ/s
heat from a source at 1500 K and rejects some energy to a low temperature sink. Refrigerator is desired
to maintain the temperature of 15°C while rejecting heat to the same low temperature sink. Determine
the temperature of sink if total 3000 kJ/s heat is received by the sink.

Solution:
Let temperature of sink be Ty, K.
Given: Qg He T Qg g = 3000 kJ/s

Since complete work output from engine is used to run refrigerator so,
2000 = Qg e = Quink, r~ Qr

Qg = 3000 — 2000 = 1000 kJ's Source 15°C
Also for engine, 1500 K or
288 K

2000 _ Qqnk HE _4 2000 k/s
1500 Tenk D Quri, e =73 Taink, o

For refrigerator,

& - M D - % Qsmk HE Qsmk,R
288 Ty Quk R = ™ 288 —
sink
Substituting Qs HE and Qsnk. R values. ‘
4 1000 Ty '
ETsmk + 2885mk - 3000 F|g 432
a Ty = 624.28 K

Temperature of sink = 351.28°C Ans.

15. A reversible heat engine runs between 500°C and 200°C temperature reservoirs. This heat engineis
used to drive an auxiliary and a reversible heat pump which runs between reservoir at 200°C and the
body at 450°C. The auxiliary consumes one third of the engine output and remaining is consumed for
driving heat pump. Determine the heat rejected to the body at 450°C as fraction of heat supplied by
reservoir at 500°C.



Second Law of Thermodynamics 125
Solution:

Let the output of heat engine be W. So - is consumed for driving auxiliary and remaining = Is

3
consumed for driving heat pump for heat engine,
W, 4
"=qQq~"
w 0.3881
q - .
COP of heat S R
OfNEALpUMP = 253473 = w13
_ 3%
O 2.892 = AW
Substituting W,
&
= =0.7482
Q

Ratio of heat rejected to body at 450°C to the heat supplied by the reservoir = 0.7482 | Ans.

T1=773 K Ts=723 K
fl +Q3
_W
3
HE
j:z

Vw|'§

Auxiliary

HP
Q~2

T2=200°Cor473 K

Fig. 4.33

16. A reversible heat engine operates between a hot reservoir at T, T
and a radiating surface at T,. Heat radiated from the surface is

proportional to the surface area and temperature of surface raised to Q
power 4. Determine the condition for minimum surface area for a

given work output. W=(Q1-Qy)
Solution: Q:
Heat rejected = Heat radiated from surfaceat T, =K . A. T}, where LE
Ais surface area and K is proportionality constant. Fig. 4.34
Q T

W - Tl_TZ
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K.AT, T
“w T
_ w
A= T23(T1 -T,).K
In order to have minimum surface area the denominator in above expression of A should be maximum
i.e. T; (T, —T,) should be maximum. Differentiating with respect to T,.

O

d
ar, T (T - T} =0
3T, T2 =477 =0
T

3
0 Tl=ZDT2=Tl.

Mlw

Taking second differential
dZ
Fzz {T2.(T,-T)} =6T,.T,-12T7
L ar, _ 30, - :
Upon substitution it is—ive so %T = ZE is the condition for { T,(T, — T,)} to be maximum and so
1

the minimum surface area

.3
Tl 4 Ans.

17. A cold body is to be maintained at low temperature T, when the temperature of surrounding is T,. A
source is available at high temperature T,. Obtain the expression for minimum theoretical ratio of heat
supplied from source to heat absorbed from cold body.

Solution:
Let us consider a refrigerator for maintaining cold body and also a reversible heat engine for driving
refrigerator to operate together, Fig 4.35.

To obtain; &
&
For heat engine w = Al
] Ql Tl
T

i &
For refrigerator, W S T-T,

Combining the above two:
Q _ Tx(3-To)

Q T Tpx(T-Ty)

T1-(r3 _Tz)

Ratio of heat supplied from source to heat absorbed from cold body = T T-T)

Ans.
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18.

127

T1Source
Q1 Qs
HE »- R
W
Q2 Qa4
Ts, Sink
Fig. 4.35

A heat pump is run by a reversible heat engine operating between reservoirs at 800°C and 50°C.

The heat pump working on Carnot cycle picks up 15 KW heat from reservoir at 10°C and deliversit to
areservoir at 50°C. The reversible engine also runs a machine that needs 25 kW. Determine the heat
received from highest temperature reservoir and heat rejected to reservoir at 50°C.

Solution:

Schematic arrangement for the problem is given in figure.

For heat engine,

O

For heat pump,

800°C 10°C
or or
_ Wy ., 323 1173K 283K
Nhe = -
Q 1173
Q y Q3=15kW
Whie w w
— = 07246 HE N
2 o—T——®
Q yQ
W =Q—Q;=Q,-15 i 2k )
o Ta . Q ’ 50°C ‘
COP = T,-T, Q-Q or 323 K
323 - Q4 Fig. 4.36
(323-283) Q,-15
Q, = 17.12 kW
W, =17.12-15= 212 kW
Whg =Wip + 25
W, g = 27.12 KW
Nye = 0.7246=V£
Q, = 37.427 kW
Q, =Q ~We
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=37.427 - 27.12
Q, =10.307 kW
Hence heat rejected to reservoir at 50°C
=Q,+Q,
0 =10.307 + 17.12

= 27427 KW Ans.
Heat received from highest temperature reservoir = 37.427kW Ans.

19. Twoinsulated tanks are connected through a pipe with closed valve in between. Initially one tank
having volume of 1.8m® has argon gas at 12 bar, 40°C and other tank having volume of 3.6m® is
completely empty. Subsequently valve is opened and the argon pressure gets equalized in two tanks.
Determine, (a) the final pressure & temperature (b) the change of enthalpy and (c) the work done
considering argon as perfect gas and gas constant as 0.208 kJ/kg. K

Solution:
Tota volume, V = V, +V, =54 m3

By perfect gas law, p,V, = mRT, Argon - Empty
1.8m3 25 initially
12 x102x 1.8 = mx 0.208 x 313 Valve 3.6 m?
O m = 33.18 kg o) @
By gaslaw for initial and final state, Fig. 4.37

P1Vi = Prina*Viina
12 x 10 x 1.8 = p; 4, X 54

Final pressure O p;;, =400 kPaor 4 bar Ans.

Here sinceit is insulated system and it has no heat transfer so, there will be no change in internal
energy, hence there will be no change in temperature. Also by Ist law of thermodynamics, since thereis
no heat transfer due to system being insulated and no work due to frictionless expansion;

Fina temperature = 313K.

dg=du+dwd du=0
i.e. Tinitia = Tinal
Changeinenthapy =0 Ans.
Work done =0 Ans.

/ EXERCISE /

4.1 State the Kelvin Planck and Clausius statements of 2nd law of thermodynamics.
4.2 Show the equivalence of two statements of 2nd law of thermodynamics.
4.3 Write short notes on the following:
Heat reservoir, Heat engine, Heat pump and refrigerator.
4.4 Explain the reversible and irreversible processes.
4.5 Describe Carnot cycle and obtain expression for its efficiency as applied to a heat engine.
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4.6
4.7

4.8
4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

Why Carnot cycle is a theoretical cycle? Explain.
Show that coefficient of performance of heat pump and refrigerator can be related as;
COP.y =COP.p_,

State Carnot theorem. Also prove it.

Show that the efficiencies of al reversible heat engines operating between same temperature limits are
same.

Show that efficiency af an irreversible engine is always less than the efficiency of reversible engine
operating between same temperature limits.

Assume an engine to operate on Carnot cycle with complete reversibility except that 10% of work is
required to overcome friction. For the efficiency of reversible cycle being 30%, what shall be the
efficiency of assumed engine.

For same magnitude of energy required to overcome friction, if machine operated as heat pump, then
what shall be ratio between refrigerating effect and work required. [27%, 2.12]
A Carnot engine operating between certain temperature limits has an efficiency of 30%. Determine the
ratio of refrigerating effect and work required for operating the cycle as a heat pump between the same
temperature limits. [2.33]
An inventor claims to have developed an engine that takes in 1055 mJ at a temperature of 400K and
rejects 42.2 MJ at a temperature of 200 K while delivering 15kWh of mechanical work. Check whether
engine is feasible or not. [Engine satisfies Ist law but violates 2nd law]
Determine which of the following is the most effective way to increase Carnot engine efficiency

(i) Toincrease T, while keeping T, fixed.

(ii) To decrease T, while keeping T, fixed. [If T, is decreased]
A refrigerator has COP one half as great as that of a Carnot refrigerator operating between reservoirs
at temperatures of 200 K and 400 K, and absorbs 633 KJ from low temperature reservoir. How much
heat is rejected to the high temperature reservoir? [1899kJ|
Derive a relationship between COP of a Carnot refrigerator and the efficiency of same refrigerator
when operated as an engine.

Is a Carnot engine having very high efficiency suited as refrigerator?

Calculate COP of Carnot refrigerator and Carnot heat pump, if the efficiency of the Carnot engine
between same temperature limits is 0.17. [5, 6]
For the reversible heat engines operating in series, as shown in figure 4.36. Show the following, if work
output is twice that of second.

3T, =T, + 2T,

Fig. 4.36

A domestic refrigerator is intended to freeze water at 0°C while water is available at 20°C. COP of
refrigerator is 2.5 and power input to run it is 0.4 kW. Determine capacity of refrigerator if it takes 14
minutes to freeze. Take specific heat of water as 4.2 kJ/Kkg. °C. [10kg]
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4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

A cold storage plant of 49.64 hp power rating removes 7.4 MJmin and discharges heat to atmospheric
air at 30°C. Determine the temperature maintained inside the cold storage. [-40°C]
A house is to be maintained at 21°C from inside during winter season and at 26°C during summer. Heat
leakage through the walls, windows and roof is about 3 x 10° kJ/hr per degree temperature difference
between the interior of house and environment temperature. A reversible heat pump is proposed for
realizing the desired heating/cooling. What minimum power shall be required to run the heat pump in
reversed cycle if outside temperature during summer is 36°C? Also find the lowest environment
temperature during winter for which the inside of house can be maintained at 21°C. [0.279 kW, 11°C]
Estimate the minimum power requirement of a heat pump for maintaining a commercia premises at 22°C
when environment temperature is —5°C. The heat load on pump is 1 x 107 kJday.

A reversible engine having 50% thermal efficiency operates between a reservoir at 1527°C and a
reservoir at some temperature T. Determine temperature T in K.

A reversible heat engine cycle gives output of 10 kW when 10 kJ of heat per cycle is supplied from a
source at 1227°C. Heat is rejected to cooling water at 27°C. Estimate the minimum theoretical number of
cycles required per minute. [75]
Some heat engine A and a reversible heat engine B operate between same two heat reservoirs. Engine
A has thermal efficiency equal to two-third of that of reversible engine B. Using second law of
thermodynamics show that engine A shall be irreversible engine.

Show that the COP of a refrigeration cycle operating between two reservoirs shall be, COP,, =

01 ]
Eﬂ_ _1%, if N, refers to thermal efficiency of a reversible engine operating between same
max

temperature limits.

A heat pump is used for maintaining a building at 20°C. Heat loss through roofs and walls is at the rate
of 6 x 10* kJh. An electric motor of 1 KW rating is used for driving heat pump. On some day when
environment temperature is 0°C, would it be possible for pump to maintain building at desired
temperature? [No]
Three heat engines working on carnot cycle produce work output in proportion of 5 : 4 : 3 when
operating in series between two reservoirs at 727°C and 27°C. Determine the temperature of intermediate
reservoirs. [435.34°C, 202°C]
Determine the power required for running a heat pump which has to maintain temperature of 20°C
when atmospheric temperature is —10°C. The heat losses through the walls of room are 650 W per unit
temperature difference of inside room and atmosphere. [2 kW]
A heat pump is run between reservoirs with temperatures of 7°C and 77°C. Heat pump is run by a
reversible heat engine which takes heat from reservoir at 1097°C and rejects heat to reservoir at 77°C.
Determine the heat supplied by reservoir at 1097°C if the total heat supplied to reservoir at 77°C is
100 kW. [25.14 kW]
A refrigerator is used to maintain temperature of 243K when ambient temperature is 303K. A heat
engine working between high temperature reservoir of 200°C and ambient temperature is used to run
this refrigerator. Considering all processes to be reversible, determine the ratio of heat transferred from
high temperature reservoir to heat transferred from refrigerated space. [0.69]
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Entropy

5.1 INTRODUCTION

Till now the detailed explanation of Zeroth law, first law and second law of thermodynamics have been
made. Also we have seen that the first law of thermodynamics defined a very useful property called
internal energy. For overcoming the limitations of first law, the second law of thermodynamics had been
stated. Now we need some mathematical parameter for being used as decision maker in respect of
feasibility of process, irreversibility, nature of process etc. Here in this chapter a mathematical function
called ‘entropy’ has been explained. ‘Entropy’ is the outcome of second law and is a thermodynamic
property. Entropy is defined in the form of calculus operation, hence no exact physical description of it
can be given. However, it has immense significance in thermodynamic process analysis.

5.2 CLAUSIUS INEQUALITY

Let ustake any reversible process 1-2 as shown on P-V diagram. Let us also have areversible adiabatic
process 1-1' followed by reversible isothermal process 1'-2' and a reversible adiabatic process 2' — 2,
as approximation to the origina process 1 — 2 such that area under 1 — 2 equals to that under 1-1'-2'
—2. By first law of thermodynamics for process shown by 1-2.

Reversible adiabatic

Reversible
isothermal

V—

Fig. 5.1 Reversible adiabatic, isothermal and reversible process
Qo = (U —Up) + W,
First law on 1-1'-2'-2 processes; (Heat and work are path functions and internal energy is point
function)
Quipp =(Uy—U)+ W45,
As aready assumed that W, =W, .,
so Qi =Qup
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Inthepath 1 —1' —2' -2 during adiabatic processes 1 —1' & 2 —-2' thereis no heat interaction so the
total heat interaction in 1 -2 is getting occurred during isothermal process 1' — 2’ only.

Hence, it is aways possible to replace any reversible process by a series of reversible adiabatic,
reversible isothermal and reversible adiabatic processes between the same end states provided the heat
interaction and work involved remains same.

If the number of reversible adiabatic and reversible isothermal processes is quite large then the
series of such processes shall reach close to the original reversible process.

Let us undertake this kind of substitution for the processes in a reversible cycle

Reversible
isothermal

Reversible
adiabatic

Reversible cycle

Magnified view

Fig. 5.2 A reversible cycle replaced by reversible adiabatics and reversible isotherms

Figure 5.2 shows replacement of original processesin cycle a—b — a by adiabatic and isothermals.
This shall result in a number of Carnot cycles appearing together in place of origina cycle. Two Carnot
cycles thusformed are shown by 1 2—-4-3and 5—-6 -8 — 7. Magnified view of first Carnot cycleis
al'so shown separately where heat supplied at high temperatureis Q, _, and heat rejected at low temperature
isQ, .

?:Fém thermodynamic temperature scale;

For Carnot cycle1 —2 -4 -3,

Q-2 _ T2
Q&4 T34
or Qo X4
Tl—2 T3—4
For Carnot cycle5-6 -8 -7,
Qs s
T5—6 - T7—8
Now taking sign conventions for heat added and rejected;
Qo
+ =0
Tl—2 T3—4
s s
and T +T =0
T5—6 T7—8
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Hence, if there are ‘n’ number of Carnot cycles replacing the original reversible cycle, then
EQl 2 + Q3 4D EL‘Si— 6 + Q7 8
DT12 T34D 's-6 T78D

or, it can be given as summation of the ratio of heat interaction (Q) to the temperature (T) a which
it occurs, being equal to zero.

.=0

Q_
=
If number of Carnot cyclesis very large, then the zig-zag path formed due to replacing adiabatics
and isotherms shall reach very close to original cycle.

In such situation the cyclic integral of % may be given in place of above.

dQO

or ? B_Bev

Here it indicates that B?Qﬁ is some thermodynamic property. Above expression developed for a

reversible heat engine cycle also remains valid for internaly reversible engines. In case of internaly
reversible engines T shall be temperature of working fluid at the time of heat interaction.

dQO

FET He e T

Let us now try to find out what happens to 95 dT—Q when we have an irreversible engine cycle. Let

there be areversible and irreversible heat engine operating between same temperature limits, such that
heat added to them is same.
From Carnot’s theorem for both reversible and irreversible heat engine cycles,

nra/>’7irrev

0 fected L] 0 Qgectead

or |j-—queCtedD > 1- rejet:tedD
O Qadd Oey O Qad Orrev

|:Qrej ected U |:Qre] ected 0
or — 0 > O0—=—10
0 Qu Urew O Qad Lev

For same heat added, i.e. Q. rev = Qi irrev = Qi

Qrejected, irrev > Qrejected, rev

Qrej ected, irrev
or —Q >1
rejected, rev
For absolute thermodynamic temperature scale,
U Qua U

Wﬁ , upon substitution we get,
reject rejected
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Qrej ected, irrev Trej ected
>
Quia Tedd

Qrej ected, irrev Qadd
or
Trej ected Tadd

Upon substituting sign convention, we get

Qadd Qrej ected, irrev
+ T <0
Tadd rejected

Qadd, irrev Qrej ected, irrev
e, —/—

Trej ected

or <0

Tadd
If it is given in the form of cyclic integral.

0dQO

<0
or ?B?Hrrev
Now combining for reversible and irreversible paths it can be given as;
0dQO
fgrg=o

Thisis called Clausius inequality.

0dQO .
here, ?B—T E = 0 for reversible cycle
0dQO _ .
?EF H <0, for ireversible cydle
dQQ _ .
?B?H > 0, for impossible cycle

5.3 ENTROPY-A PROPERTY OF SYSTEM

From Clausius inequality mathematically it is shown that for areversible cycle.

?EKJIQD o
T Ha ~
Let us take a reversible cycle comprising of two processes A and B as shown and apply Clausius
inequality.
b

Q, 9 _
?+J’TO

4path A b peth B
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©
apathAT bpathBT
b by
dQ aQ
or I 5 = I 7
apathA path A
a B
p
A b
vV —

Fig. 5.3 Reversible cycle

Hence, it shows that E‘}gﬁ is some property and does not depend upon path followed. This

thermodynamic property is called “entropy”. Entropy is generally denoted by ‘S or ‘¢'.
Thus, the energy interactions in the form of heat are accompanied by entropy changes.
Writing it as function of entropy change.

bdeQ
ST e

IEUQD ds
or =
i1t =)
Since entropy is point function and depends only upon end states therefore entropy change for any
process following reversible or irreversible path shall be same.

SD S)rev path SD S)lrrev path

® dQ
% = ASrev, path = ASirrev,path

a

Entropy is an extensive property and has units JK. Specific entropy may be given on unit mass basis;

—EJ/kK
5=~ (kg K)

Entropy, as obvious from definition is defined for change in entropy value, therefore absolute value
of entropy cannot be defined. Entropy is always given as change, i.e. relative values can be expressed.

Let us now have two thermodynamic cycles a — b — a following paths (a— R—b, b— R-a) and
@-R-=b,b-1-a).
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R

Here R :denotes reversible path

| : denotes irreversible path

vV —

Fig. 5.4 Reversible and irreversible cycle

We have from Clausius inequality.
For reversiblecyclea— R—-b—-R-a

dQO

forH, =°

b a
Q, Tdo
a,RT b,RT

For irreversiblecyclea— R—b—-1-a
0dQO
erE <0
b a
Q  rd
or I Tt J’ T <0
a,R b, |

cdQ e
or < -
a,RT I

Also from definition of entropy.

0dQO
I B?Hev = J’dS
s0 from above

bd_Q b
a,RT -

0dQO

or B?Hev =dsS

For reversible cycle.

Applied Thermodynamics
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b

dQ 2 dQ

[T = |7

aR b,RT

Substituting it in expression for irreversible cycle.

b, | T

cdQ _ Tdo
bIRT <=

also from definition of entropy.

a a
_{dS <— aQ
b1 T
a
dQ 2
or bJ"I T < { ds
or, in general it can be given as,
Hop ds
<
B?BI'I'GV
Combining the above two we get inequality as following,
ds> &9
T
where

dQ .
ds= T for reversible process

dQ . :
dS> — for irreversible process

T

Mathematical formulation for entropy (dQ,,, = T - dS) can be used for getting property diagrams
between “temperature and entropy” (T — 9), “enthalpy and entropy” (h—S).

- —

dA=Tds =dq

Fig. 5.5 T-S diagram
Area under process curve on T-S diagram gives heat transferred, for internally reversible process

innt, o= T ds

2

ant, rev — IT dS
1
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5.4 PRINCIPLE OF ENTROPY INCREASE

By second law, entropy principle has been obtained as,

ds> 22
T

For an isolated system:
dQ =0, therefore dSg 4oq = 0
for areversible process dS_ ., =0
1.8 Sqyqeq = CONStant
for an irreversible process dS_ ., >0
which means the entropy of an isolated system always increases, if it has irreversible processes,

In general form

It may be concluded here that the entropy of an isolated system always increases or remains
constant in case of irreversible and reversible processes respectively. This is known as “Principle of
entropy increase” of “entropy principle’.

Universe which comprises of system and surroundings may also be treated as isolated system and
from entropy principle;

dSUniverse 20

Which means that entropy of universe either increases continuously or remains constant depending

upon whether processes occurring in it are of “irreversible” or “reversible’ type respectively.

Since, Universe = System + Surrounding.
therefore
dSsystem + dSsurrounding 20
or ASsystem + ASsurrounding 20

Since most of the processes occurring generally are of irreversible typein universe, so it can be said
that in general entropy of universe keeps on increasing and shall be maximum after attaining the state of
equilibrium, which is very difficult to attain.

In the above expression, system and surroundings are treated as two parts of universe (an isolated
system). So the total entropy change during a process can be given by sum of “entropy change in
system” and “entropy change in surroundings’. This total entropy change is also called “entropy
generation” or “entropy production”. Entropy generation will be zero in a reversible process.

Therefore

ASotd = Sgen = ASsystem + ASsurrounding
For closed systems
In case of closed systems there is no mass interaction but heat and work interactions are there. Entropy
change is related to heat interactions occurring in system and surroundings.
Total entropy change.
or

Entropy generated
ASotd = Sgen = ASsystem + ASsurrounding

For system changing it's state from 1 to 2 i.e. initial and fina state.

DSyuen =SS,
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For surroundings, entropy change depends upon heat interactions.

qurroundi ng

Assurroundi ng ~ Tsurroundi ng

Surrounding

System

State change of

system from 1 to 2 Tsurrounding

qurruundmg

Fig. 5.6 Closed system

qurroundi ng
or - A%Otal - Sgen - (Sz a Sl) " Tsurrounding
or $-5=ms,-s)
where mis mass in system and s; and s, are specific entropy values at initial and final state, then
Sgen — m( s, - 51) +qurrounding
surrounding

For open systems

In case of open systems the mass interactions also take place along with energy interactions. Here mass
flow into and out of system shall also cause some entropy change, so a control volume as shown in
figure is to be considered. Entropy entering and leaving at section i —i and 0 — 0 are considered. Mass
flow carries both energy and entropy into or out of control volume. Entropy transfer with mass flow is
called “entropy transport”. It is absent in closed systems.

Surrounding

Control volume @ :
—_—
©

Outlet

_—
® qurruundmg
Inlet

Fig. 5.7 Open system
If control volume undergoes state change from 1 to 2, then entropy change in control volume shall
be (S, — S)) while entropy entering and leaving out may be given as § and S, respectively.
By principle of entropy increase, total entropy change shall be,

qurroundi ng

A%otal =Sgen=(%_sl)+(so_$)+T

surrounding
Entropy entering and leaving out may be given as sum of entropy of all mass flows into and out of
system in case of uniform flow process.
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Therefore >m.
=3 mo 5
where m and m, are mass flows into and out of system and s and s, are specific entropy associated
with mass entering and leaving.
Substituting,

ASey = Sgen = (Sz _Si)
(Z m,.s, - Z m. S) qurroundmg

surroundl ng

In case of steady flow process since properties do not change with respect to time during any
process, therefore within control volume there shall be no change in entropy.
i.e S=

Total entropy change or entropy generation for this case shall be;

qurroundi ng
ASotal = Sgen = (So - S|) + T

surrounding

qurroundi ng

ASpa =Syen =(Z M- —3M.5) +

Tsurroundi ng

In all the cases discussed above AS ,, =0 or Sgen > 0.

Entropy generated can be taken as criterion to indicate feasibility of process as follows;

*If S, or AS,, = O then process is reversible.

* |f S or AS,, > 0 then process is irreversible.
* |f S or AS,, < 0 then process is impossible.

One tﬁl ng is very important about entropy generated that Sgen is not a thermodynamic property and
it's value depends on the path followed whereas entropy change of system (S, — S)) is a point function
and so thermodynamic property. It is because of the fact that entropy change is cumulative effect of
entropy transfer/change in system and surroundings.

5.5 ENTROPY CHANGE DURING DIFFERENT THERMODYNAMIC PROCESSES

| sothermal process
Let us find out entropy change for isothermal heat addition process. As isothermal process can be
considered internally reversible, therefore entropy change shall be;

IEbIQD

1 b
or AS, = T :’[dQ
or AS, = Q?

where Q, _, istotal heat interaction during state change a — b at temperature T.
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| sentropic process
It is the process during which change in entropy is zero and entropy remains constant during process.

a

I Isentropic process

S —

Fig. 5.8 Isentropic process

It indicates that when AS, | = 0.
then Q,_p,=0
which means there is no heat interaction during such process and this is adiabatic process.

Hence, it can be said that "a reversible isentropic process shall be adiabatic, where as if isentropic
process is adiabatic then it may or may not be reversible”.

Thus, adiabatic process may or may not be reversible. It means in reversible adiabatic process all
states shall bein equilibrium and no dissipative effects are present along with no heat interaction whereas
in adiabatic process there is no heat interaction but process may be irreversible.

Finally, it can be concluded that an adiabatic process may or may not be isentropic whereas a
reversible adiabatic process is always isentropic.

An adiabatic process of non isentropic typeis shown below where irreversibility prevails, say dueto
internal friction.

e

Fig. 5.9 Isentropic and non-isentropic processes

Here a— b isreversible adiabatic expansion of isentropic type.
Non-isentropic or adiabatic expansion is shown by a—b'.
Isentropic expansion efficiency may be defined as ratio of actual work to ideal work available
during expansion.
Actual work in expansion
Misen, expn = | deal work in expansion

nisen,expn = %
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Similarly, isentropic and non-isentropic compression process are shown as ¢ — d and ¢ — d'
respectively.
Isentropic compression efficiency can be defined on same lines as,

Ideal work in expansion
Misen, compr = Actual work in expansion

hen oy =
isen, compr
"y —h
For ideal gases
Combination of first and second law yields;
Tds = du + pdv
RT
also we know du = ¢, - dT and for perfect gas p = v

substituting for du and R -
T-ds=c, -dT+ —-adv
%

daT Rdv

or ds:cv.—_l_ +—V
2 2

dar Rdv

or 52_51: o —+[—

If ¢, is function of temperature then,

2
e = L.
S sl—Jl’cv(T) T +Rlnv1

If specific heat is constant then,

T. \
-5 =¢ In2+R:In-2
75 =G T, v,

Also combination of Ist and IInd law yields following using; h = u + pv,
or dh =du + pdv + vdp
T-ds=dh-vdp

RT
substituting dh = Cy dT,and v = T
T-ds=cp-dT—v-dp
dT Rdp
or ds = G T ‘T
entropy change
¢, dT  2Rdp
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If specific heat is function of temperature then

L

C (T)dT p2

If specific heat is constant, then

_ T P2
s, -5 =C,In=-RIn==
T P

Above expressions given in enclosed box may be suitably used for getting the change in entropy.

Polytropic Process

Entropy change in a polytropic process having governing equation as pv" = constant, can be obtained as
below,

For polytropic process between 1 and 2, pv{ = p,v)

nO0 Ov,O
or Oo-0=0-"0
P20 OV
Also, from gas laws,
Pvi  PoVo
LI P
p v, T0
— =0O-*0
P vi O
Above two pressure ratios give,
gl0
Vo  OT,Oh-ad

PRt A

Ov, O
Substituting D—E in the entropy change relation derived earlier.

S,—S = G In%+Rlnﬁ

1 Vi

Or, 0 OO0
= ¢, InE20+RIM=g
gﬁm 07120

b
For perfect gas R=c,—¢c,
R=y.c,—-¢c,



144 Applied Thermodynamics

R=c, (y-1)
Substituting R in entropy change

c,(y-9), OT0
sms o el

T, %_W—lﬂﬂ

=c,In 3 Bﬁ_—l%

s,—s, =¢,In Tp Ny
Bn—lE

Entropy change in polytropic process.

LOn-yO
In2
stl[pv Tanl

5.6 ENTROPY AND ITS RELEVANCE

Entropy has been introduced as a property based on the concept of IInd law of thermodynamics and
derived from the thermodynamics involved in heat engines. A large number of definitions are available
for entropy. To understand entropy let us take some gas in a closed vessel and heat it. Upon heating of
gas the motion of gas moleculesinside the vessel getsincreased. State of molecular motion inside vessel
depends upon the quantum of heat supplied. If we measure new kinetic energy of gas molecules, it is
foundto belarger thanthat initially. Also, therate of intermolecul ar collision and randomnessin molecul ar
motion getsincreased. In nutshell it could be said that heating has caused increasein energy level of gas
molecules and thus resulting in increased disorderness inside the vessel. Higher is the energy with
molecules, higher shall be the degree of disorderness. Entropy is closaly defined using the degree of
disorderness. It is said that greater is the molecular disorderness in the system greater shall be entropy.
Mathematicaly, it can be supported by greater entropy value due to large heat supplied (dQ/T).

Thus “entropy can be defined as a parameter for quantifying the degree of molecular disorderness
in the system”. “Entropy is a measure of driving potential available for occurrence of a process’.

Entropy is also an indicator of the direction of occurrence of any thermodynamic process.
Mathematically, it has been seen from second law of thermodynamics that entropy of an isolated system
always increases. Therefore, a process shall always occur in such a direction in which either entropy
does not change or increases. In general almost al real processes are of irreversible type so entropy
tends to increase. As entropy cannot be defined absolutely so the change in entropy should always have
apositive or zero value.

5.7 THERMODYNAMIC PROPERTY RELATIONSHIP

Different thermodynamic propertiessuch as P, V, T, U, H, Setc. can be related to one another using the
combination of mathematical forms of first law, second law of thermodynamics and definitions of
properties. Here specific values of properties are related.
For a non-flow process in closed system.
or dq=du + dw
dgq=du+p-dv
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or

or

Also, for areversible process from definition of entropy, by second law we can write

dq=Tds
Combining above two,
Tds=du+p-dv
From definition of enthalpy, specific enthalpy
h=u+pv

dh=du + p-dv + v-dp
substituting from above

dh=T-ds + vdp

Above relations may be used for getting the variation of one property with the other, such as
for constant pressure process, dh = T-ds

OdhQ

B£Hp=constt. =T

which means g ope of constant pressure line on enthal py —entropy diagram (h—s) isgiven by temperature.

Also from above two relations

T-ds=c,dT +pdv| {asdu=c, - dT}
Substituting for dh and rearranging, dh = T-ds+ v - dp {asdh = Cy dT}
or |Tds =c,,dT - vdp|

For a constant pressure process above yields
dT O T

BEHpm:onstt. - g

It gives the slope of constant pressure line on T — s diagram.
Similarly, for a constant volume process,

0dT O T

BEHVZCOI']SL - C_V

It gives the lope of constant volume line on T — s diagram.
It can be concluded from the above mathematical explanations for slope that slope of constant

volume line is more than the slope of constant pressure line as C,> Gy

Constant volume lines

H i
H H
i H

i
i

Constant pressure
lines

s —

Fig. 5.10 T-s diagram showing isobaric and isochoric process.
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5.8 THIRD LAW OF THERMODYNAMICS

‘Third law of thermodynamics’, an independent principle uncovered by ‘Nernst’ and formulated by
‘Planck’, states that the “Entropy of a pure substance approaches zero at absolute zero temperature.”
This fact can also be corroborated by the definition of entropy which says it is a measure of molecular
disorderness. At absolute zero temperature substance molecules get frozen and do not have any activity,
therefore it may be assigned zero entropy value at crystalline state. Although the attainment of absolute
zero temperature is impossible practically, however theoreticaly it can be used for defining absolute
entropy value with respect to zero entropy at absolute zero temperature. Second law of thermodynamics
also shows that absolute zero temperature can’t be achieved, as proved earlier in article 4.10. Third law
of thermodynamics is of high theoretical significance for the sake of absolute property definitions and
has found great utility in thermodynamics.

| EXAMPLES |

1. Calculate the change in entropy of air, if it is throttled from 5 bar, 27°C to 2 bar adiabatically.
Solution:
Here p, = 5 bar, T, = 300 K.
p, = 2 bar, Coair = 1.004 kJkg.K
R = 0.287 kJkg.K
Entropy change may be given as;

[l 0
S,—S, = [pme—Rm&D

0o T PO
for throttling process h, = h,
e Col1 = ¢,T,
or T, =T,

Hence,

020
Changein entropy = 1.004 In (1) — 0.287 In Bga

= 0.263 kJkg.K
Change in entropy = 0.263 kJ/kg.K Ans.

2. Find the change in entropy of steam generated at 400°C from 5 kg of water at 27°C and atmospheric
pressure. Take specific heat of water to be 4.2 kJ/kg.K, heat of vaporization at 100°C as 2260 kJ/kg and
specific heat for steam given by; ¢, = R (35 + 1.2T + 0.14T%), JkgK
Solution:
Total entropy change = Entropy change during water temperature rise (AS)).

+ Entropy change during water to steam change (AS))

+ Entropy change during steam temperature rise (AS,))

Q
AS, = ?1 wherte=mcp-AT

Heat added for increasing water temperature from 27°C to 100°C.
=5x 4.2 x (100 — 27)
= 1533 kJ
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theref A —1—533-511k\]/K
erefore, S = 200 - >
Entropy change during phase transformation;
.2
AS, = T,

Here Q, = Heat of vaporization = 5 x 2260 = 11300 kJ

11300
Entropy change, AS,= -5z = 30.28 kJK.

373.15
Entropy change during steam temperature rise;
673.15 d_Q
AS, = T

373.15

8.314
Here dQ = me, - dT; for seam R= 18 = 0.462 kJkg.K

Therefore, ¢, for steam = 0.462 (3.5 + 1.2 - T + 0.14T?) x 103
= (1.617 + 0.5544 T + 0.065 T?) x 1073

673.15
1617 0
S [y +05544+0065T
375!..15 > 107 T H dT

or AS,

51843.49 x 107 kJK
AS, =51.84 kJK
Total entropy change = 5.11 + 30.28 + 51.84
= 87.23 kJ/K Ans.

3. Oxygen is compressed reversibly and isothermally from 125 kPa and 27°C to a final pressure of 375
kPa. Determine change in entropy of gas?

Solution:
Gas constant for oxygen:

8.314
R = 3~ 0.259 kJkg.K

For reversible process the change in entropy may be given as;

T, )
Aschln T, —RIn P

Substituting values of initial & fina states

3750
As =—RIn BlZ_SE= —0.285 kJkg.K

Entropy change = — 0.285 kJ/kg. K Ans.

4. Determine the change in entropy of universe if a copper block of 1 kg at 150°C is placed in a sea
water at 25°C. Take heat capacity of copper as 0.393 kJ/kg K.
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Solution:
Entropy change in universe

ASunivers;e = ASDlock + ASNater

T2
where AS, .« =MC.In T

Here hot block is put into sea water, so block shall cool down upto seawater at 25°C as sea may be
trested as sink.

Therefore, T, =150°C or 423.15 K
and T, =25°Cor 298.15K
A — 1 %0393 % In [0298.150
SDlock - : Bf_]23.155
—0.1376 kJK

Heat lost by block = Heat gained by water

— 1 x 0.393 x (423.15 — 298.15)

—49.125 kJ

49.125
Therefore, ASyaer = Sgg 15 — 0165 kJk
Thus, AS =-0.1376 + 0.165

univer

* = 0.0274 kI or 27.4 IK
Entropy change of universe = 27.4 J/JK Ans.

5. Determine change in entropy of universe if a copper block of 1 kg at 27°C is dropped from a height
of 200 min the sea water at 27°C. (Heat capacity for copper= 0.393 kJ/kg.K)

Solution:

. ASunivers;e = ASDlock + ASSEGI water
Since block and sea water both are at the same temperature so,

. ASunivers;e _= As_wawater
Conservation of energy equation yields,
Q-W =AU + APE + AKE

Since in this case, W=0 AKE=0,AU =0
Q = APE
Change in potential energy = APE = mgh = 1 x 9.81 x 200
= 1962 J
Q =1962J
1962

ASunivers;e = ASseawater = % =6.54 Jkg K

Entropy change of universe = 6.54 J/kg.K Ans.

6. Determine entropy change of universe, if two copper blocks of 1 kg & 0.5 kg at 150°C and 0°C are

joined together. Specific heats for copper at 150°C and 0°C are 0.393 kJ/kg K and 0.381 kJ/kg K

respectively.

Solution:

Here, A_Suniverse = ASDlock 1 + ASDlock_z . L L
Two blocks at different temperatures shall first attain equilibrium temperature. Let equilibrium

temperature be T
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Then from energy conservation.
1 x0.393 x (423.15 - Tf) =0.5x 0.381 x (Tf —273.15)
T, =37419K
Hence, entropy change in block 1, due to temperature changing from 423.15 K to 374.19 K.

0374.190
AS, =1x0.393 xIn 23 155 = —0.0483 kJK

Entropy change in block 2

0374.190
AS, =05x0.381 x1In 573 155 = 0.0599 kJK

Entropy change of universe = 0.0599 — 0.0483
= 0.0116 kJK
Entropy change of universe = 0.0116 kJ/K Ans.

7. A cool body at temperature T, is brought in contact with high temperature reservoir at temperature T.,.
Body comes in equilibrium with reservoir at constant pressure. Considering heat capacity of body as C,
show that entropy change of universe can be given as;

Solution:
Since body is brought in contact with reservoir at temperature T, the body shall come in equilibrium
when it attains temperature equal to that of reservoir, but there shall be no change in temperature of the
reservoir.

Entropy change of universe AS ;o = Asmdy+ AS

reservoir

T
AS,4 =Cln T,

_ _C(Tz _Tl)
ASreservoir - T2
as, heat gained by body = Heat lost by reservoir
=C(T,-T)
T, _CO,-T)
Thus, AS, e =ClIn T, T,
or, rearranging the terms,
C(Tl _TZ) |:ITl g
ASuniverse = T2 —-Cin Eﬂ%

Hence proved.

8. Determinetherate of power lossduetoirreversibility in a heat engine operating between temperatures
of 1800 K and 300 K. Engine ddlivers 2 MW of power when heat is added at the rate of 5 MW.
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Solution:
For irreversible operation of engine
2, Q
Rate of entropy generation = T T
1 2
. 2.9
~ 1800 T,
A_Iso, W=Q,-Q,=5x106-Q,
given W=2MW =2x108W ,
SO Q,=3x 108 W Fig. 5.11
Therefore,
- 30 .6
= +—mx10
entropy generated % BOOH
AS,, = 722222 WIK
Work lost =T, xASy,
= 300 x 7222.22
=216 x 10°W
or = 2.16 MW.

Work lost = 2.16 MW Ans.

9. A systemat 500 K and a heat reservoir at 300 K are available for designing a work producing device.
Estimate the maximum work that can be produced by the device if heat capacity of systemis given as;
C=0.05T?2+0.10T + 0.085, JK

Solution:

System and reservoir can be treated as source and sink. Device thought of can be a Carnot engine
operating between these two limits. Maximum heat available from system shall be the heat rejected till
it's temperature drops from 500 K to 300 K.

System T:  |=500 K

Therefore,

Maximum heat Q= I CdT
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300
= j (0.05 T 2+ 0.10T + 0.085) dT
0

Q, = 1641.35 x 10° J
300

dT
Entropy change of system, ASSygem C?
500
= —4020.043 JK
Qe _Q-W
A%eservoir - T2 - T2
(1641.35x10° ~WO
- ﬁ 300
Also, we know from entropy principle
ASuniverse2 0
and ASuniverse= ASsystem + ASr‘eservoir

Thus, upon substituting
(Assystem + A%&eervoi r) 20

3 _
% 4020.043 + (h641.35x10° -W

g 300

1451.123 W =20
or S

1451.123> W
~ 300

W < 435337.10
or W < 435.34 kJ
Hence Maximum work = 435.34 kJ

For the given arrangement, device can produce maximum 435.34 kJ of work. Ans.

10. Determine the change in enthalpy and entropy if air undergoes reversible adiabatic expansion from
3MPa, 0.05 md to 0.3 nv.
Solution:
For reversible adiabatic process, governing equation for expansion,
PV14= Constt.
Also, for such process entropy change = 0.
Initial state : 3MPa, 0.05 m3
Fina state: 0.3 m3

u EJ—D V= Dprl‘E“
sing - pl or ﬁi

we get p, = 0.244 MPa
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From first law, second law and definition of enthalpy;
dH = T-dS + Vdp
or, for adiabatic process of reversible type, dS= 0.
dH = V-dp
2 2
I dH = IV' dp
1 1

Substituting V, and actual states

1
24 [13000x 0.05"4 (-4
Hy=H= | 57% dp
3000 p
or AH = 268.8 kJ
Enthalpy change= 268.8 kJ.
Entropy change= 0 Ans.

11. During a free expansion 2 kg air expands from 1 m? to 10m® volume in an insulated vessel.
Determine entropy change of (a) the air (b) the surroundings (c) the universe.

Solution:

During free expansion temperature remains same and it is an irreversible process. For getting change in
entropy let us approximate this expansion process as a reversible isothermal expansion.

(a) Change in entropy of air

v,

AS; =mRIn 71

oQ
=2x287In BTH

AS;, = 1321.68 JK
=1321.68 J/K Ans.
(b) During free expansion on heat is gained or lost to surroundings so,

ASs;urrou_ndi ngs =0
Entropy change of surroundings,
=0Ans.
(c) Entropy change of universe
ASunivers;e = ASair + ASsurroundi ngs
=1321.68 JK

= 1321.68 J/K Ans.

12. Determine the change in entropy of 0.5 kg of air compressed polytropically from 1.013 x 10° R to
0.8 MPa and 800 K following index 1.2. Take C, = 0.71 kJ/kg . K.
Solution:

Let initial and final states be denoted by 1 and 2.
For polytropic process pressure and temperature can be related as,

e~ T
Up,n 2
D&D :?
o, 1
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12-1
T = 800 00.8x10° 012
or = X
2 %.013><105
Temperature after compression = 1128.94 K
Substituting in entropy change expression for polytropic process,

_~ On-yo, T,

(82_51)_Cv Bﬁa’ln T1
.2- 14D 11128.94]
—071X103512 1EFH OH

= 24454, kJkg . K
Total entropy change=m(s, —s,)
=05x 24454
AS=122.27 J/IK Ans.

13. A heat engine is working between the starting temperature limits of T, and T, of two bodies.
Working fluid flows at rate ‘m’ kg/s and has specific heat at constant pressure as Cp. Determine the
maximum obtainable work from engine.

Solution:

In earlier discussions we have seen that in order to have highest output from engine, it should operatein
reversible cycle and satisfy following relation,

dQ
-

Let us assume that the two bodies shall attain final temperature of Tf and engine shall then get stopped.
SO,

T gt 't ar
J’rncpi-'-J’me T _0
1 T2

ar.0 . gT4ag

or me%nD—fD JED 0
§ OhO TZ]E
O sz O

or mC, - In ETI_Bﬂ:O
0712 O

Here, me¢0, 30, In f =0
1 T2

or T=JLT,
Maximum work = Qg ied — Qreiecten
=mC (T, - T) —mC(T, - T,)

= mC{T, - 2T, + T}}
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=mC{T, -2, T, +T,}

. _ 2
Maximum work = mC, {\/ﬁ — /Tt “Ans.

14. A heat engine operates between source at 600 K and sink at 300 K. Heat supplied by source is 500
kcal/s. Evaluate feasibility of engine and nature of cycle for the following conditions. (i) Heat rejected
being 200 kcal/s, (i) Heat rejected being 400 kcal/s (iii) Heat rejected being 250 kcal/s.

Solution:

Clausius inequality can be used for cyclic process as given below; consider ‘1’ for source and ‘2’ for
sink.

Q_Q2A_ Q@
T TTh T
(i) For Q, = 200 kcal/s
dQ 500 _ 200
T ~ 600 300 = 0.1667
dQ

As ?? > 0, therefore under these conditions engine is not possible. Ans.

(i) For Q, = 400 kcal/s

dQ _ 500 400 .
T ~ 600 300

dQ

Here ?? <0, so engine isfeasible and cycleisirreversible Ans.
(iii) For Q, = 250 kcal/s
dQ 500 250

T ~ 600 300
Here, ?dQ 0, so engine is feasible and cycle is reversible. Ans.

15. AIongTa horizontal and insulated duct the pressure and temper atures measured at two points are 0.5
MPa, 400 K and 0.3 MPa, 350 K. For air flowing through duct determine the direction of flow.
Solution:
Let the two points be given as states 1 and 2, so,

p, =05 MPa, T, =400 K

p,= OSMPa,T =350 K
Let us assume flow to be from 1 to 2

DTE DplD
So ent h Gl RI
entropy change As ,=s —-s,=C In D]._ nO-— DPzD

For air, R=10.287 kJKkg . K
Cp= 1.004 kJkg . K

4000 [10.50
Hence s, —s,= 1.004 In %E —0.287In BO_SE



Entropy 155

= —0.01254 kJkg . K
or s, —s,=0.01254 kJkg K
It means s, >s; hence the assumption that flow is from 1 to 2 is correct as from second law of
thermodynamics the entropy increases in aprocessi.e. s, > s,.
Hence flow occurs from 1 to 2 i.e. from 0.5 MPa, 400 K to 0.3 MPa & 350 K Ans.

16. Anideal gasis heated fromtemperature T, to T, by keep| ng its volume constant. The gasis expanded
back to it's initial temperature according to the Iaw pv" = constant. If the entropy change in the two
processes are equal, find the value of ‘n’ in terms of adiabatic index y. [U.RP.S.C. 1997

Solution:

T
During constant volume process change in entropy AS,, = ¢, . In ?2
1

-ng T
Change in entropy during polytropic process, AS,; = mc, B—E In TZ
1

Since the entropy change is same, so

ASlZ AS,
| oy - nDl 2
me, n =mc n
vHn-10'" T,
+1
or n—yT Ans.

17. A closed system executed a reversible cycle 1-2-3-4-5-6-1 consisting of six processes. During
processes 1-2 and 34 the systemrecei ves 1000 kJ and 800 kJ of heat, respectively at constant temperatures
of 500 K and 400 K, respectively. Processes 2—-3 and 4-5 are adiabatic expansions in which the steam
temperature is reduced from 500 K to 400 K and from 400 K to 300 K respectively. During process 5-6
the system rejects heat at a temperature of 300 K. Process 6-1 is an adiabatic compression process.
Determine the work done by the system during the cycle and thermal efficiency of the cycle.

[U.RP.S.C. 1995]
Solution:

Q12=1000 kJ
1 2
F500 K 2

Q324=800 kJ
TT F400K | >

7300 K « —

Fig. 5.13
Heat added = Q,, + Q,,
Total heat added = 1800 kJ
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For heat addition process 1-2,

Qp=T,-(5-9)
1000= 500 - (S, - S
or, S-5=2

For heat addition process 34, Q,, =T, - (§,-S)
800=400-(§,-S)
or, 5-5=2
Heat rejected in process 5-6
Q=T (§-9)

=T5 - {(§-9) + (5 - S}
Qg=1300 - {2 + 2} = 1200 kJ
Net work done = Net heat
= (le + Q34) - Q56
W, = 1800 — 1200
W = 600 kJ

Wnet

Hest added

600

1800
0.3333 or 33.33%

Work done = 600 kJ
Thermal efficiency = 33.33% | Ans.

18. A reversible heat engine has heat interaction from three reservoirs at 600 K, 700 K and 800 K. The
engine rejects 10 kJ/s to the sink at 320 K after doing 20 kW of work. The heat supplied by reservoir at
800 K is 70% of the heat supplied by reservoir at 700 K then determine the exact amount of heat
interaction with each high temperature reservoir.

Thermal efficiency of cycle=

| 800K | | 700K | | 600K |
Q1'=0.7Q:" 1 T
vQ:1

HE)—W =20 kW

Q2=10 kW
320 K
Fig. 5.14
Solution:
Let heat supplied by reservoir at 800 K, 700 K and 600 K be Q'}, Q";, Q™.
Here,
Q—-Q,=W
ad Q,=30kJs
Also given that, Q,=07Q"

le = Ql_ (07 in + in)
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Q" =Q-17Q,
For reversible engine
. 9,9 ,9 @ _
800 700 600 320
. 079, Q ,(Q-17Q) _10
800 700 600 320
O Q",=88.48 kJs

Q= 61.94 ks
Q" = — 12042 kJs

Heat supplied by reservoir at 800 K = 61.94 kJ/s
Heat supplied by reservoir at 700 K = 88.48 kJ/s
Heat supplied to reservoir at 600 K = 120.42 kJ/s Ans.
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19. A rigid insulated tank is divided into two chambers of equal volume of 0.04 m3 by a frictionless,
massless thin piston, initially held at position with a locking pin. One chamber is filled with air at
10 bar & 25°C and other chamber is completely evacuated, Subsequently pin is removed and air comes
into equilibrium. Determine whether the process is reversible or irreversible. Consider, R = 0.287 kJ/

kg.K and ¢, = 0.71 kJ/kg.K.
Solution:

L et us assume process to be adiabatic and so the heat interaction would not be there. Also in view of this

expansion being frictionless expansion there would be no work done, i.e, W=0, Q = 0.
Let initial and fina states be indicated by subscripts 1 and 2.

Using first law of thermodynamics;

dQ = dw+ duU
0 0=0+me(T,-T)
0 T, =T,=298K

Volume changes are, V, = 2V, = 0.08 m?

Using gas laws, p,V, = p,V, O p, = 0.5p, =5 bar

. . V,
Initial Mass of air, m, = PY g
RTl

Ch f entropy, ( ) lenwz%mlrE%
ange of entropy, (S,—S) =
g P (%=5 ﬁm 010

(S,—S) = 0.4677 {0.287 x In2 + 0.71 In1)

10x10? x0.04
0.287 x 298

= 0.09304 kJK

From reversibility/irreversibility considerations the entropy change should be compared with

2dQnO

107 B’
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EbIQD .
In this caseg; I H_H = 0, while entropy change = 0.09304 kJK.
ev

Here (S, - %)>IEH£§( , which means the processisirreversible.  Ans.
ev

20. Two tanks A and B are connected through a pipe with valve in between. Initially valve is closed and
tanks A and B contain 0.6 kg of air at 90°C, 1 bar and 1 kg of air at 45°C, 2 bar respectively.
Subsequently valve is opened and air is allowed to mix until equilibrium. Considering the complete
system to be insulated determine the final temperature, final pressure and entropy change.

Solution:
In this case due to perfectly insulated system, Q =0, AlsoW=10
Let the final state be given by subscript f ' and initial states of tank be given by subscripts ‘A’
and ‘B’. p, = 1 bar, T, = 363 K, m, = 0.6 kg; Tg = 318K, my = 1kg, pg = 2 bar
AQ = AW+ AU
0=0+{(m,+my) +C,.T,—(m,.CT,) - (m;.C,Tp)}
T - (Ma G, T +ms.C, Tg) _ (0.6%363+1x318)
T (mytmg) G, (0.6+1)
T, = 334.88 K, Final temperature = 334.88 K Ans.

Using gas law for combined system after attainment of equilibrium,

_ (My + mg).RT;
Pr = (Va+Vg)
RT,
v, = mARTA;VBsz B
Pa Ps

V, = 0.625 m? V, = 0.456 m®
_ (1+0.6) x0.287 x334.88
f (0.625 + 0.456)
Final pre