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PREFACE 

The book titled “Basics of Thermodynamics” is an outcome of the well-established role of 
thermodynamics in the modern engineering practices, our small experience of teaching of 
Engineering Thermodynamics course, plan of AICTE to develop text books for all affiliated 
institutions along with constant guidance provided by Prof. Shaligram Tiwari. Keeping in mind the 
purpose of wide coverage as well as to provide essential supplementary information, we have 
included the topics recommended by AICTE, in a very systematic and orderly manner throughout 
the book. Efforts have been made to explain the fundamental concepts of the subject in the simplest 
possible way by considering the illustrations from the daily life experiences.  

      While preparing the outline of the book, we have strictly adhered to the syllabus prescribed by 
the AICTE. For comprehensively covering the concepts of thermodynamics starting from the basic 
introduction to thermodynamic systems and processes, application of these concepts for estimating 
the performance and efficiency of energy conversion devices such as power plants used for 
generating electricity, the book has been divided into eight chapters. Chapter one describes the 
basic concepts of thermodynamics. Chapter two introduces the important concepts of energy and 
energy conservation. In execution of any energy conversion process, the choice of suitable working 
fluid is very critical for realising the process. For developing the importance of properties of the 
working fluids, Chapter three covers the properties of pure substances. Chapter 4 illustrates the 
applications of the first law of thermodynamics to control volume. Chapter 5 describes the second 
law of thermodynamics. Concepts of Entropy and Exergy are covered in chapters six and seven, 
respectively. In the concluding chapter eight, these concepts have been applied for the analysis of 
various practical power plants and refrigeration systems. We are confident that this sequence of 
chapters will provide a logical foundation for learning the basic concepts of engineering 
thermodynamics. The solved examples and numerical problems at the end of each chapter are 
provided to allow the readers to concentrate on absorbing the theoretical concepts with their 
practical applications. The content of the book is developed for entry level undergraduate students, 
however, it can be used by practicing engineers and graduate students for the cohesive learning of 
the concepts of classical thermodynamics. 

      We sincerely hope that the book will inspire the students to learn the ideas behind various 
energy systems that they will encounter during their journey of engineering education and practice 
of engineering knowledge. We are also confident that it will surely contribute to the development 
of a clear understanding of the concepts of thermodynamics. We are really pleased to place this 
book in the hands of the teachers and students. We are eagerly waiting for the responses of our 
readers. We would be really thankful to all critical comments and suggestions for the improvement 
of the future editions of the book. 

Dr. Parmod Kumar 

Dr. Atul Dhar 
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OUTCOME BASED EDUCATION 

For the implementation of an outcome based education the first requirement is to develop 
an outcome based curriculum and incorporate an outcome based assessment in the 
education system. By going through outcome based assessments evaluators will be able to 
evaluate whether the students have achieved the outlined standard, specific and measurable 
outcomes. With the proper incorporation of outcome based education there will be a 
definite commitment to achieve a minimum standard for all learners without giving up at 
any level. At the end of the programme running with the aid of outcome based education, 
a student will be able to arrive at the following outcomes: 

PO-1. Engineering knowledge: Apply the knowledge of mathematics, science, 
engineering fundamentals, and an engineering specialization to the solution of 
complex engineering problems. 

PO-2. Problem analysis: Identify, formulate, review research literature, and analyze 
complex engineering problems reaching substantiated conclusions using first 
principles of mathematics, natural sciences, and engineering sciences. 

PO-3. Design / development of solutions: Design solutions for complex engineering 
problems and design system components or processes that meet the specified 
needs with appropriate consideration for the public health and safety, and the 
cultural, societal, and environmental considerations. 

PO-4. Conduct investigations of complex problems: Use research-based knowledge 
and research methods including design of experiments, analysis and interpretation 
of data, and synthesis of the information to provide valid conclusions. 

PO-5. Modern tool usage: Create, select, and apply appropriate techniques, resources, 
and modern engineering and IT tools including prediction and modeling to 
complex engineering activities with an understanding of the limitations. 

PO-6. The engineer and society: Apply reasoning informed by the contextual 
knowledge to assess societal, health, safety, legal and cultural issues and the 
consequent responsibilities relevant to the professional engineering practice. 

PO-7. Environment and sustainability: Understand the impact of the professional 
engineering solutions in societal and environmental contexts, and demonstrate the 
knowledge of, and need for sustainable development. 

PO-8. Ethics: Apply ethical principles and commit to professional ethics and 
responsibilities and norms of the engineering practice. 
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PO-9. Individual and team work: Function effectively as an individual, and as a 
member or leader in diverse teams, and in multidisciplinary settings. 

PO-10. Communication: Communicate effectively on complex engineering activities 
with the engineering community and with society at large, such as, being able to 
comprehend and write effective reports and design documentation, make effective 
presentations, and give and receive clear instructions. 

PO-11. Project management and finance: Demonstrate knowledge and understanding 
of the engineering and management principles and apply these to one’s own work, 
as a member and leader in a team, to manage projects and in multidisciplinary 
environments. 

PO-12. Life-long learning: Recognize the need for, and have the preparation and ability 
to engage in independent and life-long learning in the broadest context of 
technological change. 
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COURSE OUTCOMES 

After completion of the course the students will be able to: 

CO-1:  Describe the status of any thermodynamic system in terms of thermodynamic 
properties 

CO-2:  They shall be able to apply the principle of energy conservation for different 
systems in terms of first law of thermodynamics 

CO-3:  Apply the second law of thermodynamics for identifying the feasibility and 
spontaneity of any process 

CO-4: Understanding the concept of entropy, irreversibility and exergy 

CO-5: Appreciation of the concepts of energy efficiency, energy availability, exegetic 
efficiency and limits of energy conservation for best possible designs 

CO-6:  They should be capable to interpret and analyse the energy flow and conversion 
process in different energy conversion devices through thermodynamic cycles 

 

Course 

Outcomes 

Expected Mapping with Programme Outcomes 

(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7 PO-8 PO-9 PO-10 PO-11 PO-12 

CO-1 3 2 2 2 1 - - - - - - - 

CO-2 3 1 2 1 - - - - - - - - 

CO-3 3 3 2 1 - - - - - - - - 

CO-4 3 3 3 2 1 - - - - - - - 

CO-5 3 3 2 1 1 - - - - - - - 

CO-6 3 3 3 2 1 - - - - - - - 
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GUIDELINES FOR TEACHERS 

To implement Outcome Based Education (OBE) knowledge level and skill set of the 
students should be enhanced. Teachers should take a major responsibility for the proper 
implementation of OBE. Some of the responsibilities (not limited to) for the teachers in 
OBE system may be as follows: 

● Within reasonable constraint, they should manoeuvre time to the best advantage of 
all students. 

● They should assess the students only upon certain defined criterion without 
considering any other potential ineligibility to discriminate them. 

● They should try to grow the learning abilities of the students to a certain level before 
they leave the institute. 

● They should try to ensure that all the students are equipped with the quality 
knowledge as well as competence after they finish their education. 

● They should always encourage the students to develop their ultimate performance 
capabilities.   

● They should facilitate and encourage group work and team work to consolidate 
newer approach.   

● They should follow Blooms taxonomy in every part of the assessment. 
 

Bloom’s Taxonomy 
 

Level 
Teacher should 

Check 
Student should be able 

to 
Possible Mode of 

Assessment 
 

Create 
  Students ability to 

create 
Design or Create Mini project 

 
Evaluate 

  Students ability to 
justify 

Argue or Defend Assignment 

 
Analyse 

  Students ability to 
distinguish 

Differentiate or 
Distinguish 

Project/Lab Methodology 

 
Apply 

  Students ability to use 
information 

Operate or Demonstrate 
Technical Presentation/ 

Demonstration 
 

Understand 
  Students ability to 

explain the ideas 
Explain or Classify Presentation/Seminar 

Remember 
Students ability to recall 

(or remember) 
Define or Recall Quiz 
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GUIDELINES FOR STUDENTS 

Students should take equal responsibility for implementing the OBE. Some of the 
responsibilities (not limited to) for the students in OBE system are as follows: 

● Students should be well aware of each UO before the start of a unit in each and 
every course. 

● Students should be well aware of each CO before the start of the course. 
● Students should be well aware of each PO before the start of the programme. 
● Students should think critically and reasonably with proper reflection and action. 
● Learning of the students should be connected and integrated with practical and real 

life consequences. 
● Students should be well aware of their competency at every level of OBE. 
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ABBREVIATIONS AND SYMBOLS 
 

List of Abbreviations 
 

General Terms 

Abbreviations Full form Abbreviations  Full form 

Conv. 

COP 

Heat Exch. 

Convective 

Coefficient of Performance 

Heat Exchanger 

KE 

PE 

Kinetic Energy 

Potential Energy 

 

 
List of Symbols 

 

Symbols  Description 

𝐴 Area normal to the direction of heat transfer 

𝐴௖ Cross-sectional area 

𝐴௦ Area of surface exposed to the fluid 

𝐶௣ Specific heat at constant pressure 

𝐶௣଴ Specific heat of an ideal gas at constant pressure 

𝐶௩ Specific heat at constant volume 

𝐶௩଴ Specific heat of an ideal gas at constant volume 

E Total energy 

𝐹 Force 

𝐹௘௫௧ External force 

𝐼 Electric current 

𝐼 Mass moment of inertia 

𝑁 Revolution of the shaft per minute 

Kn Knudsen number 

L Characteristic dimension of the system 

P Pressure 

𝑃ொ௉ Mean effective pressure 

𝑃௔௕௦ Absolute pressure 

𝑃௔௧௠ Atmospheric pressure 

𝑃௘௫௧ External pressure 

𝑃௚௔௚௘ Gauge pressure 
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Symbols  Description 

𝑄 Heat 

𝑄ሶ  Heat transfer rate 

𝑄ு Amount of heat exchange with high temperature thermal reservoir  

𝑄௅ Amount of heat exchange with low temperature thermal reservoir  

𝑅 Characteristic gas constant 

𝑅 Universal gas constant 

𝑆ሶ௚௘௡ Rate of entropy generation 

T Temperature 

𝑇଴ Dead state temperature 

𝑇ு Temperature of high temperature thermal reservoir 

𝑇௅ Temperature of low temperature thermal reservoir 

𝑇௖௢௡ௗ௘௡௦௘௥ Condenser temperature 

𝑇௙ Bulk temperature of the fluid medium 

𝑇௦ Temperature of the solid surface 

U Internal energy 

V Volume 

𝑉ሶ  Volumetric flow rate 

𝑉௔௩௚ Average velocity 

W Weight 

𝑊ሶ  Rate of work transfer 

𝑊ሶ௘ Electrical power 

𝑊ሶ௙௟௢௪ Flow work 

𝑊ሶ ோ Power input to the refrigerator 

𝑊௦௨ Surroundings work 

𝑊௨,௔௖௧௨௔௟ Actual useful work 

𝑊௨,௜ௗ௘௔௟ Maximum useful work 

𝑍 Compressibility factor 

𝑑𝑇 Infinitesimally small temperature difference 

𝑑𝜃 Angular displacement 
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Symbols  Description 

e Specific energy 

𝑔 Gravitational acceleration 

h Height 

ℎ Specific enthalpy 

hconv. Convective heat transfer coefficient 

ℎ௙ Specific enthalpy of saturated liquid 

ℎ௙௚ Enthalpy of vapourization or Latent heat of vapourization 

ℎ௚ Specific enthalpy of saturated vapour 

k Ratio of specific heats 

Ƙ Thermal conductivity 

M mass 

𝑚ሶ ௜௡  Rate of mass inflow 

𝑚ሶ ௢௨௧ Rate of mass outflow 

𝑚௣ Mass of the piston 

𝑛 Polytropic index 

𝑞 Heat transfer per unit mass 

𝒓 Normal distance from the centre of the shaft 

𝑟 Compression ratio 

𝑟௖ Cut-off ratio 

𝑟௣ Pressure ratio 

𝑠 Specific entropy 

𝑠௙ Specific entropy of saturated liquid 

𝑠௚ Specific entropy of saturated vapour 

t time 

u Specific internal energy 

𝑢௙ Specific internal energy of saturated liquid 

𝑢௚ Specific internal energy of saturated vapour 

𝑣 Specific volume 

𝑣௙ Specific volume of saturated liquid 

𝑣௚ Specific volume of saturated vapour 
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Symbols  Description 

𝑤௣௨௠௣ Work input to the pump 

𝑤௧௨௥௕௜௡௘ Work produced by the turbine 

𝒙 Displacement 

𝑥 Quality 

z Elevation 

𝛥𝐸 Change in total energy 

𝛥𝑈 Change in internal energy 

𝛥𝜒 Change in exergies 

𝜿 Boltzmann constant 

𝑇 Torque 

𝛽 Coefficient of performance (COP) 

𝛽஼௔௥௡௢௧ Carnot COP 

Γ Specific weight 

ẟA' Limiting area 

ẟ𝐹௡ Normal force 

ẟ𝑚 Mass of differential element 

ẟ𝑉 Volume of differential element 

𝛿𝑉′ Limiting volume 

𝜀 Emissivity of the surface 

𝜂஼௔௥௡௢௧ Efficiency of Carnot cycle 

𝜂஽௜௘௦௘௟ Efficiency of Diesel cycle 

𝜂ை௧௧௢ Efficiency of Otto cycle 

𝜂௔௖௧௨௔௟ Actual efficiency 

𝜂௜௥௥௘௩ Efficiency of irreversible heat engine 

𝜂௥௘௩ Efficiency of reversible heat engine 

𝜂ூூ Second law efficiency 

𝑘 Spring constant 

𝜆 Molecular mean free path 

𝜌 Density 
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Symbols  Description 

⍴௠ Density of the manometric fluid 

𝜎 Stefan-Boltzmann constant 

𝜙 Exergy per unit mass 

𝜒 Exergy 

𝜒௛௘௔௧ Exergy associated with heat transfer 

𝜒௪௢௥௞ Exergy associated with work transfer 

𝜓 Exergy per unit mass of a flowing stream 

𝜔 Angular velocity 
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UNIT SPECIFICS 

Through this unit we have discussed the following aspects: 
● Introduction to thermodynamics; 
● Macroscopic and microscopic approaches in the study of thermodynamics; 
● Thermodynamic systems & control volume;  
● Thermodynamic states & properties of the system;  
● Thermodynamic equilibrium; 
● Process and cycle; 
● Concepts of specific volume, density, pressure and temperature; 
● Thermal equilibrium and measurements of temperature. 

The basic introduction and practical applications of the concepts of thermodynamics are discussed 
for generating curiosity as well as improving problem solving capacity related with the analysis of 
energy systems.  

      Besides giving a large number of multiple choice questions as well as questions of short and 
long answer types, assignments through a number of numerical problems, a list of references and 
suggested readings are given in the unit so that one can go through these for practice. 

RATIONALE 

The fundamental science of thermodynamics helps us to define the state of any system and enables 
us to quantify the feasibility and spontaneity of processes in the nature. For describing the 
thermodynamic state of any system, both macroscopic and microscopic approaches are used with 
distinct applications. Both of these approaches have been discussed. For analysis of any system, 
the identification of the system and classification of the system based on the energy and material 
flow is very crucial. For describing the thermodynamic states of any system proper system 
properties need to be identified. Commonly used properties like temperature, pressure, volume has 
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been discussed so that the students can appreciate their importance for the analysis of 
thermodynamic systems. Temperature measurement methods have been also covered in this 
chapter to highlight the importance of thermal equilibrium. 

PRE‐REQUISITES 

None 

UNIT OUTCOMES 

List of outcomes of this unit is as follows: 

U1-O1: Appreciation of the practical utility of the thermodynamics 

U1-O2:  Understanding the meaning of thermodynamic system 

U1-O3:  Macroscopic and microscopic analysis approaches of thermodynamic systems 

U1-O4: Thermodynamic states and thermodynamic processes  

U1-O5:  Important system properties such as pressure, volume, temperature, etc. 

U1-O6:  Thermal equilibrium and measurement of temperature 

 

Unit-1 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U1‐O1  3 2 1 1 1 3 

U1‐O2  3 1 1 1 1 3 

U1‐O3  3 1 1 1 1 3 

U1‐O4  3 1 1 1 2 3 

U1‐O5  3 1 1 1 3 3 

U1‐O6  3 1 1 1 1 3 
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1.1 Introduction 

The spontaneous processes in nature involve the transformation of energy 
from one form to another. For instance, a rock falling from a cliff gains 
kinetic energy at the expense of its potential energy. There are plenty of 
examples (Fig. 1.1) in our daily life where we experience the 
transformation and exchange of energy. A branch of science that 
elucidates the principles of energy conversion, its storage and utilization 
in a specific form, is known as Thermodynamics. The laws of 
thermodynamics help us to determine the feasibility, spontaneity and 
efficiency of any process occurring in nature. The laws of 
thermodynamics have a universal applicability in the prescribed 
circumstances like Newton’s laws of motion which are applicable for all 
kinds of events occurring in nature. In other words, it can be said that no 
phenomenon can occur in nature without satisfying the laws of 
thermodynamics. Hence, thermodynamics has formed the basis for the 
design of different engineering devices to make them behave in a certain 
way for achieving the desirable tasks. Energy, in one or other form, is the 
fundamental requirement to operate engineering devices, therefore, it 
forged the basis in the origination of the subject “Thermodynamics”. 

The roots of modern thermodynamics are connected to the discovery of 
the first ideal gas law, which Robert Boyle discovered in 1662. The first 
book on thermodynamics was published in 1824 by French engineer Sadi 
Carnot at his own expense which focused on the analogy for the transfer 
of heat from the hot body to the cold body to a falling entity and hence to 
mechanical work. He concluded that the motive power increased upon 
increasing the difference in temperature between the hot and cold bodies. 
His effort was in a desire to improve the efficiency of the steam engines 
which were already discovered by Thomas Savery and Thomas 
Newcomen in 1697 and 1712, respectively. A systematic theoretical 
elucidation of the steam engine was described in the textbook of 
thermodynamics written by William Rankine in 1859. The first and 
second laws of thermodynamics were proposed in the 1850s. The 
scientists whose names are associated with the discovery of these laws are 
Julius Mayer, Hermann Helmholtz, Ludvig Colding, James Joule, Rudolf 
Clausius and Lord Kelvin. 

Fig. 1.1: A rock falling from 
a cliff. 

Any engineering device one can think of is based on the principles of thermodynamics. In our kitchen, 
we use many appliances such as gas stoves, microwave ovens, induction stoves, electric kettles and 
refrigerators, etc. which operate on the principle of conversion of energy. Electricity has been the main 
source of input energy for different engineering devices including automobiles (Electric Vehicles). 
Electricity is generated using coal-based thermal power stations, nuclear power plants, diesel engines, 
gas turbine engines and solar-powered devices, etc. In general, the layout of such power plants is 
extremely complex (schematic of typical coal based thermal power plant in Fig. 1.2), however, at the 
fundamental level, these are developed by the amalgamation of basic components utilizing the laws of 
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thermodynamics. It is almost impossible to list each and every component/system working on the 
foundation of thermodynamics, whereas to illustrate the importance of the subject, some of the popular 
applications of thermodynamics are depicted in Fig. 1.3. This book focuses on the fundamental concepts 
of thermodynamics which are needed for analyzing the thermodynamic systems and wherever possible 
the illustrations are related to the practical devices. 

 
Fig. 1.2: Schematic of a coal based thermal power plant. 
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Fig. 1.3: Applications of thermodynamics showing: (a) compressor, (b) condenser, (c) refrigerator, (d) internal 

combustion engine, (e) shell and tube heat exchanger and (e) steam drum of an electric boiler. 

1.2 Macroscopic versus Microscopic Approach 
There exist two fundamental approaches, namely macroscopic and microscopic, to analyze the 
behaviour of a system. The applicability of the two can be explained with the help of Fig. 1.4. It shows 
a perfectly sealed room of 25 𝑚ଷ volume which contains a monoatomic gas such as helium at 
atmospheric pressure (Fig. 1.4-a) and at a pressure close to absolute zero (Fig. 1.4-b). At standard 
temperature pressure (STP) condition, the gas contains ~10ଶ଺ molecules/atoms (Fig. 1.4-a) whereas in 
the second case, the number of molecules will be very less (as depicted in Fig. 1.4-b). In case of the 
microscopic approach, the behaviour of individual molecules is of concern, therefore, to describe the 
position and motion of each molecule three coordinate positions and three components of velocity are 
needed at each time instant. This brings in the requirement of ~6 ൈ 10ଶ଺ equations to describe the 
behaviour of all the molecules. Solving these many equations, even with present day advanced 
computational facilities, is almost impossible. On the contrary, the less numbers of equations in the 
second situation make it feasible to determine the behaviour of individual molecules. 
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In case of the macroscopic approach, the gross or average effect of all the 
molecules is of importance and is perceived as a uniform value by 
measuring instruments. In this situation, the length and time scales of the 
molecules are extremely small compared to the size of the system and 
time of measurement. Hence the observed quantities are the time-
averaged effect of a large number of molecules. In case of Fig. 1.4-a, the 
pressure acting on the walls of the room is dependent on the momentum 
exchange between the gas molecules and the walls. At the time scale of 
observation (in seconds or minutes) enormous numbers of molecules 
collide with the wall and their gross effect is perceived. Such an outcome 
is not possible in case of Fig. 1.4-b as the number of molecules are very 
less and there will be a condition of selective molecular collisions with 
walls and hence, non uniform pressure. 

If the characteristic dimension of the system (𝐿) is significantly larger 
than the molecular mean free path (𝜆) and the time period of observation 
is significantly larger than intermolecular collision frequencies, then 
macroscopic approach is applicable where the voids between the 
molecules can be neglected and uniformly distributed quantity of matter, 
called continuum, can be considered throughout the volume. Here, the 
molecular mean free path represents the average distance traversed by the 
molecules (Fig. 1.4-b) between the successive collisions. For a very small 
number of molecules in a system, its magnitude is of the order of system 
size. A dimensionless parameter, the Knudsen number ሺ𝐾𝑛ሻ, is defined 
as the ratio of the molecular mean free path to the characteristic size of 
the system, holding the assumption of continuum valid for its value less 
than equal to 0.001. In engineering applications, the assumption of 
continuum is majory valid, hence the macroscopic approach is 
convenient. This macroscopic viewpoint of thermodynamics that does not 
consider the behaviour of individual molecules is termed classical 
thermodynamics. Whereas a probabilistic approach that considers the 
behaviour of an individual or group of molecules is referred to as 
statistical thermodynamics. Such an approach is beyond the scope of 
this book. 

 
(a) 

 
(b) 

Fig. 1.4: Depiction of gas 
molecules in a sealed room of 

25 𝑚ଷ volume at (a) 1 atm 
pressure and (b) near absolute 

vacuum condition. 

 
For more details on 
macroscopic versus 

microscopic approach. 

1.3 Thermodynamic Systems and Control Volumes 
In nature and engineering applications, the interactions of energy take place between different entities. 
Therefore, in order to thermodynamically analyze an entity, it is necessary to separate it from 
neighboring entities and identify the associated energy interactions and its transformations within the 
entity. 
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An entity or region in space or quantity of matter which is of interest is 
known as a thermodynamic system or system. The entities or matter 
outside the system is termed its surroundings. The system is separated 
from its surroundings by a real or an imaginary surface which is called 
the boundary. The system under consideration may be as simple as an 
air container and it may be as complex as a steam based thermal power 
plant. Fig. 1.5-a shows a pan over a gas stove containing water at 25℃ 
and 1 atm pressure. If only the behaviour of water is of concern, then the 
system boundary will include the internal surface of the container and an 
imaginary surface at the top layer of water within the pan. Such a system 
is illustrated in Fig. 1.5-b. In this case, the material of the pan is part of 
the surroundings only and the energy is added to the water through the 
surface of the pan. Another situation may include where the temperature 
of the pan, along with the behaviour of water, are of interest. Then pan 
and water both will become part of the system as depicted in Fig. 1.5-c 
and energy will enter the system directly from the flame of the gas stove. 
As the top face of the pan is open in both situations, therefore, up to 100℃ 
(boiling temperature at 1 atm pressure) temperature of water, only energy 
exchange can take place through the top boundary from water to the 
surrounding air. Whereas if further heating is done at 100℃, then the 
mass of water will also pass through the imaginary boundary in the form 
of water vapours into the surrounding air. 

In case, the identity of the matter is fixed within the system and no mass 
exchange takes place through its boundary, then it is called the fixed mass 
or control mass, or closed system. The heating of water in the pan up to 
100℃ at 1 atm pressure in Fig. 1.5 is an example of a closed system. In 
such systems, energy can exchange through the boundary and it does not 
have to be always fixed. The example of a moving boundary closed 
system is shown in Fig. 1.6. It includes a piston-cylinder arrangement in 
which air is filled at atmospheric conditions and occupies an initial 
volume 𝑉ଵ. If only air is part of the system, then the inner surface of the 
cylinder and pistons act as the boundary of the system and everything 
outside the boundary, including the cylinder and the piston, is 
surroundings. When the bottom face of the cylinder is heated, it transfers 
energy into the air and the piston starts expanding. In this situation, the 
air occupies more volume and the top boundary of the system has 
traversed. As no mass exchange has taken place across the boundary, this 
is an example of a closed system with a moving boundary. A special case 
of a closed system that does not allow even energy to cross across the 
system boundary, is termed an isolated system. It is almost impossible to 
construct an isolated system whereas a thermos flask acts as an isolated 
system for a certain period of time considering the small energy losses are 
negligible. In a broad sense, the entire universe can be called an isolated 
system. 

 
Fig. 1.5: (a) A pan of water 
placed over a gas-stove at 1 
atm pressure, (b) a system 
including only water as its 

part and (c) a system 
including both water and pan 

as its constituents. 

 

Fig. 1.6: A moving boundary 
closed system.  
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A large number of engineering devices involve the flow of matter in and 
out of the system. The centrifugal pump, electric geyser, compressor, 
turbine and nozzle, etc. are the examples of such devices. In order to 
analyze such a system, a region is defined in space, across whose 
boundary mass and energy interaction take place, it is called the control 
volume or open system. The boundary of such a control volume is 
sometimes also called the control surface. The examples of fixed and 
moving boundary open systems are depicted in Fig. 1.7. An electric 
geyser in which cold water enters and hot water goes out forms a typical 
fixed boundary open system where electric power supplies the necessary 
energy for heating the water (Fig. 1.7-a). A reciprocating type air 
compressor takes in the atmospheric air during the downward motion of 
the piston and discharges the pressurized air when the piston moves in an 
upward direction. If behaviour of air is of interest then the inner surface 
of the piston and cylinder form the control surface which is moving during 
the operation of the compressor (Fig. 1.7-b). 

The system under consideration must be defined carefully while 
performing the thermodynamics analysis of the engineering devices. In 
the case of the analysis of simple devices, the system definition appears 
obvious, whereas the selection of the system is quite tedious for complex 
devices and may simplify the analysis if specified properly. 

 
Fig. 1.7: (a) An electric 

geyser as a control volume 
and (b) an air compressor as a 

moving boundary control 
volume. 

 

 

1.4 Properties and State of a System 

A set of macroscopic quantities that defines the unique characteristics of 
the system are known as its properties. The familiar properties of the 
systems are mass, volume, pressure, temperature, viscosity, thermal 
conductivity and coefficient of thermal expansion. These are the handful 
of properties listed here and the list can be extended to many. The two 
general categories of thermodynamic properties are extensive and 
intensive. Properties that depend upon the amount of the system are 
known as extensive properties. Volume, mass and energy of the system 
are a few examples of extensive properties. On the other hand, intensive 
properties are independent of the mass of the system, such as density, 
pressure, temperature and thermal conductivity. All the extensive 
properties per unit mass are termed specific properties and these are of 
intensive nature. Specific volume (𝑣 ൌ 𝑉/𝑚) and specific energy ሺ𝑒 ൌ
𝐸/𝑚ሻ are some examples of specific properties. The intensive properties, 
including the specific properties, are denoted by small letters with 
temperature T and pressure P being the exceptions. Contrary, the 
extensive properties are symbolized by uppercase letters with mass m 
being an exception. An easy method to determine the extensive or 
intensive nature of properties is demonstrated in Fig. 1.8. Here, a 
container of volume 𝑉 has been filled with a gas having mass m (Fig. 1.8-

 
 
 
 

 
Fig. 1.8: Illustration of 
extensive and intensive 

properties. 
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a). The container is now divided into two equal halves by an imaginary 
partition (Fig. 1.8-b). The extensive properties will reach half of their 
original value in each partition, however, the magnitude of intensive 
properties remains unchanged. It is to highlight that the continuum is 
applicable while defining the properties of the system. 
At a thermodynamic state or state of the system, the values of its 
properties are the same throughout the entire system. The state of the 
system represents a unique set of properties that are independent of the 
fact that how the system has reached a particular state. In other words, the 
values of properties at a given state are independent of the path which the 
system has followed to reach a thermodynamic state. The change in any 
one property of the system results in a change in the state of the system. 
Water is initially at 90℃ and 1 atm pressure in a container and then it is 
cooled to 45℃ (Fig. 1.9-a). Another situation shows the heating of water 
from 20℃ and 1 atm pressure to 45℃ (Fig. 1.9-b). In both cases, the final 
temperature and pressure of the system are the same, therefore, it 
possesses the same thermodynamic state, irrespective of its history. 
Moreover, due to the incompressible nature of the water, the change in 
volume is negligible upon cooling and heating within the specified limits. 
Therefore, the state of the system has changed solely upon the change in 
its temperature. It is important to highlight that when the system is heated 
or cooled, there is no potential (driving force) within the system at its final 
state to change any of its properties. This signifies that equilibrium within 
the system is needed to define its state. When a system is in equilibrium 
it experiences no change if isolated from its surroundings. Typically for 
thermodynamic systems, there exist three kinds of equilibriums: thermal 
equilibrium, mechanical equilibrium and chemical equilibrium. 

 
(a) 

 
(b) 

Fig. 1.9: (a) A system cooled 
from 90℃ to 45℃ at 1 atm 
pressure and (b) a system 

heated from 20℃ to 45℃ at 1 
atm pressure. 

A system is said to be in a complete state of thermodynamic equilibrium if each of these is satisfied. 
If the temperature at all the spatial locations is the same throughout the system, then it is said to be in 
thermal equilibrium. At this condition, the temperature gradient will not exist within the system which 
is the driving force for the transfer of heat (a form of energy that is described in later sections). For 
mechanical equilibrium, the pressure at different locations within the system should not vary with time, 
however, it may vary with elevation due to gravitational effects within the system. As the pressure at 
deeper locations within the system supports more quantity of matter, therefore, it is balanced by the 
weight (detailed in Section 1.6) and results in mechanical equilibrium. Moreover, in the majority of the 
thermodynamic systems, the variations in pressure due to gravity are comparatively small and often 
neglected. Finally, the system is said to be in chemical equilibrium, if it does not have any affinity to 
undergo the chemical reactions. In simpler words, the chemical composition at different spatial locations 
does not change with time. In the case of systems involving two-phase mixtures, a condition of phase 
equilibrium should also hold. This is satisfied when the mass of each phase does not change with time. 

It is also important to know how many properties are needed to designate the state of a system. As per 
state postulates, two independent intensive properties are sufficient to completely specify the state of a 
simple compressible system. The values of all other properties can be obtained using thermodynamic 
relations with the help of two known independent properties. A system in absence of external effects 
such as gravitational, electrical, magnetic and surface tension, etc. is called a simply compressible 
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system. These effects are negligible for the majority of engineering problems. In case these become 
significant, an additional property for each needs to be included. For instance, in the case of gravitational 
effects, elevation is needed to specify pressure at different locations within the system, in addition to 
the other two independent intensive properties. The properties can be independent if, upon variation of 
one, the other can be kept fixed. The combination of pressure-volume, temperature-volume and 
pressure-temperature acts as independent properties for single-phase systems. Whereas in the case of a 
two-phase mixture, the pressure and temperature become dependent. For example, the boiling 
temperature of the water is a function of its pressure. Therefore, the pressure and temperature can not 
completely define the state of a two-phase mixture. The details of phase-transition processes are 
discussed in Chapter 3. 

1.5 Thermodynamic Processes and Cycles 
When one or more properties of a system change, it shifts from one state to another. Such a change in 
the state of the system is termed a process. There can be plenty of ways to achieve this change from the 
same initial to final states. A piston-cylinder containing a gas is shown in Fig. 1.10. A weight 𝑊 is 
placed on the piston such that the pressure of the gas is 𝑃. When this weight is removed from the piston, 
the gas expands and as a result, its pressure decreases. The system will now occupy a new equilibrium 
state of decreased pressure and increased volume. The initial and final states of the system are presented 
on a P-V plot in Fig. 1.10. In this example, as the process of expansion is rapid, therefore, it is not 
possible to determine the exact path that a system has gone through to change from its initial to the final 
state. 

 
Fig. 1.10: Sudden expansion of gas upon release of external pressure. 
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Fig. 1.11: Quasi-equilibrium expansion of a gas and process representation on P-V diagram. 

Another system that has a change of state between the same initial and 
final conditions is depicted in Fig. 1.11. In this case, a number of 
infinitesimally small weights (𝛿𝑊) are put on the piston such that 𝑊 ൌ
∑𝛿𝑊. When one infinitesimal weight (𝛿𝑊) is removed, the piston will 
expand slowly to reach a slightly small pressure. If this process of 
removing the weights is continued, the slow expansion of the system will 
continue and its pressure will keep decreasing. Once all the weights are 
removed the system will acquire the final state. As the sum of all the 
infinitesimal weights is equal to a single weight used in the previous case 
(Fig. 1.10), therefore, the final state will be the same in both situations. 
Due to the infinitesimally slow expansion of the system, the properties of 
the system change uniformly across the entire system, which makes it 
possible to define the state of the system for all the intermediate states. 
As the intermediate states are known (depicted by ‘o’ symbol in Fig. 1.11 
on the 𝑃 െ 𝑉 plot), the exact path of the process can be defined. 
Basically, the sequence of intermediate states, a process has undergone is 
called the path of the process. The process which takes place at an 
infinitesimally slow pace such that the system remains at near equilibrium 
states during the process is referred to quasi-equilibrium, or quasi-static 
process. In reality, the processes do not exactly follow the idealized quasi-
equilibrium behaviour. However, the majority of the engineering 
processes can be approximated as quasi-equilibrium with negligible error. 
It makes the thermodynamic analysis of the process simple and serves as 
a standard to compare the actual processes. In the case of non-quasi-
equilibrium processes, as the exact path of the process is not known, 
therefore, a dashed line is drawn between initial and final states to indicate 
such a process. It is also important to put an arrowhead on the process line 

 
Fig. 1.12: (a) Two chambers 
separated by a partition and 

maintained at different 
conditions, (b) depiction of 
unrestrained expansion and 

(c) partly restrained 
expansion. 
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to indicate the direction of the process (Figs. 1.10 & 1.11) while it is 
indicated on property diagrams. 

Another illustration is presented in Fig. 1.12 to precisely demarcate the 
quasi-static and non-quasi-static processes. It shows two chambers A and 
B separated by a partition wall (Fig. 1.12-a). Chamber A is filled with a 
gas at high pressure and chamber B is maintained at absolute vacuum. 
When the partition is removed instantly, the sudden expansion of the gas 
takes place into chamber B and the entire enclosure is filled with gas 
which occupies a new equilibrium state of increased volume and 
decreased pressure (Fig. 1.12-b). Such an expansion of gas against zero 
pressure is called free expansion or unrestrained expansion. It is a non-
quasi-static process as it occurs suddenly. On contrary, a few holes are 
made in the partition wall which allows slow movement of gas molecules 
from chamber A to chamber B (Fig. 1.12-c). In this process, both the 
chambers are in quasi-equilibrium condition as their pressure changes 
slowly. For chamber A, the pressure decreases and in the case of chamber 
B, it increases till both the chambers reach a state of equal pressure. Such 
a process is called the partly restrained expansion and it is of quasi-static 
nature. 

A process for which any of the thermodynamic properties is kept constant 
is indicated by prefix iso. For instance, a constant temperature process is 
called isothermal, a constant pressure process is termed isobaric and a 
constant volume process is referred to isochoric process. Three processes 
namely isothermal expansion, isobaric expansion and isochoric heat (a 
form of energy that is described in Chapter 2) rejection are represented on 
commensurate property plots for an ideal gas in Fig. 1.13. It is important 
to note that upon the change of working medium (such as real gas, vapour 
and mixture of liquid and vapour) the specific path of the processes 
represented in Fig. 1.13 may change whereas the general behaviour of the 
process will be similar.  

When a system goes through a number of processes such that it finally 
reaches its initial state, is termed a cyclic process. This means that for a 
cyclic process, the initial and final states of the system are identical. For 
a thermodynamic cycle, the working fluid should be circulated in a 
closed-loop while it is going through a series of processes. 

 

 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1.13: Representation       
of (a) isothermal expansion, 

(b) isobaric expansion and (c) 
isochoric heat rejection on 

property diagrams for an ideal 
gas. 

1.6 Primary Measurable Properties 

It is described in Section 1.4 that there are a large number of properties that are associated with the 
thermodynamic state of the system. The direct measurements of some of these properties are possible 
through standard instruments and for determining a few properties, specific experiments are to be 
designed along with the use of theoretical relations. Therefore, in thermodynamics, we emphasize using 
the easy measurable intensive properties to designate the state of the system and utilize thermodynamic 
property relations to obtain other properties. Specific volume, pressure and temperature are the primary 
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properties that can be measured using standard instruments and are utilized in the thermodynamic 
analysis. These properties are described in this section. 

1.6.1 Specific volume and density 

The volume of a substance per unit mass is termed specific volume and density is reciprocal of specific 
volume. For a differential volume element of volume ẟ𝑉 and mass ẟ𝑚, specific volume is expressed as 

𝑣 ൌ 𝑙𝑖𝑚
ఋ௏→ఋ௏ᇱ

ఋ௏

ఋ௠
 ሺ𝑚ଷ/𝑘𝑔ሻ. Here, 𝛿𝑉′ is the limiting volume above which a substance can be considered 

as continuum. For elemental volume less than the limiting value, there exist void spaces between the 
molecules. Due to this fact, a situation may arise when the elemental volume is so selected that it 
contains void and hence no mass. In this case, specific volume will approach infinity. In another case, 
when the elemental volume has completely encapsulated a molecule, the specific volume will reach a 
small value. Such a variation of specific volume is depicted in Fig. 1.14 for different sizes of elemental 
volume. The oscillating variation of specific volume has diminished for sizes of control volume above 
the limiting value as the approximation of continuum holds good. 

The specific volume of a substance is also the function of temperature and pressure. In the case of most 
gases, the specific volume is directly proportional to temperature and is inversely proportional to 
pressure. The liquids and solids are generally referred to as incompressible substances as the change in 
their specific volume is very small upon change of pressure and temperature. For example, the specific 
volume of water has decreased by only 1.91 percent when the pressure is changed from 5 𝑀𝑃𝑎 to 50 
𝑀𝑃𝑎 at 20℃. On the other hand, the increase of specific volume of water is 4.14 percent upon rising 
temperature from 20℃ to 100℃ at 5 𝑀𝑃𝑎 pressure. This shows that the dependence of the specific 
volume of liquids on temperature is more pronounced than on pressure. Moreover, for most engineering 
problems, this variation can be neglected with an acceptable limit of accuracy. The dependence of 
temperature and pressure on the density of the substance will be the inverse of their dependence on the 
specific volume. The ratio of the density of a substance to the density of a standard substance at a 
specified temperature is termed specific gravity or relative density. Generally, water is used as a 
standard substance at the temperature of 4℃ with density of 1000 𝑘𝑔/𝑚ଷ. Another important parameter 
linked to density is specific weight, which is defined as the weight of unit volume of a substance and is 
expressed as 𝛾 ൌ 𝜌𝑔 ሺ𝑁/𝑚ଷሻ. Here, 𝜌 is density and 𝑔 is gravitational acceleration in 𝑚/𝑠ଶ. 
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Fig. 1.14: Representation of specific volume to 

show the limit of the continuum. 

 

 

 
Fig. 1.15: Relation between absolute pressure, 

gauge pressure and vacuum pressure. 

1.6.2 Pressure 

Pressure is an important property of liquids and gases which is mostly 
used in thermodynamic analysis. The analogous to pressure is normal 
stress in solids. Pressure is defined as the normal force exerted by a fluid 
onto a unit area. For an elemental area ẟ𝐴 subjected to a normal force ẟ𝐹𝑛 

by a surrounding fluid, pressure is defined as 𝑃 ൌ 𝑙𝑖𝑚
ఋ஺→ఋ஺ᇱ

ఋி೙
ఋ஺

. Here, the 

limiting area ሺẟ𝐴′ሻ corresponds to the limit of continuum as specified in 
Fig. 1.14. As per SI system, the unit of pressure is the pascal (𝑃𝑎) and one 
pascal is equal to a force of one newton acting on an area of one square 
meter. The value of the pressure at a given point is called the absolute 
pressure and it is measured with reference to absolute vacuum, i.e. the 
state of absolute zero pressure. As the value of atmospheric pressure is 
standard, it is also used as a reference in most pressure measurement 
instruments. The difference of absolute pressure with the local 
atmospheric pressure is termed the gage pressure. Any value of pressure 
below local atmospheric pressure is termed the vacuum pressure. The 
relations between absolute pressure, gage pressure and vacuum pressure 
are represented in Fig. 1.15. 

For a fluid medium at rest, the pressure acting at different points on the 
surface is the same and always points normal to a surface. An example is 
shown in Fig. 1.16 which shows a piston cylinder system filled with a 
gaseous medium and a weight W is placed on the piston such that the 
system is in equilibrium. The external force acting on the piston is 
balanced by the gas pressure acting on the inner surface of the piston. For 
a system in equilibrium, the pressure acting on the walls of the cylinder is 
also of the same magnitude as indicated by the size of arrows in Fig. 1.16 
at different surfaces. Though pressure has both magnitude and direction, 

 

 

 

 
Fig. 1.16: Representation       

of uniform pressure at all the 
surfaces of the cylinder and 

piston. 

 

 

 
Fig. 1.17: Pressure acting on 
a fluid element, depicting the 

effect of elevation. 
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still it is a scalar quantity because it always acts in a unique direction 
normal to the surface. When the gravitational effect is considered into the 
system, the variation of pressure takes place along the elevation. Fig. 1.17 
shows a container filled with fluid at rest. When a fluid element (shown 
by dashed lines in Fig. 1.17) is subjected to the force balance, in 
horizontal direction, it results in same pressure on left and right faces of 
the fluid element, whereas the force balance in vertical direction is 
expressed as 𝑃ଵ𝐴 ൅ 𝑚𝑔 ൌ 𝑃ଶ𝐴. Here mg is the weight of the fluid 
element which can be given as ⍴Vg where V can be written as 𝐴 ൈ 𝑧. This 
results in 𝑃ଶ െ 𝑃ଵ  ൌ  ⍴𝑔𝑧. It shows that as we go deeper into the fluid, 
the pressure increases linearly with depth and it basically balances the 
weight of the fluid above that depth, therefore, the system remains in 
equilibrium. In case of fluids for which density is also a function of 
pressure, the variation of pressure with depth can be presented as 
𝑑𝑃/𝑑𝑧 ൌ ⍴ሺ𝑃ሻ and it can be integrated to estimate the pressure at any 
depth. It is important to mention that the majority of the systems which 
we study in thermodynamics have almost negligible pressure variation 
with depth. 

A fundamental device that is used to measure the small and moderate 
pressure differences between two systems or with reference to 
atmosphere and  is based on the idea of pressure variation with elevation, 
is called the manometer. It consists of glass or transparent plastic U-tube 
which is filled with one or more fluids such as water, mercury, alcohols 
and oils. The lighter fluids are used for measuring small pressure 
differences and heavy fluids like mercury is used when large pressure 
differences are expected. Consider a manometer connected to a system of 
pressure 𝑃 and the other end of the manometer is open to the atmosphere 
as shown in Fig. 1.18. The difference in height of manometric fluid 
between the two branches of U-tube is h and system contains a gas of 
density ⍴ which is significantly small in comparison to the density of the 
manometric fluid ሺ⍴௠ሻ. The pressure at point 2 on the right branch is 𝑃ଶ ൌ
𝑃௔௧௠ ൅ ⍴௠𝑔ℎ. As the pressure doesn’t vary in horizontal direction, hence, 
𝑃ଵ ൌ 𝑃ଶ. Assuming the small density of the gas, the elevation effect in the 
left branch can be neglected, therefore, 𝑃ଵ ൌ 𝑃. Thus, 𝑃 ൌ 𝑃௔௧௠ ൅ ⍴௠𝑔ℎ 
and 𝑃 െ 𝑃௔௧௠ ൌ ⍴௠𝑔ℎ, which implies 𝑃ሺ𝑔𝑎𝑔𝑒ሻ ൌ ⍴௠𝑔ℎ. Another 
illustration of the U-tube manometer is shown in Fig. 1.19 which is used 
to measure the pressure difference ሺ𝑃஺ െ 𝑃஻ሻ between two systems A and 
B. The densities of fluids used in systems A and B are ⍴஺ and ⍴஻, 
respectively. The balance of pressure between points 1 and 2 is expressed 
as 𝑃஺ ൅ 𝜌஺𝑔ℎଵ ൌ 𝑃஻ ൅ 𝜌஻𝑔ℎଶ ൅ 𝜌௠𝑔ℎ. Hence, 𝑃஺ െ 𝑃஻ ൌ 𝜌௠𝑔ℎ ൅
𝜌஻𝑔ℎଶ െ 𝜌஺𝑔ℎଵ. 

A device that is used to measure the atmospheric pressure is known as a 
barometer. A typical barometric configuration is shown in Fig. 1.20. It 
contains an inverted tube which is dipped into a pool of mercury. The 
pressure at points A and B is the same. The top of the inverted tube 

 

 

Fig. 1.18: A U-tube 
manometer used to measure 
the pressure of the system. 

 

 
Fig. 1.19: A U-tube 

manometer used to measure 
the pressure difference 
between two systems. 

 

 

 
Fig. 1.20: A barometer for 
measuring the atmospheric 

pressure. 
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contains the vapor of mercury and vapor pressure of mercury is very 
small, therefore, pressure at point C can be approximated nearly equal to 
absolute zero. Thus, 𝑃஻ ൌ 𝑃௔௧௠ ൌ 𝜌௠𝑔ℎ. The rise in height of fluid in the 
tube of the manometer and barometer is not the function of its cross-
sectional area. However, the size of the tube should not be so small that 
the capillary rise takes place in it. 

1.6.3 Temperature and its equality 

The sense of hotness or coldness of an object is something that we 
perceive as temperature. However, our sense of hotness or coldness is not 
reliable. There are certain physical properties of the matter such as 
electrical resistance, length, pressure, volume, etc. which change upon 
change of temperature and form the basis for measurement of 
temperature. For instance, if we take one hot and one cold aluminum 
blocks such that these are in thermal contact. We observe a decrease in 
electrical resistance of the hot block with time and for the cold block, it 
increases with time. Moreover, after a certain period of time, there is no 
change in their resistance. Similarly, if we bring a mercury column in 
contact with these blocks, it is observed that for the hot block, the level of 
mercury decreases with time and for the cold block, it increases with time 
before reaching a fixed value. The condition at which the variation of 
temperature dependent properties diminishes for two bodies when these 
are in thermal communication is called the equality of temperature. This 
equality of temperature is actually the state of thermal equilibrium 
between the bodies. 

Consider that system A is in thermal contact with system C such that these 
are in thermal equilibrium (Fig. 1.21). Now the same system C is in 
thermal communication and equilibrium with another system B. Thus, we 
can say that systems A and B will also be in thermal equilibrium with 
each other, i.e., there will not be any change in their properties when these 
are brought into thermal communication with each other. This is called 
the zeroth law of thermodynamics. This statement is very fundamental 
and was proposed more than half a century after the first and second laws 
of thermodynamics were formulated. Therefore, due to its very 
fundamental nature, it has been called the zeroth law of thermodynamics 
as it precedes the other laws in a logical sequence. If system C is replaced 
with a thermometer (a device that measures the temperature), it will read 
the same temperature for both systems A and B. It can be concluded from 
equality of temperature that for measuring the temperature of a system, it 
should have thermal contact with the temperature measuring device and 
once the thermal equilibrium is achieved, the device will reach the 
temperature of the system. The temperature measurement devices 
experience the change in properties of their material such as electrical 
resistance, height of mercury column, pressure, volume, etc., therefore, 

 

 

 

 
Fig. 1.21: Zeroth law of 

thermodynamics. 

 

 

 
Fig. 1.22: A liquid-in-glass 

thermometer. 
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the fundamental question is to relate this change to the magnitude of 
temperature which is described in Section 1.7. 

 

 
Fig. 1.23: Constant volume gas thermometer. 

1.7 Measurement of Temperature 
A number of devices such as liquid-in-glass thermometers, constant volume gas thermometers, constant 
pressure gas thermometers, electrical resistance thermometers and thermocouples, etc., are used for 
measuring temperature. Among all, the most popular is the liquid-in-glass thermometer (Fig. 1.22) 
which is used commonly for measuring temperature when extremely high accuracy is not required. It 
consists of a capillary tube made of glass whose one end is connected to a bulb, often filled with mercury 
or alcohol and another end is sealed. The portion of the tube above the liquid mostly contains the vapour 
of the same liquid or in some cases an inert gas. The expansion of the liquid in the tube is the function 
of temperature. Therefore, the height of liquid in the tube dictates the corresponding temperature of the 
system when the thermometer is brought to thermal equilibrium with it. 

The constant volume gas thermometer is another important device that is internationally accepted as 
the standard for the calibration of other thermometers. The actual setup of this device is elaborate and 
the procedure of temperature measurement is also cumbersome. Therefore, it is not preferred for routine 
measurement of temperature. In order to demonstrate the principle of this device, an illustration is 
depicted in Fig. 1.23. It consists of a constant volume chamber that is filled with a gas (usually hydrogen 
and helium) at low pressure and a pressure gauge (pressure measuring device) is mounted on the 
chamber. This chamber is made to contact a system whose temperature is to be measured. For the 
gaseous medium at low pressure, the temperature is directly proportional to the pressure at constant 
volume. This results in a linear relationship between the temperature and pressure, therefore, by 
measuring the pressure of the chamber, the temperature of the system can be obtained. There are also 
plenty of other devices and sensors for measuring temperature. These are beyond the scope of this book. 

After measuring the variation of temperature dependent property, once again we are back to the original 
question of assigning the corresponding value of temperature using some temperature scale. In order 
to define a temperature scale, a numerical value should be assigned to a standard fixed point with 
reference to which other temperatures can be related. The standard fixed point should be easily 
reproducible. For defining all the temperature scales, the ice point and the boiling point of the water are 
used as the easy reproducible states. The state at which air saturated with vapour is in equilibrium with 
mixture of ice and water at 1 atm pressure, is called the ice point. The equilibrium between liquid water 
with its vapour at 1 atm pressure, it termed the boiling point. In SI system, the scale of temperature is 
Celsius scale. As per this scale, the ice point and the boiling point are assigned the values of 0 and 
100℃, respectively. The symbol “°” is used in convention of celsius scale because symbol C (Coulomb) 
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is used for unit of electric charge. In English system, the Fahrenheit scale is used and it assigns the 
values of 32F and 212F to the corresponding standard fixed points. Both these scales are defined using 
a reference fluid (water) and utilize two standard fixed points to define the scale, therefore, these are 
called the two points scales. 

A temperature scale that is independent of the reference fluid is called the thermodynamic 
temperature scale. Such a scale of temperature will be defined using the second law of thermodynamics 
in Chapter 5. A scale of temperature in SI system that satisfies the thermodynamic temperature scale is 
Kelvin scale and the temperature in kelvin is denoted by K. The smallest temperature for this scale is 
absolute zero (0K). In English system, a thermodynamic temperature scale is Rankine scale and for this 
scale the temperature is designated by R. The temperature relationship between different scales is 
depicted in Fig. 1.24 and is expressed as 

   𝑇ሺ𝐾ሻ ൌ 𝑇ሺ℃ሻ ൅ 273.15, 

   𝑇ሺ𝑅ሻ ൌ 𝑇ሺ𝐹ሻ ൅ 459.67, 

   𝑇ሺ𝑅ሻ ൌ 1.8𝑇ሺ𝐾ሻ, 

   𝑇ሺ𝐹ሻ ൌ 1.8𝑇ሺ℃ሻ ൅ 32. 

Another scale which approximates close to the kelvin scale is the ideal gas temperature scale. The 
temperature for this scale is measured using a constant volume gas thermometer (Fig. 1.23). For such a 
device, consider the ideal gas behaviour of the medium which gives 𝑇 ൌ 𝛼 ൅ 𝛽𝑃. Here, coefficients 𝛼 
and 𝛽 depend on the type of gas and its amount in the chamber. The experiments can be performed for 
two reference points, ice point and boiling point, to determine the values of coefficients and then the 
equation can be used to obtain any unknown temperature. When this equation is plotted on the P-T curve 
(Fig. 1.25) and extrapolated to reach absolute zero pressure, it crosses the temperature axis at -273.15℃ 
or 0K. The slope of the line is different for different gases on the P-T plot, however, upon extrapolation, 
all lines meet the temperature axis at the same point corresponding to absolute zero pressure. As one 
point is fixed here, therefore, only a single point temperature is needed to define this temperature scale. 
A precisely reproducible reference point for defining the temperature scales after 1954 is considered the 
triple point temperature of water (the temperature at which all three phases, solid, liquid and vapour, 
coexist in equilibrium) and is assigned the value of 273.16K or 0.01℃. The ideal gas temperature scale 
cannot be used for extremely low and high temperatures due to issues of gas condensation and 
ionization, respectively. Moreover, it is also based on the assumption that for all the gas pressures within 
the range of temperature measurement, the gas behaves as an ideal gas. 

 

 
Fig. 1.24: Relation between different 

temperature scales. 

 
Fig. 1.25: P-T plot for constant volume gas thermometer 

using three different gases. 
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UNIT SUMMARY 

 In this chapter, we introduced the fundamental concepts of the subject thermodynamics. A system of 
the fixed identity of the matter is called the fixed mass, or control mass, or closed system, whereas a 
fixed region in space that allows the exchange of mass as well as energy across its boundaries is referred 
to as the control volume, or open system. A hypothetical system having no exchange of mass and energy 
across its boundary is called an isolated system. The properties of the system which depend on the mass 
are called the extensive properties and mass independent properties are termed the intensive properties. 
The properties of a system are defined only if it is in thermodynamic equilibrium and a unique set of 
properties of the system, designates its state. When any one of the properties of the system change, it is 
said to undergo a change of its state. The change of state of the system is called a process and the path 
of the process is defined by the sequence of intermediate states it crosses before reaching the final state. 
Such intermediate states are only defined if the process occurs at an infinitesimally slow pace and the 
process is called the quasi-static, or quasi-equilibrium process. A process for which the initial and final 
state of the substance becomes the same is called the cyclic process. 

The measurable properties which are mostly used to designate the state of the system are specific 
volume/density, pressure and temperature. The specific is defined as the ratio of system volume per unit 
mass and its intensive property. A normal force per unit area is referred to as the pressure and it varies 
with elevation as P = ⍴gz for an incompressible fluid. For a fluid of variable density with elevation, it 
is expressed as 𝑑𝑃/𝑑𝑧 ൌ ⍴ሺ𝑃ሻ. The pressure of a system close to atmospheric pressure and small 
pressure differences between systems are measured using a device called the manometer. A device 
named barometer is used to measure atmospheric pressure. The absolute pressure, gauge pressure and 
vacuum pressure are related as: 

   𝑃௚௔௚௘ ൌ 𝑃௔௕௦ െ 𝑃௔௧௠ (for 𝑃 ൐ 𝑃௔௧௠), 

   𝑃௩௔௖ ൌ 𝑃௔௧௠ െ 𝑃௔௕௦ (for 𝑃 ൏ 𝑃௔௧௠). 

Temperature is another important property which originates from the zeroth law of thermodynamics. 
There are a number of devices available to measure temperature and are based on the principle of 
equality of temperature when two systems are brought in thermal equilibrium with each other. The 
scales of temperature measurement in different systems are celsius scale, kelvin scale, fahrenheit scale 
and rankine scale. The relationship between different scales is expressed as 

   𝑇ሺ𝐾ሻ ൌ 𝑇ሺ℃ሻ ൅ 273.15, 

   𝑇ሺ𝑅ሻ ൌ 𝑇ሺ𝐹ሻ ൅ 459.67, 

   𝑇ሺ𝑅ሻ ൌ 1.8𝑇ሺ𝐾ሻ, 

   𝑇ሺ𝐹ሻ ൌ 1.8𝑇ሺ℃ሻ ൅ 32. 
 

Solved Examples 
Example 1.1: A centrifugal pump is used to elevate water through height ℎ and is powered by an electric 
motor as shown in Fig. E-1.1. (a) Consider the motor and pump as individual systems and determine the 
mass and energy interactions. (b) If both the motor and pump are parts of a single system, what will be 
the type of the system and associated interactions. 
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Fig. E-1.1 

Solution: The schematic of the considered physical situation is given in Fig. E-1.1. 

Assumptions: In part (a) motor and pump are to be considered individual systems (system 1 and system 
2 in Fig. E-1.1). 

In part (b), both the motor and pump are part of system 3 as shown in Fig. E-1.1. 

Discussion: (a) For system 1, which comprises the motor only, there is no mass exchange across its 
boundary as the flow of electrons is not considered in mass exchange from a macroscopic point of view. 
Whereas the motor is receiving electrical energy and supplies mechanical energy to the centrifugal pump 
through a rotating shaft. In addition, there occurs Joule heating in the motor due to the resistance of its 
windings and hence, there also occurs a transfer of thermal energy to the surroundings. Therefore system 
1 is a closed system with no mass interaction and only energy interaction across its boundary. 

In the case of system 2, the centrifugal pump continuously takes in the mass of water and supplies it to 
the discharge line. Therefore, there is mass interaction across its boundary. It also receives energy from 
the electric motor in the form of mechanical energy, hence there also occurs energy exchange through 
the boundary of the system. Furthermore, the energy inflow and outflow (which will be detailed in 
Chapter 2) is also associated with the mass exchange. Thus system 2 is a control volume with mass and 
energy interactions across its boundary. 

(b) System 3 includes both motor and pump as its parts. The motor receives electrical energy due to the 
flow of electrons and there also occurs mass exchange in the pump. Hence, system 3 is also a control 
volume with mass as well as energy exchange across its boundary. 
 

Example 1.2: A pan of water is taken out from an oven and is well 
insulated such that it doesn’t have any energy interactions with its 
surroundings. The temperature of water within the pan has different 
values at different locations as depicted in Fig. E-1.2. Can the 
thermodynamic state be defined if the water inside the container is 
considered the system? 

Solution: The thermodynamic state of the given system is to be defined. 

Assumptions: As the system is perfectly insulated, therefore, there is no 
mass and energy transfer across its boundary. 
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Discussion: The state of the system is only defined when it is in 
thermodynamic equilibrium. In the given condition, there exist 
temperature gradients within it, it is not in thermal equilibrium. Therefore, 
the thermodynamic state of the system cannot be defined. 

It is important to note that there will be energy exchange within the system 
due to temperature differences, till it reaches the condition of thermal 
equilibrium, i.e. a state of identical temperature throughout the system. 
After reaching this condition, the state of the system can be defined. 

Example 1.3: Consider a head of 10 m is maintained in a reservoir by 
using a dam of 50 m width (Fig. E-1.3-a). Determine the net amount of 
force exerted by water on the dam. 

Solution: The net force exerted by water on the dam is to be determined. 
The dimensions of the dam are 10 m ൈ 50 m.  

Assumptions: The water inside the reservoir is considered to be static 
and under this assumption, the pressure exerted by water along the width 
of the dam is uniform at a given elevation. 

Water is considered incompressible, i.e. there is no variation in its density 
upon change of pressure. 

The density of water, 𝜌 ൌ 1000 𝑘𝑔/𝑚ଷ, 𝑔 ൌ 9.81 𝑚/𝑠ଶ. 

Analysis: The pressure varies in a linear manner with elevation as shown 
in Fig. 1.3-b. The pressure at the free surface is equal to 𝑃௔௧௠ and at any 
arbitrary depth 𝑧 is 𝑃௔௧௠ ൅ 𝜌𝑔𝑧. As the other side of the dam is exposed 
to atmospheric conditions, therefore, pressure on that side is 𝑃௔௧௠. Thus 
a differential element of 𝑑𝑧 thickness at depth 𝑧 is subjected to a net 
pressure of 𝜌𝑔𝑧. This pressure will be uniform along the width of the dam 
at this elevation. Therefore, the net force acting on the differential element 
is 𝑑𝐹 ൌ 𝜌𝑔𝑧 𝑑𝐴 where 𝑑𝐴 ൌ 𝑏 𝑑𝑧. The total force acting on the dam can 
be obtained by integrating the differential force in the limit of 𝑧 ൌ 0, at 
the free surface to 𝑧 ൌ 10 m, at the deepest point. Thus 𝐹 ൌ

׬
௭ୀଵ଴
௭ୀ଴ 𝑑𝐹 ൌ ׬

ଵ଴
଴ 𝜌𝑔𝑧 ൈ 𝑏 𝑑𝑧 ൌ 𝜌𝑔𝑏 ቂ

௭మ

ଶ
ቃ
଴

ଵ଴
ൌ 24525 𝑘𝑁. 

Example 1.4: Two systems A and B having a pressure difference of 25 
kPa are connected to a U-tube manometer as shown in Fig. E-1.4. If the 
density of fluids filled in systems A and B are 𝜌ଵ ൌ 1000 𝑘𝑔/𝑚ଷ and 
𝜌ଶ ൌ 700 𝑘𝑔/𝑚ଷ, respectively, determine the density of the manometric 
fluid. Also, comment which system has more pressure. 

Solution: The density of the manometric fluid is to be determined for the 
given conditions as shown in Fig. E-1.4. 

Assumptions: Consider that all the fluids are incompressible. As the 
manometric fluid has risen in the left branch of the U-tube manometer, 
therefore, 𝑃஻ ൐ 𝑃஺ and 𝑃஻ െ 𝑃஺ ൌ 25 𝑘𝑃𝑎. 

 
Fig. E-1.2 

 

 
Fig. E-1.3 

 

 
Fig. E-1.4 
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𝜌ଵ ൌ 1000 𝑘𝑔/𝑚ଷ, 𝜌ଶ ൌ 700 𝑘𝑔/𝑚ଷ, ℎଵ ൌ 10 𝑐𝑚, ℎଶ ൌ 50 𝑐𝑚 and 
ℎ ൌ 20 𝑐𝑚. 

Analysis: The pressure balance can be expressed as 

𝑃஺ ൅ 𝜌ଵ𝑔ℎଵ ൅ 𝜌௠𝑔ℎ ൌ 𝑃஻ ൅ 𝜌 𝑔ℎଶ. This results in 

𝜌௠ ൌ
௉ಳି௉ಲାఘమ௚௛మିఘభ௚௛భ

௚௛
ൌ 13992.10 𝑘𝑔/𝑚ଷ. 

It is to emphasize that one should be able to determine the system having 
high pressure by judging the configuration of the manometric fluid. 

EXERCISES 

Multiple Choice Questions 

1.1 Which approach of analyzing a thermodynamic system is called classical thermodynamics? 

 A. Microscopic B. Macroscopic  C. Statistical D. All of the above 

1.2 An isolated system has undergone a process, which of the following statements is correct? 
1. No heat transfer takes place across the boundary of the system. 
2. No work transfer takes place across the boundary of the system. 
3. No mass transfer takes place across the boundary of the system. 
4. No chemical reaction takes place within the system. 

 A. 1, 2 & 3 B. 2, 3 & 4 C. 1, 2 & 4  D. 1, 3 & 4  

1.3 The state of the system is defined only if it is in 

 A. Thermal 
Equilibrium 

B. Thermodynamic 
Equilibrium 

C. Mechanical 
Equilibrium  

D. Chemical 
Equilibrium 

1.4 Specific properties of the system are always 

 A. Extensive B. Intensive C. Change upon a 
change in the 
amount of the 
system  

D. Depend on the 
mass of the system 

1.5 A system is divided into four equal halves, the intensive properties of the system will 
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 A. become half B. become quarter C. remain 
unchanged 

D. depend on which 
property (P or T or 
e, etc.) is being 
studied 

1.6 The zeroth law of thermodynamics specifies 

 A. Thermodynamic 
equilibrium 

B. Thermal 
Equilibrium 

C. Mechanical 
equilibrium 

D. Chemical 
equilibrium  

1.7 A single point temperature scale is defined is based on 

 A. Triple point of 
water 

B. Boiling point of 
water 

C. Critical 
temperature of water 

D. Ice point of water 

1.8 Which of the following dimensionless number defines the limit of the continuum? 

 A. Reynolds number B. Knudsen number C. Relative density D. Specific gravity 

1.9 Which instrument is used for measuring atmospheric pressure? 

 A. Manometer B. Thermometer C. Barometer D. Rheometer 

1.10 Consider the following properties: 
1. Temperature, 2. Viscosity, 3. Specific entropy, 4. Thermal conductivity, 5. Energy, 6. 
Volume 
Which of the above properties of a system are intensive? 

 A. 1, 2, 3, 4 B. 2, 3, 4, 5 C. 3, 4, 5, 6 D. 1, 2, 5, 6 

1.11 A control volume/open system is 

 A. a specified 
amount of mass in 
space 

B. an isolated 
system 

C. a closed system 
that allows energy 
interaction 

D. a fixed region in 
space across whose 
boundary mass and 
energy can cross 

1.12 Hot water contained in a thermos flask is an example of 
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 A. Non-flow 
diabatic system 

B. Isolated system C. Open system D. Closed system 

1.13 For a thermodynamic cyclic process, the difference of properties between final and initial 
states should be 

 A. positive B. zero C. negative D. non-zero 

1.14 A submarine of 12 m height travels at a depth of 200 m. Determine the pressure difference 
between its bottom and top surfaces in kPa. 

 A. 177.72 B. 1962 C. 2079.72 D. 1844.28 

1.15 The temperature of an object has decreased by 20℃ during its cooling. The equivalent 
decrease in temperature of the object is 

 A. 293.15K B. 253.15K C. 20K D. 38K 

 

Answers of Multiple Choice Question 

1.1 B, 1.2 A, 1.3 B, 1.4 B, 1.5 C, 1.6 B, 1.7 A, 1.8 B, 1.9 C, 1.10 A, 1.11 D, 1.12 B, 1.13 B, 1.14 
A, 1.15 C 

 

Short and Long Answer Type Questions 

1.1 Explain the difference between macroscopic and microscopic approaches for analyzing a 
thermodynamic system. 

1.2 Explain different kinds of thermodynamic systems with real-life examples. 

1.3 List down three situations in which conversion of potential energy takes place into kinetic energy 
and vice versa. Also, illustrate the detailed energy conversion mechanism. 

1.4 Explain precisely the relationship between state and property of the system. 

1.5 State the clear distinction between a process, a quasi-static process, a cyclic process, an 
intermediate equilibrium state and the path of the process. 

1.6 Define continuum and explain how it assists in the thermodynamic analysis of a system. 

1.7 Explain the variation in the specific volume of liquids and gases upon change of pressure and 
temperature. 

1.8 Consider a tank of height ℎ is filled with water. Draw the pressure profile acting on the sidewall 
of the tank considering the free surface of the water is exposed to atmospheric pressure. 

1.9 Explain how a static column of water stays in equilibrium under the varying state of pressure with 
elevation. 
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1.10 Can a manometric fluid of lighter density than the system fluid be used for the measurement of 
the pressure difference between two systems? If yes, explain how, using a schematic of the 
arrangement. 

1.11 For the same range of temperature measurements, the length of the alcohol thermometer is more 
than the mercury thermometer. Explain why? 

1.12 Which among the alcohol and mercury thermometers is more sensitive and why? 

 

Numerical Problems 

1.1 Determine the number of 𝑂ଶ molecules in a container of 10 Liters volume at standard temperature 
and pressure condition. Also, comment if this system can be analyzed using macroscopic or 
microscopic approach. 

1.2 A container of 1 𝑚ଷ volume is filled with 0.3 𝑚ଷ solid of density 1500 𝑘𝑔/𝑚ଷ. The remaining 
portion of the container is filled with water having 1000 𝑘𝑔/𝑚ଷ density. Determine the average 
specific volume of the container. 

1.3 In an automobile workshop, a hydraulic lift of 0.25 𝑚 cylinder diameter and piston arm of 150 
𝑘𝑔 is used to lift a car of 1000 𝑘𝑔. Determine the required fluid pressure to lift the car. 

1.4 Consider a container filled with different liquids as shown in Fig. P-1.4. Determine the pressure 
at points A and B and indicate its direction. The density of water is 1000 𝑘𝑔/𝑚ଷ and specific 
gravity of mercury is 13.6. 

1.5 The density of a liquid varies with elevation as 𝜌 ൌ 𝜌௢ሺ1 ൅ 𝑧ሻ଴.ଶହ where 𝜌௢ = 950 𝑘𝑔/𝑚ଷ at the 
free surface of the liquid. Determine the pressure difference between a point at 10 𝑚 deep in the 
liquid column and the free surface. 

 

 
Fig. P-1.5 
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Fig. P-1.6 

Fig. P-1.7 

1.6 A rigid tank contains a mixture of liquid and vapor of a substance at a pressure of 50 𝑘𝑃𝑎. The 
tank is connected to a manometer as shown in Fig. P-1.6. Determine the height ℎ of oil of specific 
gravity 0.75 in the manometer tube. 

1.7 A system containing air is connected to an inclined U-tube manometer as shown in Fig. P-1.7. If 
the manometric fluid is water, determine the absolute pressure of the system. 

1.8 A dam is constructed to store water in a 10 𝑚 deep reservoir. A gate of 5 𝑚 width and 5 𝑚 height 
is installed at the bottom of the dam to control the water level within the reservoir. Determine the 
net horizontal force required to support the gate if the other side of the gate is exposed to 
atmospheric pressure. 

1.9 The density of mercury varies with temperature as 𝜌 ൌ 13600 െ 2.75𝑇 (𝑘𝑔/𝑚ଷ). Here, T is in 
℃. Consider a manometer with mercury as the manometric fluid is used to measure a pressure 
difference of 150 𝑘𝑃𝑎 in two different ambient conditions of 40℃ and 4℃. What will be the 
difference of mercurey height in the manometer for two different conditions? 

1.10 An experiment is performed to determine the coefficient of volume expansion of mercury using 
a liquid-in-glass thermometer. In this experiment, initially, the thermometer is dipped into a pool 
of 30℃ and rise in height of the thermometer is recorded. The temperature of the water pool is 
raised at a constant step of 10℃ till 70℃ and the corresponding height of the mercury level is 
recorded (Table P-1.10). Determine the sensitivity of the thermometer. 
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   Table P-1.10 

Temperature (℃) Height of mercury (cm) 

30 11.2 

40 12.6 

50 14.1 

60 15.7 

70 17.1 

 

PRACTICAL 

Activity 1: List down all the engineering devices being used in your home and categorize each device 
into different kinds of thermodynamic systems. Also, list all the mass and energy interactions 
across the boundary of the selected system. 

Activity 2: Find the different methods used to measure the specific volume/density of the liquids and 
gases. Determine experimentally the density of water using household stuff. 

Activity 3: Consolidate a list of different pressure measurement devices and also comment on their 
accuracy of measurement. Determine the length of the tubes of a U-tube manometer that can be 
used to measure the pressure difference between the suction and discharge sides of a centrifugal 
pump used for pumping water at home. Consider the manometric fluid being used in mercury. 

Activity 4: List down the different temperature measurement devices and determine the associated 
thermometric property. Use this information to develop a crude instrument for measuring the 
temperature difference between hot and cold glasses of water. 
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UNIT SPECIFICS 

Through this unit we have discussed the following aspects: 
● Energy and its different forms; 
● Constituents of internal energy; 
● Heat and work;  
● Different forms of work transfer;  
● First law of thermodynamics; 
● Enthalpy; 
● Specific heats; 
● Internal energy, enthalpy and specific heats of solids, liquids and gases. 

The basic introduction to energy and its interaction between system and surroundings in different 
forms are discussed for generating the basis for analyzing the fundamental thermodynamic systems 
and related practical applications.  

      Besides giving a large number of multiple choice questions as well as questions of short and 
long answer types, assignments through a number of numerical problems, a list of references and 
suggested readings are given in the unit so that one can go through these for practice. 

RATIONALE 

The fundamental understanding of energy at the macroscopic and microscopic level is crucial to 
analyse the thermodynamioc systems and processes. The processes involve energy interaction 
between system and surroundings in the form of heat, work and mass flow are discussed. The 
different mechanisms of heat and work exchange are described to precisely understand the 
difference between heat and work transfer. In addition to internal energy, enthalpy is recognized 
as an important property of the system which is relevant for analyzing thermodynamic processes 
often in power generation and refrigeration applications. Specific heat of a substance is another 
important property which tells about the heat storage capacity of materials. Specific heat in its two 

 

2 

 Energy and the First Law of 
Thermodynamics 
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different forms has been elucidated for solids, liquids and gases and its relevance is established 
here for obtaing the changes in internal energy and enthalpy of the substance while analyzing the 
thermodynamic processes.       

PRE‐REQUISITES 

Understanding of thermodynamic systems, thermodynamic state and properties. 

UNIT OUTCOMES 

List of outcomes of this unit is as follows: 

U2-O1: Appreciation of the energy at macroscopic and microscopic level 

U2-O2:  Understanding the precise distinction between heat and work 

U2-O3:  Learn the modes of heat transfer and different forms of work 

U2-O4: First law of thermodynamics and its applications  

U2-O5:  Study the applicability of internal energy, enthalpy and specific heat for different 
substances 

 

Unit-2 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U2‐O1  3 3 1 1 1 2 

U2‐O2  2 3 2 1 1 2 

U2‐O3  2 3 2 1 2 3 

U2‐O4  3 3 2 2 3 3 

U2‐O5  3 3 2 2 3 3 
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2.1 Energy and Its Different Forms 

Energy is the fundamental requirement for all the spontaneous as well as 
engineering processes to occur in a certain way. In fact, all the devices 
which we use on a daily basis utilize energy in one form or another. A 
quantity of matter always carries a certain amount of energy and in the 
subject of thermodynamics, we are more interested in the change of 
energy when a system undergoes a certain process, rather than the 
absolute value of energy. The energy associated with a substance is 
categorized as macroscopic and microscopic energy. The organized form 
of energy that a system carries relative to some reference is called 
macroscopic energy. For instance, the kinetic energy, a system possesses 
due to its motion and potential energy due to its elevation in the presence 
of the gravitational field, are examples of macroscopic energies. The 
system also possesses some energy that is inherent to its molecular 
structure and activity, which is called microscopic energy. The sum of 
all microscopic forms of energy is known as the internal energy of the 
system and is directly associated with its thermodynamic state because 
molecular structure and activities vary upon changes in the 
thermodynamic properties of the system. The internal energy is denoted 
by the symbol 𝑈 and its specific form is designated as 𝑢. Therefore, the 
total energy of the system and its specific form can be expressed as 

 

 

𝐸 ൌ ሺ𝐾𝐸 ൅ 𝑃𝐸ሻ ൅ 𝑈                        ሺ𝐽ሻ 

𝑒 ൌ 𝐸/𝑚 ൌ
1
2
𝑉ଶ ൅ 𝑔𝑧 ൅ 𝑢            ሺ𝐽/𝑘𝑔ሻ 

 

 

Here, 𝑉 refers to the velocity of the system. If the system is subjected to 
angular motion, then the rotational kinetic energy of the system is 

expressed as 
ଵ

ଶ
𝐼𝜔ଶ where 𝐼 is the mass moment of inertia and 𝜔 is the 

angular velocity. The energy equation described here considers only 
gravity as the external field. If electric, magnetic and surface tension 
effects are to be considered then more terms are needed in the total energy 
equation to account for their contributions. However, for the majority of 
the systems that we study in this subject, such effects are negligible and 
are not described here. In order to understand the precise distinction 
between macroscopic and microscopic forms of energy, consider a person 
walking at 3 kmph on the top floor of his home, holding a glass of water 
which is at 20℃. Let's consider water within the glass as our system (Fig. 
2.1-a). The whole mass of water is moving at a speed of 3 kmph, therefore, 
it possesses kinetic energy and with reference to the ground, the water has 

 

 

 
(a)                        (b) 

Fig. 2.1: A glass of water at 
(a) 20℃ and (b) 35℃ held by 
a person walking at 3 kmph. 

 

 

 

 

 

 

 

 

 

 
Fig. 2.2: Depiction of flow of 
a fluid of density 𝜌 through a 
pipe of cross-sectional area 
𝐴௖ moving with velocity 𝑉. 
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also acquired potential energy. The temperature of 20℃ of water 
corresponds to a certain set of molecular activities within the water and 
hence, internal energy. If under similar conditions, the temperature of the 
water is changed to 35℃ (Fig. 2.1-b), the molecular activities within the 
water will change and hence the internal energy of the system will also 
change, for the same values of its kinetic and potential energies. 

In thermodynamics, the majority of the systems remain stationary while 
a process occurs, therefore, there is no change in their kinetic and 
potential energies. For such systems, the change in their total energy ሺ𝛥𝐸ሻ 
is equal to the change in internal energy ሺ𝛥𝑈ሻ. While analyzing the open 
systems, there exists mass flow across the boundary of the system, it also 
possesses some inflow and outflow of energy. The mass flow rate of any 
fluid of density 𝜌 through a pipe of cross-sectional area 𝐴௖ at an average 

velocity of 𝑉 is expressed as 𝑚ሶ ൌ 𝜌𝐴௖𝑉 ሺ𝑘𝑔/𝑠ሻ (Fig. 2.2). Here 𝑚ሶ ൌ
ௗ௠

ௗ௧
 

is the mass flowing through the cross-section of the pipe per unit time. 
The symbol dot over any quantity is used to represent the time rate of 
change of that quantity throughout the book. The rate at which energy 
carried by this flowing mass will become 𝐸ሶ ൌ 𝑚ሶ 𝑒 ሺ𝐽/𝑠 𝑜𝑟 𝑊ሻ where 
𝑒 ሺ𝐽/𝑘𝑔ሻ is the specific total energy possessed by the fluid at the given 
physical and thermodynamic conditions. The physical conditions such as 
velocity and elevation of the flowing stream, control the macroscopic 
energies and the thermodynamic conditions govern the internal energy. 

 
(a) 

 
(b) 

Fig. 2.3: (a) Representation 
of translational motion of 

molecules and (b) depiction 
of intermolecular attraction 

and repulsion forces. 

2.1.1 Constituents of internal energy 

At a macroscopic level any medium contains many molecules. The energy associated with a single 
molecule and between molecular interactions is the fundamental step in constituting the total internal 
energy of a substance. Therefore, total internal energy can be expressed as 

𝑢 ൌ 𝑢௧௥௔௡௦,௠௢௟௘௖௨௟௘ ൅ 𝑢௜௡௧௘௥ି௠௢௟௘௖௨௟௘ ൅ 𝑢௜௡௧௥௔ି௠௢௟௘௖௨௟௘. 

The molecules in a medium move with some velocity of their center of mass (Fig. 2.3-a) and possess 
translational kinetic energy ሺ𝑢௧௥௔௡௦,௠௢௟௘௖௨௟௘ሻ. There also exits interaction forces between the molecules 
which contribute to potential energy between themሺ𝑢௜௡௧௘௥ି௠௢௟௘௖௨௟௘ሻ. Such forces depend upon the 
intermolecular distances as depicted in Fig. 2.3-b. For instance, these forces for solids and liquids differ 
significantly from gases where molecules are far apart and for a thin gas, inter-molecular potential can 
be neglected except for the molecular collisions. The term 𝑢௜௡௧௥௔ି௠௢௟௘௖௨௟௘ includes all the energies 
associated with atoms, nucleus, electrons, etc. and is given as 

𝑢௜௡௧௥௔ି௠௢௟௘௖௨௟௘ ൌ 𝑢௣௢௧௘௡௧௜௔௟ ൅ 𝑢௥௢௧௔௧௜௢௡ ൅ 𝑢௩௜௕௥௔௧௜௢௡ ൅ 𝑢௔௧௢௠. 
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The binding forces between the atoms of a polyatomic molecule results 
in potential energy within a molecule (Fig. 2.4-a). The atoms within a 
polyatomic molecule also rotate about an axis and contribute to rotational 
kinetic energy (Fig. 2.4-b). Moreover, the atoms may also vibrate about 
the center of mass of the molecule and this to and fro motion results in 
vibrational kinetic energy (Fig. 2.4-c). This is mainly observed in solids 
and liquids and for gases, it becomes considerable only at high 
temperatures. Apart from these, there occurs a lot of activities within the 
atom and are accounted for together in 𝑢௔௧௢௠ (Fig. 2.5). These include 
the orbiting motion of electrons about the nucleus that causes rotational 
kinetic energy and the spin motion of electrons about their axis, which 
contributes spin energy. Spin energy is also possessed by the other 
particles in the nucleus of an atom. Moreover, the neutrons in the nucleus 
are bound with positively charged protons by strong nuclear forces. 

The sum of all forms of kinetic energies (described above) that are 
associated with molecules, is called the sensible energy. The average 
velocity of gas molecules is proportional to their temperature. Therefore, 
upon the increase of temperature, the sensible energy, hence, the internal 
energy of the gas increases. The energy required to break the binding 
force between the molecules of a substance is called latent energy. This 
energy breaks the bond between molecules of solids and liquids, and 
molecules of such substances behave like gas with increased internal 
energy. On the other hand, the energy associated with the breakage of 
bonds between atoms of a molecule and to form new molecules is called 
chemical energy.  

 
(a) 

 
(b) 

 
(c) 

Fig. 2.4: Depiction of (a) 
bond potential, (b) rotational 

motion and (c) vibrational 
motion for a polyatomic 

molecule. 

Such a process involves chemical reactions which govern the breakage of reactant molecules and 
formation of new molecules as product and hence, changes in internal energy of the system. Finally, the 
enormous amount of energy associated with the strong bonding between protons and neutrons within a 
nucleus of the atom is called nuclear energy. The changes in internal energy due to changes in these 
components mainly occur during the nuclear fission and fusion reactions. However, these are beyond 
the scope of this subject. Unlike chemical reactions, the atom loses its identity during a nuclear reaction. 
The atoms also change their activity upon the inclusion of electric and magnetic fields, however, for 
thermodynamic analysis, these effects will not be considered. 
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Fig. 2.5: (a) Orbiting motion of electron about the nucleus, (b) spin motion of electron, (c) spin motion of proton and 

(d) the binding of protons and neutrons in the nucleus of an atom. 
 

2.1.2 Heat and work 
The different constituents of the internal energy discussed in the previous 
section, represent the energy that is stored in a system. When a system 
undergoes energy interactions across its boundary, the internal energy of 
the system changes. The energy interactions across the boundary of the 
system, always occur during a process and result in an increase or 
decrease in the internal energy content of the system, depending upon the 
direction of net energy exchange, in and out of the system. There may 
exist situations in which the net inflow of energy is equal to the net 
outflow across the system boundary during a process, hence its internal 
energy content remains unchanged. It is important to mention that the 
internal energy stored in a system corresponds to its thermodynamic state, 
whereas the energy interactions across the boundary of the system, come 
into action only when a system is undergoing a process, therefore, such 
energy exchanges cannot be associated to a unique thermodynamic state 
of the system. There are two kinds of energy interactions, heat and work, 
that take place across the boundary of the closed systems. A transfer of 
energy through a system boundary that is derived by the temperature 
difference is called heat transfer. Energy exchange other than temperature 
difference is referred to as the work transfer. In the case of control 
volumes, there occurs mass exchange across the system boundary and it 
also causes energy inflow and outflow in addition to heat and work 
transfer. 

 

 

 
For more details on internal 

energy. 
 

 
Fig. 2.6: Demarcation 

between heat and internal 
energy. 
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An illustration is presented in Fig. 2.6 to demarcate the difference between internal energy and heat 
transfer. It shows a fixed boundary closed system filled with a gas at a temperature of 20℃ and the total 
energy of the system corresponds to this state is 𝐸ଵ. Now the bottom surface of the system is made to 
have thermal contact with another object which is at a higher temperature than the system temperature. 
This temperature difference results in the transfer of energy from high-temperature object to the system. 
Such energy exchange is heat transfer. During the heat transfer process, the energy content of the system 
increases continuously. The thermal contact is broken when the system has reached 45℃. 
Corresponding to this point, the energy of the system is 𝐸ଶ ൐ 𝐸ଵ. Therefore, the change in energy of the 
system between state points 1 and 2 can be expressed as 𝛥𝐸 ൌ 𝐸ଶ െ 𝐸ଵ ൌ 𝛥𝑈 because there is no change 
in the physical state of the system i.e. its motion and elevation, therefore, the changes in kinetic and 
potential energies are negligible. If a thermometer is connected to the system, it will read fixed values 
of temperatures at the initial and final states of the system when thermal contact is not there to facilitate 
the heat transfer. However, its reading will keep increasing continuously during the heat addition 
process. During the heat addition process, the system does not stay at unique properties, therefore, its 
state cannot be defined. Moreover, the amount of heat transfer cannot be linked to the initial and final 
points of the system as it did not exist corresponding to these points. Therefore it has an association with 
the process that occurred between the initial and final points. Due to this reason, the heat is termed 
dynamic energy which comes into consideration when the system is in the transient phase of changing 
its thermodynamic states. Whereas the energy stored in the system, in the form of its internal energy, is 
called static energy and it can be defined at the initial and final state points  of the system. The work 
transfer is also a form of dynamic energy and it is discussed in the later section. 

2.2 Heat versus Work 
It is well understood from the previous section that heat and work are transitional energies that are 
recognized only when passing through the boundary of the system, otherwise, the energy within the 
system is stored in the form of its internal energy. First, we will emphasize a better understanding of the 
energy exchange in the form of heat transfer. For instance, if we place a heated pan on water and a cold 
container of water taken out from the refrigerator in the surrounding air (Fig. 2.7), both reach the 
temperature of the surrounding air after some time. In the case of the hot water pan, it loses its energy 
content to reach the state of thermal equilibrium with its surroundings, whereas the cold water container 
gains the energy from the surrounding air till it reaches the temperature of its surroundings. This 
exchange of energy between the system and surroundings is caused due to differences in their 
temperature, therefore, called heat transfer. This also explains that heat always transfers from high 
temperature to low temperature and vanishes when the thermal equilibrium is reached between the 
participating media. It means that after the heat has been exchanged through the boundary, it becomes 
part of the internal energy of the system and surroundings. In other words, if 5 𝑘𝐽 of heat has been 
transferred from a system to its surroundings, then after the process of heat transfer is completed, the 
system suffers a loss of 5 𝑘𝐽 in its internal energy, whereas the internal energy of the surroundings 
increases by the same amount. It once again emphasizes that the heat is recognized only while it crosses 
the boundary of the system and hence, is commonly referred to as heat transfer instead of heat. 



36 | Basics of Thermodynamics 

 

 
(a) 

 
(b) 

Fig. 2.7: Energy exchange in the form of heat transfer when it transfers from (a) system to surroundings and (b) 
surroundings to system. 

Heat is a directional quantity as its direction is also important along with magnitude. Heat added to the 
system is considered positive and leaving from the system is considered negative. A process in which 
there is no heat transfer is called the adiabatic process. Such processes are possible if there is insulation 
around the system boundary so that no heat can exchange between the system and surroundings. The 
same temperature of the system and surroundings during a process also makes it adiabatic as the driving 
force for heat transfer is zero in this situation. In the case of adiabatic processes, the internal energy 
content of the system changes due to other means than heat transfer such as work transfer, etc. Heat is 
denoted by 𝑄 and its unit is joule ሺ𝐽ሻ as it is a form of energy only. The heat transfer per unit mass is 
denoted by 𝑞 and is expressed as 𝑞 ൌ 𝑄/𝑚 ሺ𝐽/𝑘𝑔ሻ. During the analysis of open systems, it is often 
required to express heat transfer per unit time, called the heat transfer rate and is denoted by 
𝑄ሶ  ሺ𝐽/𝑠 𝑜𝑟 𝑊ሻ. For such situations, if the state of the system changes from 1 to 2 in time interval 𝑡ଵ to 

𝑡ଶ, then the amount of heat transfer is estimated as 𝑄 ൌ ׬
௧మ
௧భ

𝑄ሶ  𝑑𝑡. 

In the thermodynamic analysis of the systems, we are only concerned with the amount and rate of heat 
transfer, however, the mechanism of heat transfer is not considered. Moreover, for the sake of 
completeness, the fundamental modes of heat transfer are briefly elucidated here. The heat transfer 
within a substance due to the molecular interactions from high temperature region to low temperature 
region is called conduction. The rate of heat transfer in conduction is given by Fourier’s law and is 

expressed as 𝑄ሶ ൌ െƙ𝐴
ௗ்

ௗ௫
. Here, ƙ is the thermal conductivity of the substance, 𝐴 is area normal to the 

direction of heat transfer and 
ௗ்

ௗ௫
 is the temperature gradient which is a driving force for heat transfer. 

The negative sign is used to indicate that heat transfer takes place in a direction of decreasing 
temperature. The heat exchange between a solid surface and adjacent moving fluid is called convection 
or convective heat transfer. In this mode, the heat transfer takes place due to the combined action of 
conduction and bulk motion of the fluid. The rate of heat transfer in convection is given by Newton’s 
law of cooling and is expressed as 𝑄ሶ ൌ ℎ௖௢௡௩.𝐴௦ሺ𝑇௦ െ 𝑇௙ሻ. The parameter ℎ௖௢௡௩. is convective heat 
transfer coefficient, 𝐴௦ is the area of surface exposed to the fluid, 𝑇௦ is the temperature of the solid 
surface and 𝑇௙ is the bulk temperature of the fluid medium. Another mode of heat transfer where the 



Basics of Thermodynamics | 37 

 

electromagnetic waves emitted by the surface result in the exchange of energy is called radiation. It 
does not require any material medium for the exchange of heat between surfaces. The radiative emissive 
power of a surface is calculated using Stefan-Boltzmann law and is given as 𝑄ሶ ൌ 𝜀𝜎𝐴𝑇௦

ସ. Here, 𝜀 is the 
emissivity of the surface, 𝜎 is Stefan-Boltzmann constant and is equal to 5.67 ൈ 10ି଼ 𝑊/𝑚ଶ െ 𝐾ସ,  𝐴 
is area of the surface from where radiations are emitted and 𝑇௦ is the temperature of the surface. A 
representation of all three modes of heat transfer is presented in Fig. 2.8. 

Work is another form of energy exchange between the system and 
surroundings which is also dynamic energy like heat. There are a number 
of mechanisms for work transfer and some of these are discussed in the 
next section. It is easy to identify the heat transfer as it always occurs due 
to temperature differences. Therefore, energy exchange, which is caused 
due to any mechanism other than temperature difference for closed 
systems, comes under the category of work transfer. Moreover, in the case 
of an open system, energy exchange also takes place due to mass 
interaction between the system and its surroundings. Hence, the 
interaction of energy across the boundary of control volume caused due 
to any mode other than temperature difference and mass exchange is 
called the work transfer. Fundamentally the energy associated with a force 
acting through a certain distance is called the work transfer. Work transfer 
is denoted by 𝑊 and its unit is joule  (𝐽ሻ. The work transfer per unit mass 

is expressed as 𝑤 ൌ
ௐ

௠
 ሺ𝐽/𝑘𝑔ሻ. The rate of work transfer is called the 

power, denoted by 𝑊ሶ  and its unit is 𝐽/𝑠 or 𝑊. Like heat, work is also a 
directional quantity, work done by the system is considered positive and 
work done on the system is considered negative. 

It is important to precisely distinguish between work and heat transfer, 
therefore, an illustration is presented in Fig. 2.9 to elucidate this 
distinction. It shows a closed container of water in which an electric heater 
is immersed to heat the water. In the first situation, consider that only 
water is the system and the heater is part of the surroundings (Fig. 2.9-a). 
In this situation, the temperature of the heater surface rises when the 
electric current is passed through it. The difference in temperature 
between the heater surface and the water results in the transfer of energy 
from the heater to the water through the system boundary. Therefore, such 
an exchange of energy is called heat transfer. On the other hand, if both 
heater and water are considered the system (Fig. 2.9-b), then upon passing 
the electric current, the flow of electrons takes place through the system 
boundary into the heater. This generates thermal energy in the heater 
which itself is part of the system. Such an energy interaction has not 
occurred due to temperature difference, therefore, termed the work 
transfer. 

Though the mechanism of energy transfer is different during heat and 
work transfer, still both occur at the boundaries of the system during a 
process. These cannot be associated with a unique state of the system, 
therefore, are not the properties of the system. It signifies that the system 

 

 
Fig. 2.8: Depiction of 

different modes of heat 
transfer: (a) conduction, (b) 
convection and (c) radiation. 

 

 

 
Fig. 2.9: Energy exchange 

through the system boundary 
in the form of (a) heat and (b) 

work. 
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can store energy, but not work or heat and there is no meaning of heat and 
work corresponding to a state of the system. It is also to be mentioned that 
the magnitude of heat and work depends upon the path that a system 
undergoes between its initial and final states. In other words, if a system 
moves through different processes between the same initial and final 
states, then the amount of heat and work is different for each process (Fig. 
2.10). Due to this reason, the work done during different processes A, B 
and C for a simple compressible substance in Fig. 2.10 can be expressed 
as 𝑊ଵଶ,஺, 𝑊ଵଶ,஻ and 𝑊ଵଶ,஼, respectively. The letters in subscript are used 
after the state points to represent the associated process. If any heat 
transfer is associated with these processes, it is also to be designated in a 
similar manner, for example 𝑄ଵଶ,஺ for process A. 

 
Fig. 2.10: Representation of 

three different processes for a 
simple compressible 

substance between the same 
states. 

The system parameters that depend only on the state of the system and not on the path that it has 
undertaken to reach that state are called state or point functions. All the properties of the system are 
point functions and have exact differentials represented by the symbol "𝑑". The small change in any 
property ሺ𝑋ሻ of the system is denoted by 𝑑𝑋 and the finite change between the given state points 1 and 

2 is expressed as 𝛥𝑋 ൌ 𝑋ଶ െ 𝑋ଵ ൌ ׬
ଶ
ଵ 𝑑𝑋 which is independent of the nature of the process that 

occurred between the same states. On the other hand, the parameters that depend on the path of the 
process are termed path functions and follow inexact differentials represented by the symbol "𝛿". 
Hence, a small amount of work or heat is denoted as 𝛿𝑊 or 𝛿𝑄, respectively. The work done between 

states 1 and 2 during a process is ׬
ଶ
ଵ 𝛿𝑊 ൌ 𝑊ଵଶ ് 𝑊ଶ െ𝑊ଵ as work corresponding to state points 

has no meaning. Therefore, the total work done is to be obtained by adding the differential works, 𝛿𝑊 
along the path of the process. Hence, the integration of differential amounts of work is path specific and 
will result in different amounts of total work done for different processes shown in Fig. 2.10. 

2.3 Different Forms of Work Transfer 
The work can be done in several ways, however, as per the classical definition, mechanical work is the 
product of displacement 𝑥 of a body with the constant force 𝐹 responsible for this displacement, i.e., 
𝑊 ൌ 𝐹𝑥 ሺ𝐽ሻ. It is not possible, majority of the time, to have a constant force through the entire 
displacement of the object. Therefore, the differential amount of work ሺ𝛿𝑊ሻ associated with a small 
displacement 𝑑𝑥 caused due to a force 𝐹 is given as 𝛿𝑊 ൌ 𝐹 𝑑𝑥. In such a situation, the work done is 

obtained by integrating the differential work, hence, 𝑊 ൌ ׬
ଶ
ଵ 𝐹 𝑑𝑥. In order to perform this 

integration, force 𝐹 should be known as the function of displacement 𝑥. Along with the magnitude of 
work obtained from this equation, it is also important to know its direction based on the physical 
considerations as explained in Section 2.2. Work done by the system against an external force in the 
direction opposite to that of displacement is considered positive and work done on the system by an 
external force acting in the direction of displacement is given the negative sign. It is important to 
mention that irrespective of the nature of the system, the mechanical work interaction will be zero in 
situations of displacement of system boundary against no force (such as free expansion or unrestrained 
expansion of gas) or no displacement of the system boundary. The occurrence of mechanical work in 
the form of motion of the system boundary or the motion of the entire system is often in thermodynamic 
systems. Some of the commonly observed work interactions in thermodynamics are elucidated next. 
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Fig. 2.11: Depiction of boundary work during the quasi-equilibrium expansion of a gas. 

2.3.1 Displacement work 
The mechanical work associated with the moving boundary of a system is often called displacement 
work or moving boundary work or boundary work. It is detailed in this section with the help of a 
piston cylinder system shown in Fig. 2.11. The gas contained in the cylinder is initially at pressure 𝑃ଵ, 
volume 𝑉ଵ and a number of infinitesimally small weights 𝛿𝑊 are placed on the piston. When one such 
weight is removed, the gas expands over a small distance 𝑑𝑥. Considering the quasi-equilibrium 
expansion of the gas, the external force acting on the piston must be equal to the force exerted due to 
the gas pressure ሺ𝑃ሻ and it is given as 𝑃𝐴 where 𝐴 is the area of the piston. The work 𝛿𝑊 is expressed 
as 𝛿𝑊 ൌ 𝑃𝐴 𝑑𝑥. Since 𝑑𝑉 ൌ 𝐴𝑑𝑥, therefore, 𝛿𝑊 ൌ 𝑃𝑑𝑉. When all the weights are removed one by 
one, the system reaches state 2 through path 1-2 represented on 𝑃 െ 𝑉 diagram in Fig. 2.11. Hence the 
total amount of displacement work can be obtained by integration of differential amounts of work 𝛿𝑊 
along the process path between states 1 and 2 as 

𝑊ଵଶ ൌ ׬
ଶ
ଵ 𝛿𝑊 ൌ ׬

ଶ
ଵ 𝑃𝑑𝑉                                                                                                 (2.1) 

In order to perform this integration, the relationship between 𝑃 and 𝑉 should be known for a particular 
process. Mathematically the area under 𝑃 െ 𝑉 diagram represents work done as shown by the shaded 
region in Fig. 2.11. The shaded area in the present case shows the work done by the system as the 
volume of the system has increased which signifies that the expansion is caused due to the pressure of 
the gas within the system. If the process is reversed along the same path, then the same area will 
represent the work done on the system. Another illustration in the earlier Fig. 2.10 shows three different 
expansion processes. The area under the 𝑃 െ 𝑉 diagram is different for each process and as the 
magnitude of work. The path dependence of work is the key characteristic which makes it possible for 
cyclic devices (such as power plants and engines, etc.) to produce work, otherwise the net work output 
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would have been zero if a system is operated in a cyclic process. A depiction of such a cycle is shown 
in Fig. 2.12 which produces a net positive work output shown by the shaded enclosed region. Here, the 
work done during the expansion is more in comparison to work done for the compression process. 

The automotive engines and compressors primarily involve the piston cylinder system, hence the 
moving boundary work. However, due to the high speed of piston in such systems, it is not possible to 
calculate the boundary work using the thermodynamic analysis as the process is not quasi-equilibrium. 
During the non-quasi-equilibrium movement of the system boundary, the forces due to gas pressure 𝑃𝐴 
inside the piston will not be equal to the external force acting on it. Hence, work cannot be obtained 
using Eqn. 2.1. Under such a situation, the pressure ሺ𝑃௘௫௧ሻ due to external force 𝐹௘௫௧ is obtained by 

dividing it with the piston area. Then 𝑃௘௫௧ is used in the expression of work done as 𝑊ଵଶ ൌ ׬
ଶ
ଵ 𝛿𝑊 ൌ

׬
ଶ
ଵ 𝑃௘௫௧𝑑𝑉. Here, the relation between 𝑃௘௫௧ and volume is required to perform the integration. As the 

amount of work done is always associated with the external forces acting on the system boundary and 
for the quasi-equilibrium process, external forces are equal to the force due to gas pressure 𝑃𝐴. 
Therefore, Eqn. 2.1 is often termed as indicated work. A more comprehensive understanding of non-
quasi-equilibrium expansion is illustrated in Example 2.1. It is also important to note that the work 
output during the quasi-equilibrium process is maximum. On the other hand, the work required for 
compression is minimum for the quasi-equilibrium process. A more detailed elucidation for such 
characteristics of the process will be explained during the discussion of the second law of 
thermodynamics in Chapter 5. 

In general, if we measure the pressure and volume during a process, it can 
be either numerically integrated to calculate the boundary work or a 
relation can be obtained between pressure and volume using curve-fitting, 
which can be further substituted for integration in expression of work. A 
more useful way of mathematically obtaining the boundary work is to 
estimate the path of the process with the help of an analytical expression. 
One such simple mathematical relation to represent expansion and 
compression of gases is expressed as 𝑃𝑉௡ ൌ 𝐶 and is called a polytropic 
process. It involves two constants 𝑛 and 𝐶. For a polytropic process 𝑃 ൌ
𝐶𝑉ି௡, the boundary work can be expressed as 

𝑊 ൌ ׬
ଶ
ଵ 𝑃𝑑𝑉 ൌ ׬

ଶ
ଵ 𝐶𝑉ି௡𝑑𝑉 ൌ 𝐶 ቂ

௏ష೙శభ

ି௡ାଵ
ቃ
ଵ

ଶ
ൌ 𝐶 ቂ

௏మ
ష೙శభି௏భ

ష೙శభ

ଵି௡
ቃ. 

Since 𝑃ଵ𝑉ଵ
௡ ൌ 𝑃ଶ𝑉ଶ

௡ ൌ 𝐶, therefore, 

𝑊 ൌ
௉మ௏మି௉భ௏భ

ଵି௡
                                                                 (2.2) 

Equation (2.2) holds good for 𝑛 ്  1 and for 𝑛 ൌ 1, 𝑃 ൌ 𝐶𝑉ିଵ, 
therefore, 

𝑊 ൌ ׬
ଶ
ଵ 𝐶𝑉ିଵ𝑑𝑉 ൌ 𝐶 𝑙𝑛

௏మ
௏భ
ൌ 𝑃ଵ𝑉ଵ 𝑙𝑛

௏మ
௏భ

                           (2.3) 

The polytropic process is usually followed by a simple compressible 
substance, however, if the working fluid is an ideal gas, then it follows 
equation of state 𝑃𝑉 ൌ 𝑚𝑅𝑇, the boundary work can be expressed as 

 

 
Fig. 2.12: Representation of 

net work done in a 
thermodynamic cycle. 
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𝑊 ൌ
௠ோሺ మ்ି భ்ሻ

ଵି௡
;           𝑛 ്  1                                               (2.4) 

𝑊 ൌ 𝑚𝑅𝑇 𝑙𝑛
௏మ
௏భ

;          𝑛 ൌ 1                                            (2.5) 

In the expression of the ideal gas, 𝑚 is the mass of the gas, 𝑅 is 
characteristic gas constant and 𝑇 is temperature in kelvin (K). The 

characteristic gas constant is given as 𝑅 ൌ
ோ

ெ
, where 𝑅 ൌ 8.3145 𝑘𝐽/

𝑘𝑚𝑜𝑙 െ 𝐾 is the universal gas constant and 𝑀 is the molecular mass of 
the gas. Equations (2.3 & 2.5) are equivalent to the expression of work in 
an isothermal process, for which the ideal gas equation results in 𝑃𝑉 ൌ 𝐶. 
Therefore, for an isothermal process, polytropic index 𝑛 ൌ 1. The 
expression of work and associated polytropic index for isobaric, isochoric 
and adiabatic processes are elucidated in Example 2.2. 

2.3.2 Shaft work 
The transmission of energy by rotating shaft is widespread in engineering 
devices such as automotive engines, power plants, compressors, etc. The 
torque ሺ𝑇ሻ responsible for the rotation of the shaft is often constant for 
the majority of the applications and is associated with a force 𝐹 acting at 
a normal distance 𝑟 from the center of the shaft as shown in Fig. 2.13. As 
per the fundamental definition of torque 𝑇 ൌ 𝐹𝑟. Consider that shaft has 
gone through an angular displacement 𝑑𝜃 and corresponding linear 
displacement at the rotor surface is 𝑟 𝑑𝜃. Thus the differential amount of 
work associated with this displacement is 𝛿𝑊 ൌ 𝐹 𝑟𝑑𝜃 ൌ 𝑇𝑑𝜃. If the 
angular displacement 𝑑𝜃 has taken place in time 𝑑𝑡, then the rate of work 
transfer or power is expressed as 

𝑊ሶ ൌ
ఋௐ

ௗ௧
ൌ 𝑇

ௗఏ

ௗ௧
ൌ 𝑇𝜔                                                    (2.6) 

Here 𝜔 is the angular velocity of the shaft and is given as 𝜔 ൌ
ଶగே

଺଴
 𝑟𝑎𝑑/𝑠 

where 𝑁 is the revolution of the shaft per minute. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.13: A rotor subjected 
to torque and produces shaft 

work. 
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2.3.3 Spring work 
When spring is subjected to a force, it changes its length. The 
displacement 𝑑𝑥 in the spring corresponds to a force 𝐹 results 𝛿𝑊 ൌ
𝐹 𝑑𝑥. The spring stays at its rest position when it is not subjected to any 
force as shown in Fig. 2.14. The displacement of spring corresponding to 
any force is always measured with respect to its neutral position. In the 
case of linear elastic spring, the applied force is proportional to its 
displacement, i.e. 𝐹 ൌ 𝑘𝑥 where 𝑘 is the spring constant and its unit is 
𝑁/𝑚. Consider a spring is subjected to displacements 𝑥ଵ and 𝑥ଶ and 
corresponding forces are 𝐹ଵ and 𝐹ଶ, respectively (Fig. 2.14). The spring 
work for this displacement can be expressed as 

𝑊 ൌ ׬
௫మ
௫భ

𝐹 𝑑𝑥 ൌ ׬
௫మ
௫భ

𝑘𝑥 𝑑𝑥 ൌ
ଵ

ଶ
𝑘ሺ𝑥ଶ

ଶ െ 𝑥ଵ
ଶሻ                          (2.7) 

Next we describe electrical work which is a non-mechanical form of 
work. 

2.3.4 Electrical work 
It is well established in Section 2.2 that any energy exchange across the 
boundary of the system that is not due to temperature difference is called 
work. Therefore, the energy exchange associated with the flow of 
electrons across the boundary of the system is termed electrical work (Fig. 
2.15). In the presence of the electric field, electrons move in a wire under 
the influence of electromotive forces and do work. The electrical work 
done by 𝑁 coulombs electric charge moving under the potential 
difference V is expressed as 𝑊௘ ൌ 𝑉𝑁. The rate of electrical work is given 
as 

𝑊ሶ௘ ൌ 𝑉𝐼                                                                           (2.8) 

Here, 𝑊ሶ௘ is called the electrical power, the number of electrical charges 
moving per unit time is electric current ሺ𝐼ሻ and its unit is ampere ሺ𝐴ሻ. 

There are other forms of non-mechanical work such as magnetic work 
and electrical polarization work, etc. which are beyond the scope of this 
book. 

 
Fig. 2.14: A linear elastic 

spring at its neutral position 
corresponding to zero force 

and show different 
displacements when subjected 

to different forces. 

 

 

 
Fig. 2.15: Work done by flow 
of electric charge through the 

boundary of the system. 

2 

2.4 First Law of Thermodynamics 
We described the various forms of energy in the previous sections, 
however, the relationship between these and their interactions for 
different processes is formed by the first law of thermodynamics. In the 
nineteenth century, James Prescott Joule demonstrated that the 
different forms of energy are fundamentally the same and can be 
converted from one form to another. This discovery formed the basis for 
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the first law of thermodynamics which is nothing but the law of 
conservation of energy. The famous experimental demonstration by Joule 
involved a paddle wheel within an insulated container of water and a set 
of pulleys and strings to which weights are attached, connected to the 
paddle wheel. A simplified schematic representation of Joule’s 
experiment is shown in Fig. 2.16. In his experiment, Joule raised the 
weights to a suitable height and allowed them to fall slowly. In this 
process, the paddle wheel rotated and stirred the water. The frictional heat 
generated within the system due to the stirring of the water caused a rise 
in its temperature. The total energy change associated with the change in 
the thermodynamic state of water is found equivalent to the mechanical 
work done on the system in terms of lowering the weights. The change in 
the total energy of the water is only dependent on the magnitude  of the 
work and is independent of the mechanism by which work is done. This 
experiment established an important finding that the net amount of work 
done for a closed system is the same for all adiabatic processes 
occurring between two specified states, irrespective of the nature of 
the system and the kind of the processes. 

 

 
Fig. 2.16: Schematic 

representation of Joule’s 
experiment. 

 

 

 

This experimentally driven statement cannot be obtained from any known physical principle, therefore, 
recognized as the fundamental principle, called the first law of thermodynamics. As the work done for 
all adiabatic processes between two specified states is the same for a closed system, hence it must only 
depend on the end states of the system. Thus, it is associated with a change in the property of the system, 
recognizing the total energy as the consequence of the first law of thermodynamics. It is important to 
mention that as we referred to change in the property of the system between two state points, therefore, 
defining the absolute value of total energy at a thermodynamic state is not of  relevance here. However, 
any arbitrary value assigned for total energy at a state acts as a reference for defining total energy at 
other state points. 

In addition to defining the total energy, the first law of thermodynamics also holds the conservation of 
energy principle. It states that the difference between the total energy entering and total energy leaving 
the system during a process is equal to the net change in total energy of the system. Thus 𝐸௜௡ െ 𝐸௢௨௧ ൌ
𝛥𝐸௦௬௦௧௘௠ where 𝐸௜௡and 𝐸௢௨௧ represent the total energy entering and leaving the system, respectively 
across its boundary by means of heat and work transfer, etc. The term 𝛥𝐸௦௬௦௧௘௠ represents the change 
in energy of the system due to the net exchange of energy between system and surroundings. For 
instance, consider a rigid container of water at 25℃ contains 5 𝐽 of energy. Now a heat of 15 𝐽 is added 
to raise its temperature and  a heat loss of 3 𝐽 takes place from system to surroundings during the heating 
process. In this situation, the net heat  transfer to the system is 12 𝐽. Therefore, the final energy of the 
system will be 17 𝐽. Further, in the rate form, the energy conservation principle can be expressed as 
𝐸ሶ௜௡ െ 𝐸ሶ௢௨௧ ൌ 𝑑𝐸௦௬௦௧௘௠/𝑑𝑡. This principle holds good for any type of the process irrespective of the 
nature of the system. The energy can enter and leave the system through its boundary in the form of heat 
transfer, work transfer and energy carried by flowing mass (Fig. 2.17). Thus energy conservation can 
be written as 

𝑄௜௡ െ 𝑄௢௨௧ ൅𝑊௜௡ െ𝑊௢௨௧ ൅ 𝐸௠௔௦௦,௜௡ െ 𝐸௠௔௦௦,௢௨௧ ൌ 𝛥𝐸௦௬௦௧௘௠                                         (2.9) 
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It is to be noted that all the quantities on the left hand side of Eqn. (2.9) are positive, represent the 
amount of energy exchange and their direction is accounted for in subscripts “in” and “out”. The change 
in energy of the system between thermodynamic states 1 and 2 can be given as 

𝛥𝐸௦௬௦௧௘௠ ൌ 𝐸ଶ െ 𝐸ଵ ൌ 𝛥𝑈 ൅ 𝛥𝐾𝐸 ൅ 𝛥𝑃𝐸                                                                (2.10) 

In the case of stationary closed systems, the change in kinetic energy and potential energy will be zero. 
Also, the energy exchange associated with mass flow will be zero as mass cannot pass across the 
boundary of the closed systems. Thus energy balance for such system can be expressed as 

𝑄௜௡ െ 𝑄௢௨௧ ൅𝑊௜௡ െ𝑊௢௨௧ ൌ 𝛥𝑈                                                                                 (2.11) 

The heat transfer for an adiabatic process becomes zero. As the heat and work transfer are inexact 
differentials, therefore, Eqn. (2.11) in differential form can be given as 

𝛿𝑄 െ 𝛿𝑊 ൌ 𝑑𝑈                                                                                                       (2.12) 

Consider a substance in a closed system undergoing a cyclic process. For such a substance the change 
in energy of the system is zero, therefore, the energy balance can be written as 

∮ 𝛿𝑄 െ ∮ 𝛿𝑊 ൌ 0                                                                                                     (2.13) 

Here, ∮ 𝛿𝑄 represents the net heat transfer during the cyclic process and is called the cyclic integral 

of heat transfer and ∮ 𝛿𝑊 denotes the net work output of the cycle and is termed the cyclic integral 

of the work. Equation (2.13) gives ∮ 𝛿𝑄 ൌ ∮ 𝛿𝑊 and is called the first law of thermodynamics 
for a cyclic process. This equation is a consequence of the energy balance, however, historically it was 
proposed first for heat engines, where the work output is obtained upon adding heat from a source and 
the energy equation was derived from it. Refrigerator and heat pump are the other cyclic devices where 
work is input and heat transfer is the output. Therefore, it can be generalized that all the cyclic processes 
represent the energy conversion devices where the energy is conserved, however, it changes from one 
form to another.  

 
Fig. 2.17: Different possible modes of energy exchange through the boundary of the system. 
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2.5 Enthalpy: A Thermodynamic Property 
While analyzing the certain type of processes, often in power generation and refrigeration applications, 
we come across the combination of the properties, which can be regarded as the property of the 
substance undergoing the change of state. One such property is illustrated here with the help of a quasi-
equilibrium process as shown in Fig. 2.18. It shows a piston cylinder system filled with gas which is 
subjected to simultaneous heat and work transfer. The work is associated in terms of the expansion of 
the gas under the constant pressure condition. If the changes in the kinetic and potential energy are 
neglected, then the first law of thermodynamics for this process can be expressed as 𝑄ଵଶ െ𝑊ଵଶ ൌ 𝛥𝑈 ൌ
𝑈ଶ െ 𝑈ଵ. For a constant pressure process, 𝑊ଵଶ ൌ ׬

ଶ
ଵ 𝑃 𝑑𝑉 ൌ 𝑃ሺ𝑉ଶ െ 𝑉ଵሻ. 

This results in 𝑄ଵଶ ൌ 𝑈ଶ െ 𝑈ଵ ൅ 𝑃𝑉ଶ െ 𝑃𝑉ଵ ൌ ሺ𝑈ଶ ൅ 𝑃ଶ𝑉ଶሻ െ ሺ𝑈ଵ ൅ 𝑃ଵ𝑉ଵሻ since 𝑃ଵ ൌ 𝑃ଶ ൌ 𝑃. 
Therefore, it can be said that heat transfer for this process is equal to the change in parameter 𝑈 ൅ 𝑃𝑉 
between the states 1 and 2. As the parameter 𝑈 ൅ 𝑃𝑉 involves all the state functions, therefore, it should 
also exhibit the same characteristics and can be designated as a property of the substance. Thus, this 
combination of the properties is defined as a new extensive property called the enthalpy, 𝐻 ൌ 𝑈 ൅ 𝑃𝑉. 
In specific form, enthalpy is expressed as ℎ ൌ 𝑢 ൅ 𝑃𝑣. It is important to note that the heat transfer equals 
to change in enthalpy between the initial and final states in not a general statement and is applicable 
only for the constant pressure process described here. However, the enthalpy, being a state function, is 
a property of the system which is applicable for any process irrespective of its nature. The details about 
the physical understanding of the property enthalpy will be elucidated in Chapter 4 during the energy 
analysis of the control volume. 

 

2.6 Specific Heats 
If we consider a homogeneous substance of constant composition without 
any phase change, it requires a certain amount of heat to raise its 
temperature by 1℃. However, it is known from our experience that 
different substances require different amounts of heat to change their 
temperature between the same limits of temperature. For example, 1 𝑘𝑔 
of water requires 4.18 𝑘𝐽 of energy to raise its temperature by 1℃ whereas 
the energy required by 1 𝑘𝑔 of kerosene oil for the same temperature rise 
is 2.01 𝑘𝐽. This ascertains that the energy storage capabilities are different 
for distinct substances. A thermodynamic property that defines this 
characteristic of the substance is called specific heat. The amount of heat 
required to raise the temperature of the unit mass of a substance by one 
degree is defined as the specific heat. It is important to note that the 
amount of specific heat also depends upon the nature of the heat addition 
process. Based on the practical experience, in thermodynamics, mainly 
our interest is in two kinds of specific heats, i.e. specific heat at constant 
volume ሺ𝐶௩ሻ and specific heat at constant pressure ሺ𝐶௣ሻ. The amount 
of heat needed to raise the temperature of 1 𝑘𝑔 of a substance by one 
degree when its volume is maintained constant is called the specific heat 
at constant volume. The amount of heat required to do the same at 
constant pressure is termed the specific heat at constant pressure. An 

 

 

 
Fig. 2.18: Constant pressure 

expansion of gas with 
simultaneous heat and work 

interaction. 
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illustration depicting constant volume and constant pressure heating of 1 
𝑘𝑔 of air is shown in Fig. 2.19. As the specific heat at constant pressure 
also includes the additional energy needed to expand the substance, 
therefore, it is always greater than specific heat at constant volume. 

The specific heat at constant volume is defined for the special case of a 
simple compressible system when other forms of work including 
displacement work are absent during the heating process, therefore, 𝛿𝑄 ൌ
𝑑𝑈 and 𝐶௩ is expressed as 

𝐶௩ ൌ
ଵ

௠
ቀ
ఋொ

ఋ்
ቁ
௩
ൌ

ଵ

௠
ቀ
డ௎

డ்
ቁ
௩
ൌ ቀ

డ௨

డ்
ቁ
௩
                                (2.14) 

For the specific heat at constant pressure, the boundary work comes into 
consideration and heat transfer results in 𝛿𝑄 ൌ 𝑑𝑈 ൅ 𝑃𝑑𝑉 ൌ 𝑑𝐻 as 
explained in Section 2.5 for a constant pressure heating process. Thus, 
specific heat at constant pressure is 

𝐶௣ ൌ
ଵ

௠
ቀ
ఋொ

ఋ்
ቁ
௣
ൌ

ଵ

௠
ቀ
డு

డ்
ቁ
௣
ൌ ቀ

డ௛

డ்
ቁ
௣
                                (2.15) 

It is observed that final terms in Eqns. (2.14) and (2.15) contains only the 
thermodynamic properties, therefore, 𝐶௩ and 𝐶௣ should also be 
thermodynamic properties. Though specific processes are used to derive 
these parameters, these are applicable for any substance irrespective of 
the nature of the process. An example is shown in Fig. 2.20 which shows 
two identical gaseous masses. A heat of 150 𝑘𝐽 is supplied to one mass 
whereas a work of equivalent amount is done on the other. In both the 
cases, the change in internal energy of the substance is the same and both 
occupy the same final state. Therefore, specific heat at constant volume 
is the same for both cases irrespective of the fact how energy is added. As 
both the internal energy and enthalpy can be changed by transfer of any 
form of energy, therefore, the term specific energy seems more 
appropriate than specific heat. Like other properties, 𝐶௩ and 𝐶௣ can also 
be obtained at a given state by knowing the two independent intensive 
properties. Therefore, their values depend upon temperature and pressure. 
For instance, the specific heat at constant volume of air is 0.718 𝑘𝐽/𝑘𝑔 െ
𝐾 at 300K and it is 0.855 𝑘𝐽/𝑘𝑔 െ 𝐾 at 1000K. In SI system, the unit of 
specific heat is either 𝐽/𝑘𝑔 െ 𝐾 or 𝐽/𝑘𝑔 െ℃ as change in temperature is 
equal in both the scales of temperature measurement. 

 
Fig. 2.19: Constant volume 

and constant pressure heating 
of air. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.20: Same amount of 
energy added to identical 
mass of a gas by heat and 

work transfer. 

m2.7 Internal Energy, Enthalpy and Specific Heats of Solids and Liquids 
A substance of constant density (or specific volume) is referred to as an incompressible substance. The 
specific volume of solids and liquids remains almost constant during a process, therefore, these can be 
considered incompressible with sufficient accuracy. Fundamentally, solids and liquids expands upon 
change of temperature and this property is mainly utilized in liquid-in-glass thermometers. Therefore, 
the main reason behind calling these incompressible is that the change in energy associated with volume 
change is negligible when compared to other types of energy. Moreover, the specific heats of 
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incompressible substances are the only function of temperature. Therefore, partial differentials in Eqns. 
(2.14) and (2.15) can be replaced with ordinary differential. This expresses Eqns. (2.14) and (2.15) as 

𝑑𝑢 ൌ 𝐶௩ሺ𝑇ሻ𝑑𝑇 and 𝑑ℎ ൌ 𝐶௣ሺ𝑇ሻ𝑑𝑇                                                                            (2.16) 

As ℎ ൌ 𝑢 ൅ 𝑃𝑣, therefore, its differential form is given as𝑑ℎ ൌ 𝑑𝑢 ൅ 𝑃𝑑𝑣 ൅ 𝑣𝑑𝑃. As 𝑣 is constant, 
therefore, 𝑑𝑣 ൌ 0. Also, the specific volume 𝑣 of solids and liquid is very small, hence, the term 𝑣𝑑𝑃 
can be neglected. This yields 𝑑ℎ ൎ 𝑑𝑢, therefore, using Eqn. (2.16), it can be inferred that 𝐶௣ ൎ 𝐶௩ ൌ
𝐶. The change in internal energy and enthalpy between states 1 and 2 can be obtained as 

ℎଶ െ ℎଵ ≃ 𝑢ଶ െ 𝑢ଵ ≃ ׬
ଶ
ଵ 𝐶ሺ𝑇ሻ𝑑𝑇                                                                                 (2.17) 

Here 𝐶 should be known as the function of temperature to perform integration of Eqn. (2.17). In the 
case of small temperature interval between states 1 and 2, 𝐶௔௩௚ can be obtained at average temperature 
and can be considered constant which yields ℎଶ െ ℎଵ ≃ 𝑢ଶ െ 𝑢ଵ ≃ 𝐶௔௩௚ሺ𝑇ଶ െ 𝑇ଵሻ. 

2.8 Internal Energy, Enthalpy and Specific Heats of Ideal Gases 
Like any other property of the system, internal energy also depends upon two independent intensive 
properties defining the state of the system. However, it has been established experimentally and 
theoretically that internal energy for an ideal gas solely depends upon temperature. The famous 
experiment of Joule includes two vessels connected by a pipe and a valve, submerged in a water bath as 
depicted in Fig. 2.21. Initially, one vessel was evacuated and another was filled with air at high pressure. 
Then the vessels were allowed to attain thermal equilibrium with the water bath and finally the valve 
was opened to allow the air flow in the evacuated vessel till the pressure equalized in both vessels. Joule 
recorded the temperature of the water bath and found that there is no change in temperature of water 
after the thermal equilibrium was achieved. This established that there is no heat transfer between water 
and air during its flow into the evacuated vessel. Also, there is no work transfer between air and water. 
Thus the internal energy of the air did not change when its pressure and volume changed. Therefore, 
Joule concluded that internal energy of air is a function of temperature only and does not depend upon 
pressure and volume. Usually the ideal gas behaviour is observed at low pressures and high 
temperatures, therefore, the low density gases can be treated as ideal gases with sufficient accuracy. The 
relationship between specific volume, pressure and temperature for an ideal gas is given as 𝑃𝑣 ൌ 𝑅𝑇 
where 𝑅 is characteristic gas constant. The functional dependence of internal energy for an ideal gas can 
be represented as 𝑢 ൌ 𝑓ሺ𝑇ሻ. This functional relationship is not valid for gases which deviate from ideal 
gas behaviour. The equations of state for such gases will be elucidated in Chapter 3. 

Enthalpy ℎ ൌ 𝑢 ൅ 𝑃𝑣 using ideal gas equation 𝑃𝑣 ൌ 𝑅𝑇 can be given as 
ℎ ൌ 𝑢 ൅ 𝑅𝑇. As 𝑅 is a constant and 𝑢 ൌ 𝑓ሺ𝑇ሻ, therefore, ℎ ൌ 𝑓ሺ𝑇ሻ. As 
internal energy and enthalpy of ideal gas do not depend upon specific 
volume and pressure, therefore, Eqns. (2.14) and (2.15) can be expressed 
as 

𝐶௩଴ ൌ
ௗ௨

ௗ்
                                                                       (2.18) 

𝐶௣଴ ൌ
ௗ௛

ௗ்
                                                                       (2.19) 

 
Fig. 2.21: Schematic 
depiction of Joule’s 

experiment. 
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Here, 𝐶௩଴ and 𝐶௣଴ specific heats of an ideal gas at constant volume and 
pressure, respectively. As all the gases depict the ideal gas behavior when 
pressure approaches zero, therefore, the specific heat of a given ideal 
substance is also called the zero pressure specific heat and a subscript “0” 
is used to designate it. The physical interpretation of Eqns. (2.18) and 
(2.19) is presented in Fig. 2.22 which shows two constant temperature 
lines 𝑇 and 𝑇 ൅ 𝑑𝑇 on a 𝑃 െ 𝑣 plot. As for ideal gases, internal energy 
and enthalpy are also functions of temperature only, therefore, these lines 
also represent constant internal energy and constant enthalpy. The state 1 
having temperature 𝑇 can be converted to a state of higher temperature 
𝑇 ൅ 𝑑𝑇 via a number of paths as shown in Fig. 2.22 and the final state, 
i.e. 𝑃 and 𝑣 is different for different paths. As the lines of constant internal 
energy and constant enthalpy coincide with the constant temperature 
lines, therefore, change in 𝑢 and ℎ is the same for all processes. This 
establishes that irrespective of the pressure and volume, the specific heats 
of ideal gas ሺ𝐶௩଴ and 𝐶௣଴ሻ are also the sole functions of temperature. Fig. 
2.23 shows the variation of 𝐶௣଴/𝑅 as the function of temperature for a 
number of gases. These values are obtained using statistical 
thermodynamics which is beyond the scope of this book. The 
monoatomic gases in Fig. 2.23 don't show any dependence of temperature 
on their specific heat. The molecular vibrations are mainly responsible for 
variation in specific heats with temperature. As the complex molecules 
show more numbers of vibrational modes, hence depict significant 
variation of specific heat with temperature. 

The enthalpy relation can be employed to develop the relationship 
between constant volume specific heat and constant pressure specific heat 
for ideal gases. The differential form of ℎ ൌ 𝑢 ൅ 𝑃𝑣 ൌ 𝑢 ൅ 𝑅𝑇 can be 
given as 𝑑ℎ ൌ 𝑑𝑢 ൅ 𝑅𝑑𝑇. If we substitute 𝑑𝑢 and 𝑑ℎ from Eqns. (2.18) 
and (2.19) and divide throughout by 𝑑𝑇, we get 

 

𝐶௣଴ ൌ 𝐶௩଴ ൅ 𝑅                                                                (2.20) 

 

In Eqn. (2.20), 𝑅 is the characteristic gas constant. This explains that the 
difference between 𝐶௣଴ and 𝐶௩଴ is constant irrespective of their 
dependence on temperature. It also establishes that by studying the 
dependence of only one specific with temperature, another can be 
obtained using Eqn. (2.20). Another important parameter is the ratio of 
specific heats ሺ𝑘ሻ which is defined as 𝑘 ൌ 𝐶௣଴/𝐶௩଴. This ratio is constant 
for monoatomic gases and holds a value of 1.667. It shows mild 
dependence on temperature for other ideal gases and 𝑘 ൌ 1.4 for many 
diatomic gases including air at room temperature. 

 

 

 
Fig. 2.22: Representation of 
isotherms on 𝑃 െ 𝑉 diagram 

for ideal gases. 

 

 

 
Fig. 2.23: Variation of 

constant pressure specific 
heat as a function of 

temperature for different 
gases. 
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Using Eqns. (2.18) and (2.19), the internal energy and enthalpy in 
differential form can be written as 𝑑𝑢 ൌ 𝐶௩଴𝑑𝑇 and 𝑑ℎ ൌ 𝐶௣଴𝑑𝑇. If the 
state of a substance changes from 1 to 2, then changes in internal energy 
and enthalpy can be obtained using integration as 

𝑢ଶ െ 𝑢ଵ ൌ ׬
ଶ
ଵ 𝐶௩଴ሺ𝑇ሻ𝑑𝑇                                                    (2.21) 

ℎଶ െ ℎଵ ൌ ׬
ଶ
ଵ 𝐶௣଴ሺ𝑇ሻ𝑑𝑇                                                    (2.22) 

The functional relationship between specific heats and temperature is 
required to perform integration in Eqns. (2.21) and (2.22). If the 
integration is to be performed over a narrow range of temperature, then 
using the linear approximation (as shown in Fig. 2.24-a), 𝐶௩଴,௔௩௚ and 

𝐶௣଴,௔௩௚ can be obtained at average temperature ቀ భ்ା మ்

ଶ
ቁ and Eqns. (2.21) 

and (2.22) can be expressed as 

𝑢ଶ െ 𝑢ଵ ൌ 𝐶௩଴,௔௩௚ሺ𝑇ଶ െ 𝑇ଵሻ                                            (2.21) 

ℎଶ െ ℎଵ ൌ 𝐶௣଴,௔௩௚ሺ𝑇ଶ െ 𝑇ଵሻ                                            (2.22) 

There also exists another way of estimating the average specific heats. In 
this method, first specific heats are obtained at 𝑇ଵ and 𝑇ଶ and then their 
average is taken (Fig. 2.24-b). Both these approaches of estimating 
average specific heats give reasonable accuracy. It is also to be noted that 
the relations of internal energy and enthalpy described here are applicable 
for any kind of process and their validity should not be confused with the 
definition of specific heats at constant volume and constant pressure.  

 
(a) 

 
(b) 

Fig. 2.24: (a) Estimation of 
specific heat at average 
temperature for small 

temperature range and (b) use 
of linear approximation for 

estimation of specific heat in 
the small temperature range. 

 

 

UNIT SUMMARY 

This chapter introduced the concept of energy and explained energy in storage form and energy in 
transient. The energy stored in a system is present in the form of macroscopic and microscopic energies. 
The kinetic energy and potential energy are the constituents of macroscopic energy that depends upon 
the physical state of the system. The internal energy of the system is the microscopic form of energy  
that varies with change in thermodynamic state of the system. The internal energy is constituted by the 
molecular interactions and it mainly comprises of the sensible energy, latent energy, chemical energy 
and nuclear energy. The energy in transient cannot be associated with the thermodynamic state of the 
system and always occurs at the boundaries of the system while process takes place. Such an exchange 
of energy across the system boundary is possible in three forms, viz. heat transfer, work transfer and 
energy transfer with mass exchange. Heat transfer has further three modes which are conduction, 
convection and radiation. Similarly wrok transfer can also takes place in multiple forms. The most 
popular kinds of work transfer for thermodynamic systems are boundary/displacement work, shaft work, 
spring work and electric work, etc. The boundary work can be obtained with the help of polytropic 
relation ሺ𝑃𝑉௡ ൌ 𝐶ሻ between pressure and volume for a process. The polytropic index 𝑛 has values 0, 1, 
1.4 and ∞ for isobaric, isothermal, adiabatic and isochoric processes, respectively. 
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Next we explained the first law of thermodynamics which is fundamentally the energy conservation 
principle. The applicability of this principle is demonstrated for different processes and systems. Then 
we introduced one more property which is formed by the combination of other properties (internal 
energy, pressure and volume) and is called enthalpy. This property is important for the analysis of 
thermodynamic systems. Next the specific heat which represents the amount of heat required to raise 
the temperature of unit mass of a substance by 1℃ is elucidated. The specific heat is recognized as the 
property of the system which represents the heat storage capacity of the system. Two forms of specific 
heat, specific heat at constant volume and specific heat at constant pressure are explained and it is found 
that later has more value than former for any substance. Both the forms of specific heat become identical 
for solids and liquids due to their incompressible behaviour. The internal energy and enthalpy of the 
ideal gases is a sole function of temperature, so as the specific heats. Specific heats of monoatomic gases 
do not vary with temperature whereas for all other gases, these significantly change upon change of 
temperature. For the thermodynamic analysis of a system over a small temperature range, constant 
average value of specific heats can be obtained using interpolation and can be utilized for estimation of 
changes in internal energy and enthalpy. For ideal gases, the difference between specific heat at constant 
pressure and specific heat at constant volume is equal to characteristic gas constant. 

Solved Examples 
Example 2.1: Consider a piston-cylinder system having gas at pressure 𝑃ଵ and volume 𝑉ଵ and the piston 
is held at this location by using a pin (Fig. E-2.1-a). The mass of the piston is 𝑚௣, its area is 𝐴 and 
pressure outside the piston is 𝑃଴ ሺ൏ 𝑃ଵሻ. When the pin is released, the piston expands and finally comes 
to rest. Determine the work done during this expansion process. 

 
(a)                                                           (b) 

Fig. E-2.1 

Solution: 

Assumptions: During the expansion of the piston, the gas pressure will decrease, whereas the external 
force acting on it remains the same as it is exposed to constant surroundings pressure 𝑃଴ and the 
gravitational field 𝑔. Therefore, the external force can be given as 𝐹௘௫௧ ൌ 𝑃଴𝐴 ൅𝑚௣𝑔. This gives 𝑃௘௫௧ ൌ
𝐹௘௫௧/𝐴 ൌ 𝑃଴ ൅ 𝑚௣𝑔/𝐴 which is a constant parameter. This ascertains that for expansion to occur 𝑃ଵ ൐
𝑃௘௫௧ and piston will come to rest when 𝑃ଵ ൌ 𝑃௘௫௧. As during the start of the expansion process, the gas 
pressure is not equal to the resisting pressure, thus the expansion will start at a finite rate and will occur 
in non-quasi-equilibrium manner. However, the piston expands against the constant external pressure, 
therefore, the work is done against this and it is to be used in the expression of boundary work. 

Analysis: Work done in this process is 𝑊 ൌ ׬
ଶ
ଵ 𝑃௘௫௧𝑑𝑉 ൌ 𝑃௘௫௧ ׬

ଶ
ଵ 𝑑𝑉 ൌ 𝑃௘௫௧ሺ𝑉ଶ െ 𝑉ଵሻ.  
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It may be interesting to know the variation of gas pressure during this non-quasi-equilibrium process. If 
a pressure transducer is mounted on the cylinder and assumes that it measures the average pressure of 
the gas, it will show pressure variation with time as depicted in Fig. E-2.1-b. 

Example 2.2: A gas expands in a piston cylinder system in a quasi-
equilibrium process. Determine the work done during the expansion 
process if it is (a) isobaric, (b) isothermal, (c) adiabatic and (d) isochoric. 
Also, find the polytropic index for each process and represent the 
expansion processes on 𝑃 െ 𝑉 diagram. 

Solution: The expression of work and polytropic index are to be 
determined for given processes. Finally, all the processes are to be plotted 
on 𝑃 െ 𝑉 diagram. 

Assumptions: Consider the ideal gas behaviour when required. As the 
process is expansion, therefore, 𝑉ଵ ൐ 𝑉ଶ where 𝑉ଵand 𝑉ଶ represent the 
volume of gas at initial and final states, respectively. This assumption is 
not true for an isochoric process. 

Analysis: (a) For an isobaric process, pressure remains constant, 
therefore, 𝑛 ൌ 0. 

The work done for an isobaric process is 

𝑊 ൌ ׬
ଶ
ଵ 𝑃𝑑𝑉 ൌ 𝑃ሺ𝑉ଶ െ 𝑉ଵሻ. 

(b) For an isothermal process, temperature remains constant. If we 
assume the ideal gas behaviour 𝑃𝑉 ൌ 𝑚𝑅𝑇, this gives 𝑃𝑉 ൌ constant. 
Now, by comparing it with polytropic equation 𝑃𝑉௡ ൌ 𝐶, we can say that 
isothermal process can be represented using polytropic equation when 
𝑛 ൌ 1. 

The work done for an isothermal process is 

𝑊 ൌ ׬
ଶ
ଵ 𝑃𝑑𝑉 ൌ ׬

ଶ
ଵ 𝐶𝑉ିଵ𝑑𝑉 ൌ 𝐶 𝑙𝑛

௏మ
௏భ
ൌ 𝑃ଵ𝑉ଵ 𝑙𝑛

௏మ
௏భ

. 

(c) For an adiabatic process, the polytropic index is 𝑛 ൌ 𝑘. The detailed 
elucidation on this concept will be dealt in Chapter 6. 

The work done for adiabatic process is 

𝑊 ൌ ׬
ଶ
ଵ 𝑃𝑑𝑉 ൌ ׬

ଶ
ଵ 𝐶𝑉ି௞𝑑𝑉 ൌ 𝐶 ቂ

௏షೖశభ

ି௞ାଵ
ቃ
ଵ

ଶ
ൌ 𝐶 ቂ

௏మ
షೖశభି௏భ

షೖశభ

ଵି௞
ቃ. 

Since 𝑃ଵ𝑉ଵ
௞ ൌ 𝑃ଶ𝑉ଶ

௞ ൌ 𝐶, therefore, 𝑊 ൌ
௉మ௏మି௉భ௏భ

ଵି௞
. 

(d) For an isochoric process, volume remains constant. Therefore, 𝑑𝑉 ൌ
0 and boundary work becomes zero. The situation of zero work can be 
seen as the limiting condition of Eqn. (2.2) when 𝑛 → ∞. 

All the processes are represented on 𝑃 െ 𝑉 diagram in Fig. E-2.2. 

 

 
Fig. E-2.2 

 

 

Example 2.3: Consider a piston-cylinder system filled with a gaseous substance. A linear spring of 
stiffness 𝑘 is attached to the piston as shown in Fig. E-2.3-a. The mass of the piston is 𝑚௣ and its area 
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is 𝐴. A constant point force 𝐹ா is also acting on the other side of the piston and it is exposed to pressure 
𝑃଴. Determine the work done during the expansion of the gas. 

 
(a)                                        (b)                                                                                                 (c) 

Fig. E-2.3 

Solution: The expression of work is to be obtained for the system shown in Fig. E-2.3-a. 

Assumptions: Consider the quasi-equilibrium expansion of the gas. 

Analysis: The free body diagram of the piston is shown in Fig. E-2.3-b. The force balance for the piston 
results 𝑚௣𝑎 ൌ 𝑃𝐴 െ 𝐹ா െ 𝑃଴𝐴 െ 𝑚௣𝑔 െ 𝑘ሺ𝑥 െ 𝑥଴ሻ, where 𝑥଴ is the position of the piston 
corresponding to the neutral position of the spring. As the process is quasi-equilibrium, thus 𝑎 ൎ 0. 

Hence, 𝑃𝐴 ൌ 𝑃଴𝐴 ൅ 𝐹ா ൅ 𝑚௣𝑔 ൅ 𝑘ሺ𝑥 െ 𝑥଴ሻ. Further 𝑃 ൌ 𝑃଴ ൅
ிಶ
஺
൅

௠೛௚

஺
൅

௞ሺ௫ି௫బሻ

஺
ൈ

஺

஺
. Since 𝑉 ൌ 𝐴𝑥, 

this results 𝑃 ൌ 𝑃଴ ൅
ிಶ
஺
൅

௠೛௚

஺
൅

௞ሺ௏ି௏బሻ

஺మ
ൌ 𝑃଴ ൅

ிಶ
஺
൅

௠೛௚

஺
െ

௞௏బ
஺మ
൅

௞௏

஺మ
. 

Consider 𝐶ଵ ൌ 𝑃଴ ൅
ிಶ
஺
൅

௠೛௚

஺
െ

௞௏బ
஺మ

, it includes all the constant quantities and 𝐶ଶ ൌ
௞

஺మ
. This yields 𝑃 ൌ

𝐶ଵ ൅ 𝐶ଶ𝑉. Therefore, the relation between gas pressure and volume is linear with a slope 𝐶ଶ ൌ
௞

஺మ
 and 

is independent of the medium present in the piston cylinder system. This variation is shown for an 
expansion process 1-2 on 𝑃 െ 𝑉 diagram in Fig. E-2.3-c. The work done for this process is 𝑊 ൌ

׬
ଶ
ଵ 𝑃𝑑𝑉 ൌ area under the process line between points 1 and 2. Thus, it becomes 𝑊 ൌ

ଵ

ଶ
ሺ𝑃ଵ ൅

𝑃ଶሻሺ𝑉ଶ െ 𝑉ଵሻ. 

Similarly for the compression of the gas, the process will occur on the same line but in the opposite 
direction. 

Example 2.4: Explain in a free expansion process the work done is zero. 

Solution: Work done is to be estimated for a free expansion process. 

Assumptions: Consider a pressurized gas separated by a membrane from an evacuated compartment in 
a vessel as shown in Fig. 2.4-a. When the membrane ruptures, the gas fills the entire vessel and its a 
non-quasi-equilibrium expansion process. Such an expansion of gas in vacuum against the zero 
resistance is called free expansion. 

Discussion: This process can be analyzed in two ways. First consider that only gas is the part of the 
system (Fig. E-2.4-b). In this situation, the volume of the gas increases upon its expansion. Therefore, 

one may be tempted to calculate 𝑊 ൌ ׬ 𝑃𝑑𝑉. However, it is to be kept in mind that the process of 
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expansion is non-quasi-equilibrium. Thus, the external force against which the system boundary has 
expanded is to be considered in the integral equation. For the present case, the system boundary expands 
against vacuum, hence, the work done is zero. 

In the second approach, the entire vessel can be considered the system (Fig. 2.4-c). Here, there is no 
change in system boundary upon expansion of the gas. Thus, 𝑑𝑉 ൌ 0, so as the work. 

 
(a)                                                         (b)                                                       (c) 

Fig. E-2.4 

Example 2.5: Consider two different masses 𝑚஺ and 𝑚஻ of a substance are at different thermodynamic 
states and contained in two different compartments A and B as shown in Fig. 2.5. The compartments 
are connected by a pipe and a valve. Now the valve is opened and the two masses are allowed to mix 
and reach a uniform final state. Determine the final state of the system if the initial states of the two 
masses are known. What will happen if the two compartments and the additional fittings are insulated. 

 
Fig. E-2.5 

Solution: Properties of the system are to be estimated after the mixing of two different masses. 

Assumptions: Consider initial properties of the masses are known and are designated by subscript 1. 
Let us also use subscripts A and B to separate the properties of masses A and B, respectively. As after 
mixing the substance reaches an uniform state, therefore, final properties can be designated with 
subscript 2 only. In the first situation consider that the system also exchanges heat with the surroundings, 
whereas for the second case, insulation is provided, so the heat exchange diminishes. Consider that the 
medium present in both the compartments is the part of the system. 

Analysis: Applying conservation of mass and energy gives 

𝑚ଶ ൌ 𝑚஺ ൅𝑚஻ 

𝐸ଶ െ 𝐸ଵ ൌ 𝑄 െ𝑊 
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Assume there are no changes in kinetic and potential energy of the system. Thus 𝛥𝐾𝐸 ൌ 𝛥𝑃𝐸 ൌ 0 and 
𝛥𝐸 ൌ 𝛥𝑈. Also the boundary of the system is rigid, hence, 𝑑𝑉 ൌ 0 which implies  𝑊 ൌ 0. Therefore, 
energy conservation becomes 

𝑈ଶ െ 𝑈ଵ ൌ 𝑄 

⇒ 𝑚ଶ𝑢ଶ െ ሺ𝑚஺𝑢ଵ஺ ൅ 𝑚஻𝑢ଵ஻ሻ ൌ 𝑄  

⇒ 𝑢ଶ ൌ ሺ𝑚஺𝑢ଵ஺ ൅ 𝑚஻𝑢ଵ஻ሻ/𝑚ଶ ൅ 𝑄/𝑚ଶ ⇒ 𝑢ଶ ൌ
௠ಲ

௠మ
𝑢ଵ஺ ൅

௠ಳ

௠మ
𝑢ଵ஻ ൅ 𝑄/𝑚ଶ 

For an insulated boundary of the compartments, 𝑄 ൌ 0. 

⇒ 𝑢ଶ ൌ
𝑚஺

𝑚ଶ
𝑢ଵ஺ ൅

𝑚஻

𝑚ଶ
𝑢ଵ஻ 

Therefore, the final specific internal energy is the weighted average of initial internal energy of the two 
masses. For defining the state of the system two independent intensive properties are required. We will 
attempt to determine the final specific volume by applying the volume conservation as 

𝑉ଶ ൌ 𝑉ଵ஺ ൅ 𝑉ଵ஻ ⇒ 𝑚ଶ𝑣ଶ ൌ 𝑚ଵ஺𝑉ଵ஺ ൅ 𝑚ଵ஻𝑉ଵ஻ 

𝑣ଶ ൌ
𝑚ଵ஺

𝑚ଶ
𝑉ଵ஺ ൅

𝑚ଵ஻

𝑚ଶ
𝑉ଵ஻ 

Final specific volume is also the weighted mass average of the initial specific volumes. 

EXERCISES 

Multiple Choice Questions 

2.1 During a process the molecular velocities of a substance have increased. It indicates that the 
process is 

 A. Sensible heating B. Latent heating  C. Sensible cooling D. Latent cooling 

2.2 If in a process the molecular order and the spacing between molecules alters, it is an 
indication of 

 A. Sensible heating B. Sensible cooling C. Phase change 
process  

D. None of these  

2.3 The process in which the molecules dissociates and form a set of new molecules indicates 
the change of 

 A. Sensible energy B. Latent energy C. Nuclear energy  D. Chemical energy 

2.4 All the forms of molecular kinetic energies contribute to 
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 A. Sensible energy B. Latent energy C. Nuclear energy  D. Chemical energy 

2.5 The dissociation of an atom during a process indicates the change of 

 A. Sensible energy B. Latent energy C. Nuclear energy  D. Chemical energy 

2.6 The binding potential of a monoatomic molecule is 

 A. Positive B. Negative C. Zero D. Unpredictable  

2.7 The ∮ ሺ𝛿𝑄 െ 𝛿𝑊ሻ for a cyclic process is 

 A. Positive B. Negative C. Zero D. Unpredictable  

2.8 Air is contained in a rigid vessel of 2 �3 volume at 2 bar pressure. It is then heated to raise 
its pressure to 5 bar. What is the amount of work done during this process? 

 A. 600 𝑘𝐽 B. 0 𝑘𝐽 C. 6 𝑘𝐽 D. 1000 𝑘𝐽 

2.9 A heat of 20 𝑘𝐽 is added when a closed system undergoes a process 1-2 and it produces 50 
𝑘𝐽 of work. Now the system is returned from state 2 to state 1 and a heat of 10 𝑘𝐽 is taken 
out of it. What will be the amount of work done during process 2-1? 

 A. +40 𝑘𝐽 B. +20 𝑘𝐽 C. -40 𝑘𝐽 D. -80 𝑘𝐽 

2.10 A piston cylinder system is used to compress a gas to one half of its original volume and a 
heat of 200 𝑘𝐽 is taken out of the gas during this process while its internal energy remains 
the same. How much amount of work is done on the gas? 

 A. 100 𝑘𝑁 െ𝑚 B. 200 𝑘𝑁 െ𝑚 C. 400 𝑘𝑁 െ𝑚 D. 0 𝑘𝑁 െ𝑚 

2.11 A water heater of 5 𝑘𝑊 power is used to heat 10 Litres of water for 10 minutes. If the 
specific heat of water is 4.18 𝑘𝐽/𝑘𝑔 െ℃, determine the rise in its temperature. 

 A. 1.43℃ B. 71.77℃ C. 1.20℃ D. 96.77℃ 
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2.12 An identical mass of an ideal gas is heated at constant pressure and constant volume 
conditions between the same temperature limits. If the heat supplied at constant pressure 
and constant volume are 𝑄௣ and 𝑄௩, respectively, which of the following will be true? 

 A. 𝑄௣ ൐ 𝑄௩ B. 𝑄௣ ൏ 𝑄௩ C. 𝑄௣ ൌ 𝑄௩ D. Cannot be 
determined 

Answers of Multiple Choice Question 

2.1 A, 2.2 C, 2.3 D, 2.4 A, 2.5 C, 2.6 C, 2.7 C, 2.8 B, 2.9 C, 2.10 B, 2.11 B, 2.12 A 

 

Short and Long Answer Type Questions 

2.1 Consider a pan filled with water placed on a gas stove to heat the water. Determine the different 
energies involved with this process. Also comment on which constituents of the internal energy 
of water changes significantly in this process if water is heated before the limit of phase 
transformation. 

2.2 What changes happen at the microscopic level to change the internal energy of the system during 
a chemical reaction. 

2.3 What are the different forms in which energy can exchange across the boundary of the system?. 

2.4 A perfectly insulated room is heated by an electric heater. What type of energy has exchanged 
across the system boundary if the heater is considered part of the system? 

2.5 A refrigerator with its door open is kept for two hours in an insulated room. What will happen to 
the temperature of the room air at the end of the two hours duration? 

2.6 Represent the isothermal and adiabatic expansion processes on 𝑃 െ 𝑉 diagram such that their 
final state is the same and operating between the same volume limits. Which of these processes 
have the highest initial pressure. Also, represent the displacement work done on 𝑃 െ 𝑉 diagram 
and comment which process will produce more work output? 

2.7 Does the applicability of specific heats is only limited to constant volume and constant pressure 
processes? Explain. 

2.8 Consider an identical mass of air heated at constant pressure in two situations. It is heated from 
295K to 305K in the first case and secondly it is heated from 970K to 980K. Will the amount of 
heat required be the same in both cases? 

2.9 If the working fluid is changed from air to helium in the previous question (1.8), how will the 
heat required affect in both the cases? 

2.10 If an identical mass of an ideal gas is heated at two different constant pressure conditions of 1 
atm and 5 atm between the same temperature limits. At which pressure, will it require more heat? 
Explain. 

2.11 Can an ideal gas be expanded isothermally in an adiabatic piston cylinder system? Explain. 

2.12 A balloon filled with air is placed in an evacuated and insulated room. When the balloon ruptured, 
air filled the entire volume of the room. What will happen to the internal energy of the air? 
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Numerical Problems 

2.1 Water is heated in a rigid tank and a stirrer is used within the tank to keep the water at uniform 
temperature during the heating process. Water receives a heat of 35 𝑘𝐽 through the bottom surface 
of the tank and a total heat loss of 7 𝑘𝐽 to the surroundings has taken place through the other 
surfaces of the tank. The stirrer does a work of 0.5 𝑘𝐽. Calculate the final internal energy of the 
water if its initial internal energy is 25 𝑘𝐽. 

2.2 A 50 Litres vessel contains air at 25℃ and 150 𝑘𝑃𝑎. The vessel is connected to a piston cylinder 
system through a valve which is initially empty. The piston is frictionless and its mass is such 
that it floats corresponding to a pressure of 50 𝑘𝑃𝑎. When the valve is opened, the air enters the 
piston cylinder system till it reaches an uniform state of 25℃ and 50 𝑘𝑃𝑎. Determine the work 
done in this process. 

2.3 The isobaric expansion of air takes place in a piston cylinder system and gives 45 𝑘𝐽 of work. Air 
was at 500 𝑘𝑃𝑎, 25℃ with 0.015 𝑚ଷ of volume at the start of the expansion process. Determine 
the final temperature and volume of the air. Also, calculate the amount of heat transfer involved 
in the process. 

2.4 A steel block of 1.5 𝑘𝑔 is heated to a temperature of 700℃ in a heat treatment process and then 
quenched in a 100 Litres pool of water which is initially at 25℃. If the entire heat from steel block 
enters into the water and there is no loss to the surroundings, find the final temperature. The 
specific heat of steel is 420 𝐽/𝑘𝑔 െ℃ and that of water is 4182 𝐽/𝑘𝑔 െ℃. 

2.5 During the expansion of a gas, pressure varies with volume as 𝑃 ൌ 𝑎 ൅ 𝑏𝑉 ሺ𝑘𝑃𝑎ሻ where 𝑏 ൌ
5 𝑘𝑃𝑎/𝑚ଷ and 𝑎 is a constant. If the pressure during the process changes from 25 𝑘𝑃𝑎 to 150 
𝑘𝑃𝑎, determine the work done. The initial volume of the gas is 4 𝑚ଷ. 

2.6 Air at 20 bar and 300℃ is contained in a piston cylinder device. The mass of the air is 0.12 𝑘𝑔 
and it is expanded isothermally to a pressure of 5 bar. It is then compressed adiabatically to the 
initial pressure and further compressed in an isobaric manner to reach the initial state. Determine 
the work done in each process and the net work of the cycle. 

2.7 A piston cylinder device contains 0.5 𝑘𝑔 of air at 2.5 bar and 20℃. The piston has cross-sectional 
area of 0.12 𝑚ଶ. Now the air is heated and the piston encounters a linear spring of 90 𝑘𝑁/𝑚 
spring constant at volume of 0.22 𝑚ଷ. The process of heating is continued till the piston rises 15 
𝑐𝑚 distance after touching the spring. Determine the final pressure and temperature of the air. 
Also, calculate the work done during the process and represent it on 𝑃 െ 𝑉 diagram. 

2.8 A room of 5 𝑚 ൈ 5 𝑚 ൈ 3 𝑚 is provided with an electric resistance heater to raise its temperature 
from 2℃ to 30℃ in 20 minutes. The room is perfectly insulated and contains air at atmospheric 
pressure. Find the required power of the heater. Assume 𝐶௣଴ ൌ 1.005 𝑘𝐽/𝑘𝑔 െ℃ and 𝐶௩଴ ൌ
0.718 𝑘𝐽/𝑘𝑔 െ℃. 

2.9 A well insulated rigid tank is divided in two parts having volume ratio of 1:5. The small volume 
contains 4 𝑘𝑔 of an ideal gas at 6 bar and 60℃ and the large volume is evacuated. Now the 
partition between the two parts is ruptured and the gas fills the entire volume. Determine the final 
pressure and temperature of the tank. Also, comment on the work done during this expansion 
process. 

2.10 A set of stops are connected to a piston cylinder device at its top. It initially contains 5 𝑘𝑔 of air 
at 2.5 bar and 20℃. Now the heat is supplied to the air and the piston rises until it touches the 
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stops corresponding to a volume 1.5 times of the initial volume. Heat is further added until the 
pressures becomes 2.5 times of the initial pressure. Represent the process on 𝑃 െ 𝑉 diagram. 
Determine the work done and heat transfer for the process. 

PRACTICAL 

Activity 1: Consider you are given a task to measure the specific heat of water and you have to design 
an experimental setup for the same using the easily available stuff. Make a list of the required 
instruments/components and prepare a detailed procedure for the measurement. Also, perform the 
detailed energy analysis of the proposed experimental setup and explain how primary measurements 
can be utilized to obtain specific heat. 
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UNIT SPECIFICS 

In this unit following aspects have been discussed: 

● Definition of pure substances and different phases;  
● Phase diagrams for representing the variation of phases with thermodynamic properties;  
● Use of property tables for estimating the change in energy content and other properties;  
● Definition of compressibility factor;  
● Summary of the chapter and solved examples. 

The practical applications of the topics are discussed for generating further curiosity and creativity 
as well as improving problem solving capacity.  

      Besides giving a large number of multiple choice questions as well as questions of short and 
long answer types marked in two categories following lower and higher order of Bloom’s 
taxonomy, assignments through a number of numerical problems, a list of references and suggested 
readings are given in the unit so that one can go through them for practice. It is important to note 
that for getting more information on various topics of interest some QR codes have been provided 
in different sections which can be scanned for relevant supportive knowledge. 

RATIONALE 

After getting the basic concepts of thermodynamic properties and first law of thermodynamics, the 
next step is the application of these concepts to real world applications. For these applications the 
properties of working fluids used in various thermodynamic systems and the variation of those 
properties with the thermodynamic state is very important. This chapter describes the general 
trends of variation of thermodynamic states of pure substances with the change in properties such 
as temperature, pressure, enthalpy, specific volume etc. The variation in these properties is further 
utilised for estimation of energy transformations. After theoretical description of these concepts 
the engineering approach of compiling the variation of properties by choosing convenient 
reference states is presented. Methods of estimation of phase transformations and energy flows 
with change in state variables is also illustrated through suitable solved examples. 

 

3 

 Properties of Pure 
Substances 
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PRE‐REQUISITES 

Thermodynamic states, properties and first law of thermodynamics 

UNIT OUTCOMES 

List of outcomes of this unit is as follows: 

U3-O1: Appreciation of definition of pure substance and phase 

U3-O2:  Representation of phase transformations on phase diagrams 

U3-O3:  Use of property tables for estimation of energy and phase transformations 

U3-O4: Learning the method of estimating the change in energy during phase transformations 
through solved examples 

 

Unit-3 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U3‐O1  2 1 2 1 1 1 

U3‐O2  3 2 1 1 1 1 

U3‐O3  3 3 2 1 1 3 

U3‐O4  2 3 2 1 1 3 
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3.1 Pure Substance and its Different Phases 
A substance of homogenous and consistent chemical composition 
throughout is known as a pure substance. For example, water, nitrogen, 
carbon dioxide, oxygen and helium are pure substances. A mixture of 
different chemical compounds or elements can also be called a pure 
substance if it has homogenous and invariable chemical composition 
throughout. Air in gaseous phase is an example of a mixture that can be 
termed as a pure substance (Fig. 3.1-a). Whereas mixture of oil and water 
is not a pure substance as these components are insoluble and settle in 
different portions of the container as per their density, hence, results in 
variable chemical composition (Fig. 3.1-b). 

A pure substance can also exist in more than one phase, however, the 
chemical composition in all the phases should be the same.  For instance, 
the mixture of ice and liquid water, liquid water and steam and a three 
phase mixture of ice, liquid water and steam are all pure substances (Fig. 
3.2). On the other hand the mixture of liquid air and gaseous air is not a 
pure substance as the composition of liquid air is different from the 
gaseous air (Fig. 3.3). This is because different components of air 
condense at different temperatures for a given pressure. Therefore, it 
should be carefully noted that air, which is a mixture of different 
components, is a pure substance only if it remains in a single phase. 

We unusually see in our surroundings that iron exists as a solid, water 
exists as a liquid and oxygen stays as a gas at room temperature and 
pressure conditions. The same water exists in the gaseous phase as steam 
when its temperature is raised above 100℃ at the same pressure 
condition. This signifies that all the substances can exist in different 
phases at different conditions. A phase is nothing but a distinct 
homogenous molecular arrangement that is easily distinguishable from 
other molecular structures by surface boundaries. The interfacial region 
between ice and liquid water is an example of separation between two 
phases. The three principle phases are solid, liquid and gas. In addition, 
there can be several other phases within a single principle phase 
depending upon the distinct molecular structures. For instance, ice shows 
seven different molecular structures at high pressures. Similarly carbon 
exists as diamond and graphite in the solid phase. In solids, the molecules 
are arranged in a three dimensional lattice structure and such structures 
are repeated throughout in all the directions. The molecules are closely 
spaced in solids, causing high attractive forces which bind them at fixed 
locations (Fig. 3.4-a). The molecules only oscillate at their positions and 
the velocity of oscillations is a strong function of temperature. When the 
temperature is increased such that the oscillation velocities are high 
enough to move a group of molecules relative to each-other, the transition 
of solid to liquid phase begins and is called the initiation of the melting 
process. In liquids, the molecular distances are comparable to solids, 
however, molecules are free to translate and rotate relative to each other, 

 

 

Fig. 3.1: (a) Gaseous air, a 
pure substance and (b) 

mixture of oil and water that 
is not a pure substance. 

 

 

 

 
Fig. 3.2: Different phases of 

water in coexistence: (a) 
solid-liquid, (b) liquid-vapour 
and (c) solid-liquid-vapour. 
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therefore, have slightly less intermolecular attractions than solids (Fig. 
3.4-b). A slight increase in intermolecular distances is observed upon 
transition from solids to liquids for all the substances except water. In the 
gas phase, the molecular distances are large and attractions are weakest 
of all the phases (3.4-c). Such molecules move randomly and interactions 
between molecules are mainly in the form of molecular collisions. Gas 
molecules also collide prominently with the walls of the container where 
these are stored in. Specifically for low density gases, the molecular 
interactions are only due to intermolecular collisions. Usually the gaseous 
molecules have high energy compared to solids and liquids, therefore, 
they release a significant amount of energy before they condense or 
freeze. 

3.2 Phase Boundaries 
Often a pure substance coexists in its different phases. For instance, a 
mixture of liquid and vapour exists in boilers, evaporators and 
condensers, etc. Therefore, it becomes essential to study the 
thermodynamic conditions and associated phases of a substance as it is 
useful for the design of thermodynamic systems. We will use water as an 
example case to demonstrate the effect of thermodynamic parameters on 
its phase transitions. 

Consider water at 25℃ and 1 atm pressure is contained in a piston-
cylinder system such that the pressure is maintained constant (state 1 in 
Fig. 3.5). At this condition, water exists as a liquid. Now the heat is added 
to the water and its temperature is monitored continuously during the heat 
addition process. It is observed that the temperature of water increases 
upon addition of heat and its volume increases slightly. 

 
Fig. 3.3: Mixture of liquid air 
and gaseous air that is not a 

pure substance. 
 
 

 

 

 
Fig. 3.4: Representation of 

molecular structure in 
different phases: (a) solid (b) 

liquid and (c) gas. 
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Fig. 3.5: Heating of water at constant pressure conditions depicting its phase transition from liquid to vapour phase. 

To accommodate the increase of volume, the piston also displaces slightly whereas the pressure stays 
constant. The increase of temperature is manifested till it reaches 99.6℃ and water remains as the liquid 
phase (state 2 in Fig. 3.5). When heat is added further, water starts converting to vapour phase, 
temperature remains the constant and volume increases considerably (state 3 in Fig. 3.5). This process 
of phase transfer continues upon addition of heat till the complete liquid is converted into vapour and a 
large increase in volume takes place during this transition (state 4 in Fig. 3.5). Further addition of heat 
results in an increase of both the temperature and volume (state 5 in Fig. 3.5). The complete process of 
this constant pressure heating is shown on 𝑇 െ 𝑣 diagram in Fig. 3.6. 

State 2 represents complete liquid which is about to vapourize upon further addition of heat, therefore, 
it is termed the saturated liquid state. Similarly, state 4 represents complete vapour that is about to 
condense if heat is taken out of it, is called the saturated vapour state. The coexistence of liquid-
vapour mixture in equilibrium between the saturated liquid (state 2) and saturated vapour (state 4) states 
is referred to as the saturated liquid-vapour mixture (state 3). When a substance is in pure liquid state 
and is not about to vapourize upon addition of heat, it is called the subcooled or compressed liquid 
(state 1). Contrary, a pure vapour phase that is not about to condense upon removal of heat is termed 
the superheated vapour (state 5). If the substance is cooled from state 5 at constant pressure condition, 
it will follow the same path on 𝑇 െ 𝑣 diagram in reverse direction till it reaches state 1 and the system 
will reject the same amount of heat as was added during the heating process. 

In the previous illustration, the liquid to vapour transition started at 99.6℃. It is important to mention 
that it is the boiling temperature of water corresponding to 1 atm pressure. If the water is heated in a 
similar arrangement at 2 atm pressure, it will initiate the change of phase from liquid to vapour at 
120.21℃. Thus the boiling temperature depends upon the pressure and for each pressure there is a 
unique value of boiling temperature. Therefore, the temperature at which pure substance changes phase 
for a given pressure is called the saturation temperature.  
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Similarly, a pressure at which pure substance changes phase for a given 
temperature is referred to as the saturation pressure. Figure 3.7 shows a 
plot between saturation pressure and saturation temperature that is 
obtained by heating water at different fixed pressure conditions. This 
curve that separates the liquid and vapour phases is called the liquid-
vapour saturation curve or vaporization line. It is usual practice that if 
we cook food at high temperatures, it takes less cooking time. This is the 
reason for using the pressure cooker which increases the pressure and 
corresponding saturation temperature, therefore, allows adding heat at 
high temperatures. It is also important to mention that the atmospheric 
pressure decreases with elevation. Thus it takes less cooking time to cook 
food at sea level in comparison to higher elevations. 

If in the previous experiment liquid water at state 1 is cooled under 1 atm 
pressure, first its temperature will decrease till it reaches 0℃ and then 
liquid start changing into ice upon further cooling at constant temperature 
condition. This process continues till the whole liquid is converted into 
solid ice. In this process the volume of water expands upon its conversion 
from liquid to solid phase. Water is an exceptional substance which 
expands upon freezing whereas most pure substances contract upon 
freezing. This transitional state is another saturation state that represents 
the liquid to solid phase transition and vice-versa. The saturation 
temperature corresponding to solid-liquid transition is called the freezing 
point. If the cooling process is further continued after the complete ice 
formation, it results in decreasing the temperature of ice whereas its 
volume remains almost constant. When this experiment is repeated at 
different pressures, it gives a curve that separates the solid and liquid 
regions as shown in Fig. 3.8. This curve is called the fusion line and 
depicts that freezing temperature is not much influenced by the pressure. 
When the experiments are performed below the atmospheric pressure 
conditions for locating the boiling and freezing points, the fusion and 
vaporization lines extend toward low pressure and meet at a point. The 
further reduction of pressure below this point results in a single saturation 
curve, called the sublimation curve which represents the transition from 
solid to vapour phase and vice-versa (Fig. 3.8). The point at which all 
three phases coexist in equilibrium is called the triple point. The pressure 
and temperature of water corresponding to its triple point are 0.0061 bar 
and 0.01℃. This is the only condition at which all three phases can 
coexist in equilibrium and deviation from this condition gives coexistence 
of only two phases along the saturation lines. Also, the liquid phase 
cannot exist below the triple point. The diagram showing different 
saturation lines is called the phase diagram (Fig. 3.8). The region on the 
phase diagram other than the saturation lines shows the occurrence of a 
single phase. The vapourization curve on the phase diagram has the 
highest pressure of 220.9 bar and corresponding temperature is 374.14℃ 
for water and it is called the critical point. The transition from liquid to 
vapour is not smooth above this point and liquid changes instantly to 

 
Fig. 3.6: Representation of 
constant pressure heating 
process on 𝑇 െ 𝑣 diagram 

(not to scale). 
 
 
 
 
 

 
Fig. 3.7: Dependence 

between saturation pressure 
and saturation temperature. 

 
 
 
 
 

 
Fig. 3.8: Depiction of phase 
boundaries on 𝑃 െ 𝑇 curve. 
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vapour phase. Therefore, occurrence of two-phase mixture in equilibrium 
is not observed above critical point. 

The complete phase diagram for water which covers a wide range of 
pressure and temperatures is shown on semi-log plot in Fig. 3.9. The 
logarithmic scale is chosen along the ordinate to cover a wide pressure 
range. This diagram shows seven different types of crystal structures for 
ice which are separated by different phase boundaries. Due to the 
occurrence of different solid phases, there is presence of multiple points 
where simultaneous presence of three phases can be observed. However, 
there is only a unique triple point where three principle phases: solid, 
liquid and gas can coexist. The general nature of the phase diagram 
remains the same for all other substances and there can be multiple phases 
under a single principle phase for other substances as well. Moreover, the 
specific features like triple point and critical point conditions are different 
for different substances. For instance, the triple point pressure of mercury 
is 1.3 ൈ 10ିଷ bar, which is the reason for its use as a barometric fluid. 
The triple point pressure of carbon dioxide is 5.208 bar, which is greater 
than atmospheric pressure. Therefore, at atmospheric pressure solid 
carbon dioxide converts directly to the vapour phase through a 
sublimation process (Fig. 3.10). The solid to vapour transition of carbon 
dioxide takes place at ≃ െ73℃ for atmospheric pressure conditions. This 
is the reason solid carbon dioxide is used for shipping frozen food items 
instead of ice. Because even if it melts, it will keep the package dry unlike 
ice. Hence, solid carbon dioxide is also called dry ice. 

 

 
Fig. 3.9: Phase diagram of 

water. 

 

 
Fig. 3.10: Schematic 

representation of sublimation 
process. 
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3.3 Property Diagrams 
Property diagrams are important to elucidate the variation of properties 
during the phase change processes. To demonstrate the liquid vapour 
phase change process, let us consider the piston-cylinder system as used 
in Fig. 3.5 to obtain the constant pressure heating at atmospheric pressure 
in Fig. 3.6. Now instead of atmospheric pressure, we will add the weights 
on the piston to achieve the high pressures and perform constant pressure 
heating at each pressure. When the pressure is increased to 1 MPa, the 
specific volume of compressed liquid decreases slightly in comparison to 
its value at atmospheric condition. During the heating process, it is 
observed that the change from liquid to vapour starts at a higher 
temperature of 179.9℃ (Fig. 3.11). Therefore, this is the saturation 
temperature for 1 MPa pressure. The specific volume of saturated liquid 
is also slightly higher at this pressure in comparison to its counterpart at 
atmospheric pressure. When the complete liquid has converted into 
vapour, further its temperature and volume increase during the heating 
process. The saturated vapour state is found to have less specific volume 
than its corresponding value at atmospheric pressure. This signifies that 
the length of horizontal line between saturated liquid and saturated vapour 
states becomes shorter upon increase of pressure. Such a heating process 
is represented for other pressures as well on 𝑇 െ 𝑣 diagram in Fig. 3.11. 
It is found that the horizontal line between saturated liquid and saturated 
vapour states becomes a point for 22.09 MPa pressure and this point is 
called the critical point. The critical point represents the conditions at 
which saturated liquid and saturated vapour states are indistinguishable. 
At this point, heating results in a smooth transition from a saturated liquid 
state to a saturated vapour state without passing through the constant 
temperature vapourization process. The temperature and specific volume 
corresponding to critical point for water are 374.14℃ and 0.003155 
𝑚ଷ/𝑘𝑔, respectively. Above the critical point, the two phase mixture does 
not coexist. In the region above the critical point where a substance is 
clearly distinguishable to change from a liquid to a vapour phase, it is 
termed a dense fluid. However, there is no clear boundary between a 
compressed liquid region and superheated vapour region above the 
critical point. Often a substance is called superheated vapour at 
temperatures above the critical temperature and compressed liquid at 
temperatures lower than the critical temperature. 

 

The curve joined by the locus of saturated liquid states in Fig. 3.11 is 
called the saturated liquid line. Similarly a curve passing through 
saturated vapour states is termed as saturated vapour line. Both these 
lines meet at critical point and form a dome. The region within the dome 
represents liquid-vapour mixture in equilibrium and is called the 
saturated liquid-vapour mixture region or wet region. The region on 
the left of the saturated liquid line represents the compressed liquid or 

 
Fig. 3.11: � െ � diagram for 
water in liquid-vapour regime. 

 

 

 

 

 

 

 

 
Fig. 3.12: Representation of 

pressure reduction by 
decreasing the weight acting 

on the piston. 
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subcooled region. Whereas the region on the right of the saturated vapour 
line depicts the superheated region. In both these regions, substance 
exists in a single phase, either a liquid or a gas. The amount of energy 
required in changing phase from saturated liquid to saturated vapour is 
called the latent heat of vapourization. When the state of a substance 
changes from saturated vapour to saturated liquid, then an equivalent 
amount of heat is released and the process is called the condensation. 
Similarly the amount of energy absorbed by a substance during its melting 
is called the latent heat of fusion and an equivalent amount of energy is 
released during the freezing process. 

 

The 𝑃 െ 𝑣 diagram for a pure substance also has the similar general shape 
as that of the 𝑇 െ 𝑣 diagram whereas the major difference comes in the 
shape of constant temperature lines. To demonstrate the constant 
temperature line on a 𝑃 െ 𝑣 diagram, consider a compressed liquid at 
pressure of 10 MPa and 125℃ is contained in a piston-cylinder 
arrangement as shown in Fig. 3.12. Now slowly the weights are removed 
and pressure is decreased gradually. In this process, the specific volume 
of the liquid increases slightly and heat is added to the liquid in order to 
maintain the constant temperature condition (Fig. 3.13). When the 
pressure reaches to 0.23 MPa, liquid starts converting into vapour. This is 
the saturation pressure corresponding to 125℃ temperature. During the 
phase change process both the temperature and pressure are maintained 
constant and the volume increases considerably. Therefore, weights are 
not removed till liquid is converted completely into vapor. If the weights 
are removed during the phase change process, this will further reduce the 
pressure and hence the corresponding saturation temperature, therefore, 
isothermal conditions will not be maintained. After the saturated vapour 
state is achieved, further reduction of pressure results in considerable 
decrease of volume at the constant temperature. When the process is 
repeated at higher temperatures, the boiling starts at high pressures and 
the length of horizontal line between saturated liquid state and saturated 
vapour state becomes shorter. The saturated liquid and saturated vapour 
lines are obtained upon joining all the saturated liquid and saturated 
vapour states, respectively. The 𝑃 െ 𝑣 diagram for a pure substance with 
superimposed constant temperature lines is shown in Fig. 3.13. 

 

The property diagrams in the preceding discussion are shown for liquid-
vapour phase change transitions. Similar experiments can be performed 
for solid-liquid and solid-vapour transformations to identify these two-
phase regions on property diagrams. Majority of the substance contracts 
upon freezing, therefore their specific volume decreases in the solid 
phase. However a few substances such as water expands upon freezing. 
The 𝑃 െ 𝑣 diagrams including the solid-liquid and solid-vapor two phase 
regions are shown in Fig. 3.14 for both kinds of substances. The 𝑇 െ 𝑣 

 
Fig. 3.13: Representation of 
constant temperature lines on 
𝑃 െ 𝑣 diagram in liquid-

vapour regime. 

(a) 

(b) 

Fig. 3.14: 𝑃 െ 𝑣 diagram for 
a substance that: (a) contracts 

upon freezing and (b) 
expands upon freezing. 
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diagrams also appear similar to that of 𝑃 െ 𝑣 diagrams. The triple point, 
which is discussed in Section 3.2, appears as a line on 𝑃 െ 𝑣 (Fig. 3.14) 
and 𝑇 െ 𝑣 diagrams, called the triple line. Triple line on these diagrams 
represent the conditions corresponding to coexistence of three phases in 
equilibrium. 

 

The 𝑃 െ 𝑇 diagram, also called the phase diagram, is shown in Fig. 3.15 
for both kinds of substances that expands and contracts upon freezing. 
Only fusion lines are different on this diagram for two different kinds of 
substances whereas the vapourization and sublimation lines remain the 
same. The property diagrams shown here are only applicable for a simple 
compressible pure substance. For such substances, the state of the 
substance can be defined by two independent intensive properties. It 
means that if two independent intensive properties are fixed, all other 
properties become dependent on these. Using this idea, if we take 
temperature and volume as independent properties, pressure can be 
determined and the 𝑃 െ 𝑣 െ 𝑇 surface diagrams can be obtained as shown 
in Figs. 3.16 and 3.17. The 𝑃 െ 𝑣 െ 𝑇 surface represents all the 
equilibrium states that a substance can exist. All the quasi-equilibrium 
processes can be plotted on these diagrams as these pass through the 
equilibrium states. The 2-dimensional property diagrams shown earlier 
are nothing but the projections of 𝑃 െ 𝑣 െ 𝑇 surface. One such projection 
of 𝑃 െ 𝑣 െ 𝑇 surface in terms of 𝑃 െ 𝑇 diagram is shown in Figs. 3.16 
and 3.17. Other 2-dimensional property diagrams can also be plotted 
using appropriate projections. 

 
Fig. 3.15: Representation of 
𝑃 െ 𝑇 diagram for substances 
that contract and expand upon 

freezing. 
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Fig. 3.16: The three dimensional 𝑃 െ 𝑣 െ 𝑇 surface plot for substances that contract upon freezing. 

 
Fig. 3.17: The three dimensional 𝑃 െ 𝑣 െ 𝑇 surface plot for substances that expand upon freezing. 

3.4 Property Tables 
In general, the thermodynamic properties of most substances are presented in tabular form, as due to the 
complex behaviour of their variation, it is not possible to express in the form of simple equations. Also, 
the form of property tables is the same for all the substances. In the present section, we will introduce 
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the property tables for water in its different phases and similar tables can be referred for other substances. 
Usually the property tables for water are called steam tables. The steam tables are separately given in 
Appendix B for five regions (saturated solid and saturated vapour; saturated solid and saturated liquid; 
compressed liquid; saturated liquid and saturated vapour; superheated vapour) marked on the property 
diagrams. Mostly in engineering thermodynamics, we deal with liquid and vapour phases of a substance. 
Therefore, major attention will be given to such property tables in the subsequent discussion whereas 
the general idea of using the property table remains the same for other phases as well. 

3.4.1 Saturated liquid and saturated vapour states 

The steam tables for saturated liquid and saturated vapour states are given in Tables B.1 and B.2. Table 
B.1 lists the properties in terms of temperature. An excerpt of the same is given in Table 3.1. 

 

Table 3.1: An excerpt of saturated liquid and saturated vapour steam table in terms of temperature. 

Temp. 

 

ሺ℃ሻ 

Sat. 
Press. 
ሺ𝒌𝑷𝒂ሻ 

Specific volume 

 

ሺ𝒎𝟑/𝒌𝒈ሻ 

Specific internal energy 

 

ሺ𝒌𝑱/𝒌𝒈ሻ 

Specific enthalpy 

 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝑇 𝑃௦௔௧ 𝑣௙
ൈ 10ଷ 

𝑣௚ 𝑢௙ 𝑢௙௚ 𝑢௚ ℎ௙ ℎ௙௚ ℎ௚ 

50  12.352  1.012  12.026  209.33  2233.4 2442.7  209.34 2382.0 2591.3 

55  15.763 1.015 9.5639 230.24 2219.1 2449.3 230.26 2369.8 2600.1 

60  19.947 1.017  7.6670 251.16 2204.7  2455.9 251.18 2357.7 2608.8 

 

In this table, the first entry includes the saturation pressure corresponding to the given temperature 
condition. The specific volume, specific internal energy and specific enthalpy are the other properties 
listed here. In addition, steam tables also include the data of specific entropy, however, it is not listed 
here as it is not introduced yet in this book. The subscripts "𝑓" and "𝑔" are used to indicate the property 
of saturated liquid and saturated vapour, respectively, whereas the subscript "𝑓𝑔" represents the 
difference of saturated vapour and saturated liquid values of the same property. For instance, ℎ௙ denotes 
the enthalpy of saturated liquid and ℎ௚ denotes the enthalpy of saturated vapour. The term ℎ௙௚ ൌ ℎ௚ െ
ℎ௙, represents the amount of heat required to change the phase of 1 𝑘𝑔 of a substance from liquid to 
vapour at given temperature or pressure, called the enthalpy of vapourization or latent heat of 
vapourization. Similarly, an excerpt of Table B.2 is given in Table 3.2 which lists the properties in 
terms of pressure. It is important to note that both the tables list the same properties of substance at 
saturated states, the only benefit of two tables is to use an appropriate table based on the known property 
i.e. temperature or pressure. 
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It is also to highlight that for saturated states only a single thermodynamic property can give us the 
values of all other dependent properties. This is because the term saturated itself is the indication of the 
physical state of the system. For example, if one has to know the enthalpy of saturated liquid at 55℃, 
one can use saturation temperature table and refer to value given in ℎ௙ column corresponding to 55℃ 
temperature. From Table 3.1, it comes out to be 230.26 𝑘𝐽/𝑘𝑔. If a property is to be determined at a 
given condition that is not listed in the table, then linear interpolation can be used between the closest 
given conditions to determine the property. For instance, if internal energy of saturated vapour ሺ𝑢௚ሻ is 
required at 28 𝑘𝑃𝑎 ሺൌ 𝑃ሻ. This value of pressure is not listed in Table 3.2. The closest given pressures 
are 25 𝑘𝑃𝑎 ሺൌ 𝑃ଵሻ and 30 𝑘𝑃𝑎 ሺൌ 𝑃ଶሻ and corresponding values of 𝑢௚ are 2462.4 𝑘𝐽/𝑘𝑔 ሺൌ 𝑢௚ଵሻ and 
2467.7 𝑘𝐽/𝑘𝑔 ሺൌ 𝑢௚ଶሻ, respectively. Using linear interpolation between these two pressures we can 
obtain 

𝑢௚ െ 𝑢௚ଵ ൌ
௨೒మି௨೒భ
௉మି௉భ

ሺ𝑃 െ 𝑃ଵሻ ൌ 2465.58 𝑘𝐽/𝑘𝑔. 

    

Table 3.2: An excerpt of saturated liquid and saturated vapour steam table in terms of pressure. 

 

Press. 

 

ሺ𝒌𝑷𝒂ሻ 

Sat. 
Temp. 

ሺ℃ሻ 

Specific volume 

 

ሺ𝒎𝟑/𝒌𝒈ሻ 

Specific internal energy 

 

ሺ𝒌𝑱/𝒌𝒈ሻ 

Specific enthalpy 

 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝑃 𝑇௦௔௧ 𝑣௙
ൈ 10ଷ 

𝑣௚ 𝑢௙ 𝑢௙௚ 𝑢௚ ℎ௙ ℎ௙௚ ℎ௚ 

20  60.06  1.017  7.6481  251.40   2204.6  2456.0 251.42 2357.5 2608.9  

25  64.96 1.020 6.2034 271.93 2190.4 2462.4 271.96 2345.5 2617.5 

30  69.09 1.022  5.2287 289.24 2178.5  2467.7 289.27 2335.3 2624.6 

3.4.2 Saturated liquid‐vapour mixture 

The saturated liquid-vapour mixture exists during the vapourization process. Though it is called mixture, 
liquid and vapour coexist as separate identities at the same temperature and pressure conditions and 
don’t physically mix. A representation of such a two-phase mixture is shown in Fig. 3.18. Here liquid 
and vapour stays in different portions of the container and are clearly separated by a surface, called 
interface. In this condition, the entire volume of liquid has the properties of the saturated liquid and the 
whole vapour volume has an equivalent saturated vapour state. To define the combined property of the 
mixture, an additional independent parameter, called quality is used. It is defined as the ratio of mass 
of vapour to the total mass of the liquid-vapour mixture, i.e. 𝑥 ൌ

௠೒

௠೑ା௠೒
. The value of quality is zero for 

pure saturated liquid and it is equal to one for pure saturated vapour. Therefore, it varies from zero to 
one in the two phase region. The total volume of mixture can be given as the sum of liquid volume and 
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vapour volume. Therefore, 𝑉 ൌ 𝑉௙ ൅ 𝑉௚. Using the definition of specific volume, it can be expressed as 
𝑚𝑣 ൌ 𝑚௙𝑣௙ ൅ 𝑚௚𝑣௚ where 𝑚 is the total mass of the mixture ሺ𝑚௙ ൅𝑚௚ሻ and 𝑣 is the specific volume 

of the mixture. Specific volume of mixture can be expressed as 𝑣 ൌ
௠೑

௠
𝑣௙ ൅

௠೒

௠
𝑣௚. Now 𝑥 ൌ

௠೒

௠
 and 

௠೑

௠
ൌ

௠ି௠೒

௠
ൌ 1 െ 𝑥. Therefore, 𝑣 ൌ ሺ1 െ 𝑥ሻ𝑣௙ ൅ 𝑥𝑣௚ ൌ 𝑣௙ ൅ 𝑥ሺ𝑣௚ െ 𝑣௙ሻ ൌ 𝑣௙ ൅ 𝑥𝑣௙௚. The values of 

𝑣௙ and 𝑣௚ can be obtained from the saturated steam tables (Tables B.1 and B.2) based on the given 
temperature or pressure condition. It is important to mention that there is no mass of water which has 
the value of specific volume equals to 𝑣. It is just an average representative property of the mixture 
based on the fraction of liquid and vapour present in the mixture. Thus the value of 𝑣 will be always 
between 𝑣௙ and 𝑣௚ for a two-phase mixture. Like volume other properties such as internal energy and 
enthalpy can also be computed using mass weighted average of saturated liquid and saturated vapour 
values. Therefore, in general any property of the two-phase mixture can be expressed as 𝑧 ൌ 𝑧௙ ൅ 𝑥𝑧௙௚. 
The way saturated liquid-vapour mixture is dealt, other two-phase mixtures such as saturated solid-
liquid mixture and saturated solid-vapour mixture can also be treated. The property tables for saturated 
solid and saturated liquid states and saturated solid and saturated vapour states are given in Tables B.5 
and B.6, respectively. 

 

 
Fig. 3.18: Representation of saturated 

liquid-vapour mixture on 𝑇 െ 𝑣 
diagram. 

 
For more details on saturated 

steam tables. 

 
For more details on 

superheated steam tables. 

3.4.3 Superheated vapour states 

The single phase region on the right of the saturated vapour line and the region above the critical point 
for temperature greater than the critical temperature is called superheated region. In this region, the 
pressure and temperature are independent parameters and no more depend upon each other as in the 
case of saturated states. Therefore, using these two parameters, other properties of the substance can be 
determined in this region. The steam tables for superheated states are given in Table B.3. An excerpt of 
superheated tables is given in Table 3.3. In Table 3.3, properties are listed against temperature for 
specific pressure conditions. The first entry shows the data of the saturated vapour state corresponding 
to given pressure and the value of saturated temperature is mentioned after pressure in small brackets. 
By knowing the value of pressure and temperature, all other properties can be obtained from superheated 
tables. The necessary conditions for superheated vapour states are: 𝑇 ൐ 𝑇௦௔௧ at given 𝑃; 𝑧 ൐ 𝑧௚ at a 
given 𝑇 or 𝑃 where 𝑧 ∈ 𝑣,𝑢, ℎ; 𝑃 ൏ 𝑃௦௔௧ at a given 𝑇. 



Basics of Thermodynamics | 73 

 

Table 3.3: An excerpt of superheated vapour steam table. 

𝑻 

ሺ℃ሻ 

𝒗 

ሺ𝒎𝟑/𝒌𝒈ሻ 

𝒖 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒉 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒗 

ሺ𝒎𝟑/𝒌𝒈ሻ 

𝒖 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒉 

ሺ𝒌𝑱/𝒌𝒈ሻ 

 𝑷 ൌ 𝟔.𝟎 𝑴𝑷𝒂 ሺ𝟐𝟕𝟓.𝟓𝟗℃ሻ 𝑷 ൌ 𝟖.𝟎 𝑴𝑷𝒂 ሺ𝟐𝟗𝟓.𝟎𝟏℃ሻ 

Sat. 0.03245  2589.9  2784.6  0.023525  2570.5 2758.7 

300 0.03619 2668.4 2885.6 0.024279  2592.3 2786.5 

350 0.04225  2790.4 3043.9 0.029975  2748.3 2988.01 

400 0.04742  2893.7 3178.3 0.034344  2864.6 3139.4 

3.4.4 Compressed or subcooled liquid states 

When the pressure of a liquid is greater than the saturated pressure at the given temperature, it is called 
the compressed liquid state. Contrary, if we compare the same state to a saturated liquid state at the 
same pressure, it is observed that temperature is less than the saturation temperature, then it is referred 
to as subcooled liquid state. The compressed or subcooled liquid region is also a single phase regime 
and its property table is similar to that of superheated steam tables. Table B.4 represents the property 
values of compressed liquid states and its excerpt is given in Table 3.4. The necessary conditions for 
compressed liquid states are: 𝑇 ൏ 𝑇௦௔௧ at given 𝑃; 𝑧 ൏ 𝑧௙ at a given 𝑇 or 𝑃 where 𝑧 ∈ 𝑣,𝑢,ℎ; 𝑃 ൐ 𝑃௦௔௧ 
at a given 𝑇. Therefore, the temperature entries of Table 3.4 include values less than saturation 
temperature at the given pressure. The first entry of the table shows the values of saturated liquid states. 
The compressed liquid property tables are very rare and if available includes a limited range of 
conditions. This is because properties of such liquids are not much influenced by pressure. Therefore, 
the usual practice is to use the corresponding saturated liquid properties at the given temperature for 
compressed liquid states as the properties of liquids are more influenced by temperature. It is evident 
from Table 3.4 that the properties show a sufficiently small variation upon increasing pressure from 10 
𝑀𝑃𝑎 to 15 𝑀𝑃𝑎 whereas the change of properties with temperature is considerable. Therefore, in 
general, 𝑧௖௢௠௣ ≃ 𝑧௦௔௧ at a given 𝑇. Usually, this formulation works well for specific volume and specific 
internal energy, however, it may give considerable error in enthalpy. Therefore, enthalpy can be 
corrected as ℎ௖௢௠௣ ൌ ℎ௙ሺ@𝑇ሻ ൅ 𝑣௙ሺ@𝑇ሻሺ𝑃 െ 𝑃௦௔௧ሺ@𝑇ሻሻ. This correction gives good accuracy for low 
to moderate pressures and temperatures, however, it may result in large error at very high pressures and 
temperatures due to overcorrection. 
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Table 3.4: An excerpt of compressed liquid steam table. 

 

𝑻 

ሺ℃ሻ 

𝒗 

ሺ𝒎𝟑/𝒌𝒈ሻ 

𝒖 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒉 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒗 

ሺ𝒎𝟑/𝒌𝒈ሻ 

𝒖 

ሺ𝒌𝑱/𝒌𝒈ሻ 

𝒉 

ሺ𝒌𝑱/𝒌𝒈ሻ 

 𝑷 ൌ 𝟏𝟎 𝑴𝑷𝒂 ሺ𝟑𝟏𝟏℃ሻ 𝑷 ൌ 𝟏𝟓 𝑴𝑷𝒂 ሺ𝟑𝟒𝟐.𝟏𝟔℃ሻ 

Sat. 0.0014522  1393.3 1407.9 0.0016572  1585.5 1610.3 

20 0.0009973  83.31 93.28 0.0009951  83.01 97.93 

40 0.0010035  166.33 176.37 0.0010013  165.75 180.77 

60 0.0010127  249.43 259.55 0.0010105  248.58 263.74 

3.4.5 Reference states for developing steam tables 

The pressure, temperature and specific volume are measurable properties whereas the internal energy, 
enthalpy and entropy cannot be measured directly, therefore, these are obtained using the 
thermodynamic relations between the properties. Such property relations specify the change in property 
between the two state points rather than specifying the absolute value of property at a given 
thermodynamic state. Thus it becomes important to choose a reference state for a substance where zero 
value can be assigned to a few properties. The triple point is the reference state for water where its 
specific internal energy and specific entropy are assigned zero value. The properties at other state points 
are calculated with reference to this point. Hence, for some states of a substance below its triple point, 
the values of a few properties can also be negative. Generally, for water the reference point is the same 
in almost all the steam tables available in different literature. Whereas the reference states for other 
fluids such as ammonia and other refrigerants are differently selected in different sources of property 
tables. Therefore, we may find a situation where different values of the same property are given in 
different tables at the same states. As in thermodynamic analysis, we are mainly concerned with change 
of properties between two state points. Hence, it does not make any difference unless or until a consistent 
set of tables are referred. 

3.5 Ideal Gas States 
Majority of the time, it is convenient to use simplified relations between the properties that are more 
general and accurate instead of using the property tables. Such relations are mainly available for gaseous 
states under some prescribed conditions of pressures and temperatures. Any equation that relates the 
properties of a substance at equilibrium states is termed as equation of state. The most common 
equation of state that relates pressure, temperature and specific volume is the ideal gas equation of 
state. By combining the experimental observations of Robert Boyle, J. Charles and J. Gay-Lussac, the 
equation of state can be expressed for gases at low pressures as 𝑃𝑣 ൌ 𝑅𝑇. Here, 𝑃 is absolute pressure, 
𝑇 is absolute temperature and 𝑣 is the specific volume. The constant 𝑅 is called the characteristic gas 
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constant and it is unique for each gas. It is stated as 𝑅 ൌ
ோ

ெ
 where 𝑅 is the universal gas constant and it 

value is 8.314 𝑘𝐽/𝑘𝑚𝑜𝑙 െ 𝐾. Here 𝑀 is the molecular mass of the gas. The relation 𝑃𝑣 ൌ 𝑅𝑇 is called 
the ideal gas equation and is followed by most gaseous substances at low densities. Density of gases is 
low at high temperatures and low pressures. Thus these are the favorable conditions where ideal gas 
behaviour is shown by most gases. A gas following this behaviour is usually termed an ideal gas. In 
most engineering applications, the majority of gases such as air, oxygen, nitrogen, hydrogen, helium 
and carbon dioxide, etc. can be treated as ideal gas with very less errors. Whereas the dense gases such 
as water vapour and vapour of other common refrigerants show ideal gas characteristics in a very limited 
range of pressures and temperatures, therefore, property tables should be used for such substances 
instead of the ideal gas equation of state. A 𝑇 െ 𝑣 diagram is shown for water in Fig. 3.19 which shows 

the percentage error ቀ
|௩೟ೌ್೗೐ି௩೔೏೐ೌ೗|

௩೟ೌ್೗೐
ൈ 100ቁ associated upon use of the ideal gas equation in the vapour 

region. The zone where error is less than 1% is suitable for use of ideal gas equations and mostly 
associated with high temperatures and low pressures. Usually air conditioning applications have low 
pressure of water vapours and use of ideal gas equation for such applications is justified. However, the 
steam used in power applications is maintained close to the critical point, therefore, using the ideal gas 
equation is not accurate for such situations. 

 
Fig. 3.19: Error associated upon using the ideal gas formulation on 𝑇 െ 𝑣 diagram for water. The dashed line 

demarcates the region having error less than 1%. 

3.6 Compressibility Factor 
It is evident from Fig. 3.19 that ideal gas behaviour is not accurate for vaour near the saturated vapour 
region and the critical point. However, the ideal gas equation of state is very handy and convenient to 
use. The deviation of a gaseous substance from ideal gas characteristics at a given temperature and 
pressure can be corrected by introducing a correction factor, called the compressibility factor which is 

defined as 𝑍 ൌ
௉௩

ோ்
. The term 

ோ்

௉
 is usually termed the ideal specific volume ሺ𝑣௜ௗ௘௔௟ሻ, hence, 𝑍 can also 

be treated as the ratio of actual volume to the ideal volume. 𝑍 is equal to one for an ideal gas and it can 
be positive and negative for real gases at the given conditions. The more is the deviation of 𝑍 from unity, 
greater is the difference from the ideal gas behaviour. Usually for moderate density gases, the forces of 
attraction between molecules pull them close and reduce the actual volume in comparison to ideal 
volume. Thus 𝑍 ൏ 1 for such conditions. On the other hand, for high density gases, the molecules repel 
each-other, occupy more volume than ideal behaviour and results in 𝑍 ൐ 1. The compressibility chart 
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of nitrogen is shown in Fig. 3.20. It is evident from Fig. 3.20 that when pressure approaches absolute 
vacuum, 𝑍 becomes unity at all the temperatures. Compressibility factor deviates most at low 
temperatures and very high pressures. However, low temperatures and high pressures are relative to the 
critical point of a substance. For example, a temperature value of -120℃ at atmospheric pressure is not 
considered low temperature for nitrogen whose critical temperature is -147℃ whereas other substances 
like water exist as a solid at these conditions. 

 
Fig. 3.20: Compressibility chart of nitrogen. 

Different gaseous substances behave differently at the same pressure and temperature conditions. This 
means that a gas can behave as an ideal gas at given pressure and temperature whereas some other 
gaseous substance can deviate due to difference in their critical points. However, the most gaseous 
substances show almost the same characteristics at pressures and temperatures normalized with 
reference to their critical pressures and temperatures. The normalized quantities are called the reduced 

pressure and the reduced temperature. These are defined as 𝑃௥ ൌ
௉

௉೎ೝ
 and 𝑇௥ ൌ

்

೎்ೝ
, respectively. The 

subscript "𝑐𝑟" refers to the state of the substance corresponding to the critical point. The compressibility 
factor is approximately the same for all gaseous substances at the given reduced temperature and 
pressure. This behavioural similarity is termed as the principle of corresponding states. A common 
compressibility chart can be obtained for all substances based on the principle of corresponding states. 
Such a generalized compressibility chart shows the variation of compressibility factor in terms of 
reduced pressure and reduced temperature and is shown in Fig. 3.21. It is evident from Fig. 3.21 that 
maximum deviation from the ideal gas characteristics is observed near the critical point. This chart is 
obtained by curve fitting the data from experimental measurements for a large number of substances 
and gives reasonable accuracy. 
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Fig. 3.21: Generalized compressibility chart. 

 
Fig. 3.22: Isotherm on 𝑃 െ 𝑉 diagram passing 

through the critical point. 

3.7 Other Commonly Used Equations of State 

The range of applicability of the ideal gas equation is very limited. Therefore, it is desirable to have 
equations of state which can represent the 𝑃 െ 𝑣 െ 𝑇 characteristics of a gas over the entire superheated 
region. Such equations are more complex to use. Many such equations have been proposed to describe 
the behaviour of gases with a very few limitations. In this section, we will introduce only a few of these 
equations. One of the earliest equations of state is the Van der Waals equation of state and it is 
expressed as 

𝑃 ൅
௔

௩మ
ൌ

ோ்

௩ି௕
                                                                                                            (3.1) 

In this equation, the term 𝑎/𝑣ଶ is included to account for intermolecular attractions and 𝑏 includes the 
volume occupied by the gas molecules. These effects are not considered in the ideal gas equation. The 
constant temperature line passing through critical point on 𝑃 െ 𝑣 diagram (Fig. 3.22) has a horizontal 

inflection at this point. Therefore, ቀ
డ௉

డ௩
ቁ
்ୀ ೎்ೝ

ൌ 0 and ቀ
డమ௉

డ௩మ
ቁ
்ୀ ೎்ೝ

ൌ 0. These conditions, when applied 

on Van der Waals equation, give the values of coefficients 𝑎 and 𝑏 as 𝑎 ൌ
ଶ଻ோమ ೎்ೝ

మ

଺ସ௉೎ೝ
 and 𝑏 ൌ

ோ ೎்ೝ

଼௉೎ೝ
. The 

parameters corresponding to critical point of a substance can be used to determine the values of 𝑎 and 
𝑏. This equation is not very good in terms of accuracy, however, it is one of the initial attempts to 
describe behaviour of real gases. Another relatively simple equation of state is expressed as 

𝑃 ൌ
ோ்

௩ି௕
െ

௔

௩మା௖௕௩ାௗ௕మ
                                                                                                (3.2) 

This is known as the cubic equation of state. The parameters 𝑎, 𝑏, 𝑐 and 𝑑 becomes zero for an ideal 
gas. In some of the equations of state, the parameters are also considered temperature dependent. Some 
of the recent equations of state are very complicated and contain a large number of empirical constants.      
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UNIT SUMMARY 

In this chapter, we introduced the pure substances, the phases in which pure substances can exist and 
the phase boundaries. The solid, liquid and gas are three principle phases of a substance whereas there 
can be other phases separated by distinct molecular structures within a principle phase. The phase 
diagram of water is discussed in detail for a wide range of pressures and temperatures. The important 
property diagrams (𝑃 െ 𝑣, 𝑇 െ 𝑣 and 𝑃 െ 𝑇) of a substance are elucidated for water and different phase 
transformation processes such as fusion, vapourization and sublimation are described. The associated 
amount of energy with phase transitions is called latent heat and it varies with temperature and pressure. 
The two-phase equilibrium is observed along the fusion line, vapourization line and sublimation line 
whereas all three principle phases of a substance can coexist in equilibrium at intersection of these lines 
on phase diagram. This point is called the triple point and below the triple point liquid phase of a 
substance cannot exist. On the phase diagram, the vapourization line is restricted to a unique point, 
called the critical point where saturated liquid and saturated vapour phases of a substance become 
identical. 

The property tables that can be referred to determine all properties of a substance once its state is 
designated, are also elucidated with the help of water as an example. The property tables of water are 
usually called steam tables and have different forms for saturated states and single phase states. In 
general two independent intensive properties are required to designate the state of a substance, whereas 
the saturated liquid and saturated vapour states can be designated by a single property. The properties 
of saturated two-phase mixture are dependent on a dimensionless parameter, called the quality. The 
properties of the two-phase mixture are obtained using the weighted average of its constituents. The 
properties of compressed liquid can be equated to saturated liquid state at the given temperature with 
negligible error. The superheated vapour region of a substance can be approximated as an ideal gas at 
low pressures and high temperatures. The deviation from ideal gas behaviour can be quantified using 
an important parameter, called compressibility factor. The deviation from ideal gas behaviour is highest 
for a substance near the saturated vapour line and the critical point. In addition to the ideal gas equation, 
other more complicated equations of state can be used to describe the complete behaviour of a 
superheated vapour.  

 

Solved Examples 
Example 3.1: Explain why water expands upon freezing. 

Solution: 

Discussion: Water consists of oxygen and hydrogen atoms. Oxygen is more electronegative than 
hydrogen due to which it attracts the shared electrons more than hydrogen. This leads to formation of 
partial negative charge on oxygen and partial positive charge on hydrogen. In solid form, the water 
molecules are arranged in a crystalline structure. While doing so the positively charged hydrogen atom 
on one molecule shares a bond with negatively charged oxygen atom on other molecules, called the 
hydrogen bond (Fig. E-3.1-a). This results in a huge void space between the molecules and takes more 
space than the corresponding volume of liquid water. In liquid form of water, molecules have more 
energy, therefore, these do not stay in a structure and are randomly distributed (E-3.1-b). This is the 
reason for expansion of water upon freezing. 
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One interesting fact is that due to the lighter weight of ice than its liquid form it floats on water. That's 
why aquatic flora and fauna survive. If this is not the case, then aquatic life would have been completely 
different. 

 

 
(a) 

 
(b) 

Fig. E-3.1 

Example 3.2: Determine the saturated state of water based on the following given parameters and also 
find the corresponding saturation temperature: (a) 𝑢 ൌ 1475 𝑘𝐽/𝑘𝑔, (b) ℎ ൌ 2727.9 𝑘𝐽/𝑘𝑔, (c) 𝑣 ൌ
0.001114 𝑚ଷ/𝑘𝑔, (d) 𝑃 ൌ 47.416 𝑘𝑃𝑎 and (e) 𝑢 ൌ 1260 𝑘𝐽/𝑘𝑔. 

Solution: 

Assumptions: As the properties are mentioned corresponding to the saturation states, Tables B.1 and 
B.2 are to be referred. Also, the saturation state can be located by a single property value on steam 
tables. 

Analysis: (a) If we refer Table B.1, 𝑢 ൌ 1475 𝑘𝐽/𝑘𝑔 is mentioned in the saturated liquid column 
against a temperature of 325℃. Therefore, the given state of the substance is saturated liquid and 
saturation temperature is 325℃. 

(b) Similarly from Table B.1, ℎ ൌ 2727.9 𝑘𝐽/𝑘𝑔 ൌ ℎ௚@310℃. 

Therefore, the given state of the substance is saturated vapour and saturation temperature is 310℃. 

(c) From Table B.1, 𝑣 ൌ 0.001114 𝑚ଷ/𝑘𝑔 ൌ 𝑣௙@170℃. 

Therefore, the given state of the substance is saturated liquid and saturation temperature is 170℃. 

(d) From Table B.1, 𝑃 ൌ 47.416 𝑘𝑃𝑎 ൌ 𝑃௦௔௧@80℃. Since pressure and temperature both stay constant 
in the saturated liquid vapour region. Therefore, at the given saturation pressure, the substance can exist 
in either saturated liquid or a saturated vapour state. It can also stay as a saturated liquid-vapour mixture 
in equilibrium, however, in that case any other property than temperature is needed to determine its 
state. Because pressure and temperature are dependent parameters in this region. The saturation 
temperature corresponding to given pressure is 80℃. 

(e) From Table B.1, it can be observed that 𝑢 ൌ 1260 𝑘𝐽/𝑘𝑔 is not available in Table B.1 whereas the 
closest values of 1253.7 𝑘𝐽/𝑘𝑔 and 1279.7 𝑘𝐽/𝑘𝑔 are available in saturated liquid column. Therefore, 
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the state of the substance is saturated liquid and to find the corresponding saturation temperature, 
interpolation is required. 

𝑢ଵ ൌ 1253.7 𝑘𝐽/𝑘𝑔 ൌ 𝑢௙@285℃ and 𝑢ଶ ൌ 1279.7 𝑘𝐽/𝑘𝑔@290℃. Using linear interpolation, 

𝑇 െ 𝑇ଵ ൌ
మ்ି భ்

௨మି௨భ
ሺ𝑢 െ 𝑢ଵሻ ⇒ 𝑇 ൌ 285 ൅

ଶଽ଴ିଶ଼ହ

ଵଶ଻ଽ.଻ିଵଶହଷ.଻
ሺ1260 െ 1253.7ሻ ൌ 286.212℃. 

Therefore, the corresponding saturation temperature is 286.212℃. 

 

Example 3.3: Determine the internal energy and enthalpy corresponding to the following given 
conditions for water: (a) 𝑃 ൌ 1.2 𝑀𝑃𝑎 and 𝑇 ൌ 250℃, (b) 𝑃 ൌ 0.9 𝑀𝑃𝑎 𝑎𝑛𝑑 𝑇 ൌ 815℃. 

 

Solution: 

Assumptions: First the state of the substance has to be determined and then an appropriate table can be 
used. 

Analysis: (a) Use saturation pressure table and check the saturation temperature corresponding to 
1.2 𝑀𝑃𝑎. Using Table B.2, 𝑇௦௔௧ ൌ 187.96℃@1.2 𝑀𝑃𝑎. The given temperature (250℃) is greater than 
𝑇௦௔௧ at the given pressure, therefore, the state of the substance is superheated vapour. Now, we can refer 
to superheated steam table. From Table B.3, 𝑢 ൌ 2704.7 𝑘𝐽/𝑘𝑔 and ℎ ൌ 2935.6 𝑘𝐽/𝑘𝑔.  

(b) Using Table B.2, 𝑇௦௔௧ ൌ 175.35℃@0.9 𝑀𝑃𝑎. The given temperature (815℃) is greater than 𝑇௦௔௧ 
at the given pressure, therefore, the state of the substance is superheated. From Table B.3, it is observed 
that  none of the values (pressure and temperature) are directly available in Table B.3. Therefore, 
interpolation needs to be performed using the closest values. The pressure conditions available in 
superheated steam tables are 0.8 𝑀𝑃𝑎 and 1.0 𝑀𝑃𝑎 and the temperatures available are 800℃ and 
900℃. 

The corresponding values of internal energy and enthalpy are given as 

𝑷 ൌ 𝟎.𝟖 𝑴𝑷𝒂 𝑷 ൌ 𝟏.𝟎 𝑴𝑷𝒂 

𝑻 ሺ℃ሻ 𝒖 ሺ𝒌𝑱/𝒌𝒈ሻ 𝒉 ሺ𝒌𝑱/𝒌𝒈ሻ 𝒖 ሺ𝒌𝑱/𝒌𝒈ሻ 𝒉 ሺ𝒌𝑱/𝒌𝒈ሻ 

800 3662.5 4157.0 3661.7 4156.1 

815 3691.3 (using 
interpolation) 

4192.78 (using 
interpolation) 

3690.53 (using 
interpolation) 

4191.90 (using 
interpolation) 

900  3854.5 4395.5 3853.9 4394.8 
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The linear interpolation gives the values of internal energy and enthalpy at 815℃. Using the previous 
table, the data is now available at pressures of 0.8 𝑀𝑃𝑎 and 1.0 𝑀𝑃𝑎 for temperature of 815℃ as given 
below: 

𝑻 ൌ 𝟖𝟏𝟓℃ 

𝑷 ሺ𝑴𝑷𝒂ሻ 𝒖 ሺ𝒌𝑱/𝒌𝒈ሻ 𝒉 ሺ𝒌𝑱/𝒌𝒈ሻ 

0.8 3691.3 4192.78 

0.9 3690.8 (using interpolation) 4192.34 (using interpolation) 

1.0 3690.53 4191.90 

 Further, interpolation along pressure gives the desired values of internal energy and enthalpy. Hence, 
𝑢 ൌ 3690.8 𝑘𝐽/𝑘𝑔 and ℎ ൌ 4192.34 𝑘𝐽/𝑘𝑔. 

Example 3.4: Find the specific volume, internal energy and enthalpy of water at 𝑃 ൌ 5 𝑀𝑃𝑎 and 𝑇 ൌ
100℃. Also, use the saturated liquid steam tables at given temperature to compute the above parameters 
and comment on the differences with the previous values. 

Solution: 

Assumptions: First the state of the substance has to be determined and then an appropriate table can be 
used. 

Analysis: Use saturation pressure table and check the saturation temperature corresponding to 5 𝑀𝑃𝑎. 
Using Table B.2, 𝑇௦௔௧ ൌ 263.94℃@5 𝑀𝑃𝑎. The given temperature (100℃) is less than 𝑇௦௔௧ at the given 
pressure, therefore, the state of the substance is compressed liquid. Hence, we can refer to compressed 
liquid steam tables. Using Table B.4, 𝑣 ൌ 0.0010410 𝑚ଷ/𝑘𝑔,𝑢 ൌ  417.65 𝑘𝐽/𝑘𝑔 and  ℎ ൌ
 422.85 𝑘𝐽/𝑘𝑔. 

Now, let’s use the saturated liquid steam table (Table B.1) and find the values corresponding to 100℃. 
Using this table, we obtain 𝑣 ൌ 0.001043 𝑚ଷ/𝑘𝑔,𝑢 ൌ  419.06 𝑘𝐽/𝑘𝑔 and  ℎ ൌ  419.17 𝑘𝐽/𝑘𝑔. 

The percentage error associated with values estimated from saturated steam table are: 

% error in specific volume ൌ
|଴.଴଴ଵ଴ସଵ଴ି଴.଴଴ଵ଴ସଷ|

଴.଴଴ଵ଴ସଵ଴
ൈ 100 ൌ 0.1921% 

% error in specific internal energy ൌ
|ସଵ଻.଺ହିସଵଽ.଴଺|

ସଵ଻.଺ହ
ൈ 100 ൌ 0.3376% 

% error in specific enthalpy ൌ
|ସଶଶ.଼ହିସଵଽ.ଵ଻|

ସଶଶ.଼ହ
ൈ 100 ൌ 0.8703% 

Among all parameters, the error observed in estimation of enthalpy is highest. Let’s use the pressure 
correction and again compute enthalpy as 

ℎ ൌ ℎ௙@100℃൅ ሺ𝑃 െ 𝑃௦௔௧@100℃ሻ ൈ 𝑣௙@100℃ ൌ 424.28 𝑘𝐽/𝑘𝑔 

Now, % error in specific enthalpy ൌ
|ସଶଶ.଼ହିସଶସ.ଶ଼|

ସଶଶ.଼ହ
ൈ 100 ൌ 0.3382% 

This shows that error has improved upon using the correction. However, this correction 
may give huge over estimation for moderate to high pressures. 
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Finally, it can be concluded that the compressed states can be assumed equivalent to saturated liquid at 
the given temperature for estimation of their properties with negligible error. 

 

Example 3.5: Using the following parameters, find the state of a 
substance and estimate the corresponding enthalpy: (a) 𝑃 ൌ 500 𝑘𝑃𝑎 and 
𝑣 ൌ 0.265 𝑚ଷ/𝑘𝑔 and (b) 𝑇 ൌ 305℃ and 𝑥 ൌ 0.67. Also, locate the 
given conditions on 𝑃 െ 𝑣 diagram. Here, the considered substance is 
water. 

 

Solution: 

Analysis: (a) Use saturation pressure table and check the corresponding 
𝑣௙ and 𝑣௚ to determine the state of the substance. Referring to Table B.2 
gives, 𝑣௙ ൌ 0.001093 𝑚ଷ/𝑘𝑔 and 𝑣௚ ൌ 0.37483 𝑚ଷ/𝑘𝑔 at 500 𝑘𝑃𝑎 
pressure. This show that 𝑣௙ ൏ 𝑣 ൏ 𝑣௚. It means that the substance exists 
as a saturated liquid-vapour mixture at the given conditions. Therefore, 
first quality has to be determined to calculate the enthalpy of the 
substance. 

Using 𝑣 ൌ ൫𝑣௙ ൅ 𝑥𝑣௙௚൯@ହ଴଴ ௞௉௔
⇒ 𝑥 ൌ 0.706. 

Therefore, ℎ ൌ ൫ℎ௙ ൅ 𝑥ℎ௙௚൯@ହ଴଴ ௞௉௔
⇒ ℎ ൌ 2129.148 𝑘𝐽/𝑘𝑔. 

(b) It is already clear from the given conditions that the substance consists 
of the saturated liquid-vapour mixture. Use the saturated temperature 
table (Table B.1) to find required values at 305℃. This gives, 

ℎ ൌ ൫ℎ௙ ൅ 𝑥ℎ௙௚൯@ଷ଴ହ℃
⇒ ℎ ൌ 2288.521 𝑘𝐽/𝑘𝑔. 

The corresponding states are shown on 𝑃 െ 𝑣 diagrams in Figs. E-3.5-a 
and E-3.5-b. It is always useful to plot the state of a substance on property 
diagrams. It helps in easy identification of the state of a substance and 
estimation of corresponding properties. 

 

 

 
(a) 

 
(b) 

Fig. E-3.5 

 

 

EXERCISES 

Multiple Choice Questions 

 

3.1 A pure substance must have homogeneous 

 A. Molecular 
structure 

B. Chemical 
composition  

C. Phase D. All of the above 
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3.2 It takes more time to cook food at higher elevation because 

 A. Saturation 
pressure increases 

B. Saturation 
pressure decreases 

C.  Saturation 
temperature 
increases 

D. None of these  

3.3 The latent heat of vapourization of water_____________________upon decrease of 
saturation pressure or temperature. 

 A. Remains the 
same 

B. Can increase or 
decrease 

C. Decreases  D. Increases 

3.4 Which of the following phase does not exist below the triple point of a substance 

 A. Solid B. Liquid C. Gas  D. Mixture of solid 
and gas 

3.5 A vapour state that is about to condense is called 

 A. Subcooled 
vapour 

B. Superheated 
vapour 

C. Saturated vapour  D. Compressed 
vapour 

3.6 A liquid state that is about to boil is called 

 A. Subcooled liquid B. Saturated liquid C. Superheated 
liquid 

D.  Compressed 
liquid 

3.7 A pure substance having temperature greater than its critical temperature is usually called 

 A. Superheated 
vapour 

B. Critical vapour C. Supercritical 
vapour 

D. Superheated 
liquid  

3.8 The number of independent properties required to designate the compressed liquid state of 
a substance on steam tables is  

 A. 0 B. 1 C. 2 D. 3 

3.9 The set of independent intensive properties that cannot be used to designate the state of a 
saturated liquid-vapour mixture is 
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 A. 𝑃 and 𝑣 B. 𝑃 and 𝑇 C. 𝑃 and 𝑥 D. 𝑇 and 𝑣 

3.10 Which of the following parameters cannot be used to designate the saturated liquid or 
saturated vapour states on steam tables? 

 A. 𝑃 B. 𝑇 C. 𝑣 D. 𝑥 

3.11 At the critical point of a substance which of the following phases cannot exist? 

 A. Solid B. Liquid C. Gas D. Mixture of liquid 
and vapour 

3.12 The value of compressibility factor near the critical point of a pure substance is 

 A. 𝑍 ൐ 1 B. 𝑍 ൏ 1 C. 𝑍 ൌ 1 D. 𝑍 ൌ 0 

 

Answers of Multiple Choice Question 

3.1 B, 3.2 B, 3.3 D, 3.4 B, 3.5 C, 3.6 B, 3.7 A, 3.8 C, 3.9 B, 3.10 D, 3.11 A, 3.12 B 

Short and Long Answer Type Questions 

3.1 Explain why water boils at low temperature at higher elevations. 

3.2 In the cold regions, a long spindle is used to operate the valve of an external tap and usually the 
valve is positioned inside the wall. Explain why? 

3.3 What is the reason for using solid carbon dioxide instead of ice for preserving food items while 
shipping? 

3.4 Why is solid 𝐶𝑂ଶ called dry ice? 

3.5 How to decide the pair of two independent intensive properties to designate the state of a system? 
Explain with examples. 

3.6 Why does the cooking time decrease upon using the pressure cookers? 

3.7 How much latent heat of vaporization is needed to change the phase of a substance from liquid 
to vapour at supercritical conditions? 

3.8 Can the vapour phase of water exist below 0℃ temperature? 

3.9 Why does a gaseous substance deviate most from ideal gas behaviour near the saturated vapour 
line and critical point? 

3.10 What happens when the pressure of a saturated liquid goes below its saturation pressure at a given 
temperature? 
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3.11 A mixture of saturated liquid-vapour is heated in a closed container having rigid walls. The initial 
specific volume of the mixture is less than the critical specific volume. What will happen to the 
liquid level in the container upon heating of the mixture? 

3.12 In the previous question (3.11), if the container is replaced by a piston-cylinder system. What will 
happen to the water level upon heating? 

 

Numerical Problems 

3.1 Determine the state of water and estimate the corresponding enthalpy for the given parameters: 
(a) 𝑃 ൌ 2.50 𝑀𝑃𝑎 and 𝑢 ൌ 3026.2 𝑘𝐽/𝑘𝑔, (b) 𝑃 ൌ 200 𝑘𝑃𝑎 and 𝑥 ൌ 0.76, (c) 𝑇 ൌ 265℃ and 
𝑢 ൌ 1443.2 𝑘𝐽/𝑘𝑔, (d) 𝑃 ൌ 30 𝑀𝑃𝑎 and 𝑢 ൌ 875 𝑘𝐽/𝑘𝑔 and (e) 𝑇 ൌ 725℃ and 𝑃 ൌ
166.35 𝑘𝑃𝑎. 

3.2 Water comes out of a condenser at the rate of 0.015 𝑚ଷ/𝑠 at 150℃ temperature and 30 𝑀𝑃𝑎 
pressure. Determine the mass flow rate of the water. Consider if the saturated liquid table is used 
at the given temperature conditions, how much change will occur in the mass flow rate of the 
water? 

3.3 A vessel contains liquid water at 25℃ and it is sealed with a lid of 5 𝑘𝑔 mass. Outside the vessel, 
pressure is atmospheric. Determine the temperature at which water starts boiling. 

3.4 The lid of a pressure cooker has 50 𝑔 petcock which provides an opening of 4 𝑚𝑚 diameter. The 
lid is tightly fitted to the cooker and is exposed to surrounding atmospheric pressure. Determine 
the temperature at which water boils inside the pressure cooker. 

3.5 The saturated liquid-vapour mixture is contained in a rigid vessel at 125℃ and 22% quality. The 
mass of the mixture is 5 𝑘𝑔 and it is heated till the pressure inside the container reaches 850 𝑘𝑃𝑎. 
Represent the process on 𝑇 െ 𝑣 diagram. Determine the amount of heat added to reach the final 
state. What will happen to the water level inside the container during this process? 

3.6 In the previous problem (3.5), if the rigid container is replaced with a piston-cylinder system that 
maintains the constant pressure of 300 𝑘𝑃𝑎. Determine the amount of heat needed to convert the 
saturated-liquid vapour mixture to saturated vapour state. Also, plot the process on 𝑇 െ 𝑣 
diagram. 

3.7 10 𝑘𝑔 superheated steam at 16 𝑀𝑃𝑎 pressure and 480℃ is contained in a rigid vessel. The steam 
is then cooled till it reaches the saturated vapour state. Determine the amount of heat rejected to 
the surroundings during the cooling process. Show the process on 𝑃 െ 𝑣 diagram. 

3.8 2 𝑘𝑔 water is contained in a piston-cylinder system at 25℃ as shown in Fig. P-3.8. The cylinder 
is provided with set of stops at volume of 0.5 𝑚ଷ and the massless piston is exposed to 
atmospheric pressure. Water is heated till it reaches a temperature of 500℃. Estimate the amount 
of heat required to reach the final state. Also, find the associated boundary work during the 
process. Show the process on 𝑃 െ 𝑣 diagram. 

3.9 A piston-cylinder system contains 1.5 𝑘𝑔 of water at 30℃ as shown in Fig. P-3.9. The water is 
heated till it reaches pressure and temperature of 1.2 𝑀𝑃𝑎 and 600℃. The other side of the piston 
is exposed to atmospheric pressure and a linear spring touches the piston at a volume of 0.01 𝑚ଷ. 
Determine: (a) the amount of heat added during the process, (b) stiffness of the spring if the 
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diameter of the piston is 150 𝑚𝑚 and (c) the boundary work associated with the process. Show 
the process on 𝑃 െ 𝑣 diagram. 

3.10 Two insulated containers are connected together through a valve. Volume of first container is 1 
𝑚ଷ and it contains water at 500 𝑘𝑃𝑎 and 𝑣 ൌ 0.8 𝑚ଷ/𝑘𝑔. The second container contains 5 𝑘𝑔 of 
water at 0.8 𝑀𝑃𝑎 and 450℃. Now the valve is opened and the water is allowed to reach a final 
uniform state. Determine the specific volume, internal energy and enthalpy at the final state. 

3.11 Saturated vapour is contained in a piston-cylinder system at atmospheric pressure and volume of 
0.048 𝑚ଷ. The diameter of the piston is 0.35 𝑚 and the steam is cooled inside the cylinder by 
spraying cold water over the cylinder. During the cooling process, the piston is stuck at its 
position. If the temperature of water inside the cylinder reaches 35℃, determine the amount of 
heat transfer and the frictional force acting on the piston. 

3.12 A freely moving piston divides a well insulated rigid cylinder into two parts of 0.8 𝑚ଷ and 0.2 
𝑚ଷ volumes. The 0.2 𝑚ଷ volume of the cylinder is filled with superheated steam at 100 𝑘𝑃𝑎 and 
115℃ whereas the other compartment contains air at 100 𝑘𝑃𝑎 and 20℃. Determine the final 
temperature of the system if the thermal equilibrium is established as a result of heat transfer 
through the piston. The piston does not allow the physical mixing of fluids in two compartments. 

 
Fig. P-3.8 

 
Fig. P-3.9 

PRACTICAL 

Activity 1: Take an open pan filled with water and put it on the gas-stove. Put the gas-stove on a mild 
flame. During the heating process, continuously measure the temperature of the water using a 
thermometer and stir it using a wooden rod such that the temperature of the entire water volume 
is uniform. During this process, visually observe the condition at which vapour bubbles start 
appearing at the surface of the pan and note down the corresponding temperature. Use this 
information to calculate the atmospheric pressure at your location and relate it to elevation of 
your place. 
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UNIT SPECIFICS 

Through this unit we have discussed the following concepts: 

● Application of first law of thermodynamics to open systems;  
● Energy analysis through control volume approach;  
● Law of mass conservation in open flow systems;  
● Analysis of various open flow systems such as nozzles and diffusers, turbines, compressors, 

throttle valves, heat exchangers etc.;  
● Energy analysis of transient systems; 
● Solved examples on the analyses of open flow systems. 

RATIONALE 

The practical application of the first law of thermodynamics includes the efficiency analyses of the 
power plants through the detailed analysis of flow analysis inside the individual components of the 
power plants. This chapter will help the learners to apply the basic concepts on the analysis of 
open flow systems such as heat exchangers, turbines, compressors, throttle valves etc. The 
application of the first law on the transient systems is also discussed. The Know More section 
discusses the Joule-Thomson coefficient. 

PRE‐REQUISITES 

First law of thermodynamics; Thermodynamic properties 

UNIT OUTCOMES 

List of outcomes of this unit is as follows: 

U4-O1: Application of mass conservation in open systems 

 

4 

 Energy Analysis for Control 
Volumes 
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U4-O2:  Energy conservation principle for open systems 

U4-O3:  Thermodynamic analysis of practical steady flow devices 

U4-O4: Thermodynamic analysis of transient systems 

U4-O5:  Introduction to Joule-Thomson coefficient 

 

Unit-4 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U4‐O1  3 3 1 1 3 3 

U4‐O2  3 3 - 1 3 3 

U4‐O3  3 3 - 1 3 3 

U4‐O4  3 3 1 1 3 3 

U4‐O5  3 3 1 1 3 3 
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4.1 Conservation of Mass for a Control Volume 
A control volume (or an open system) includes a region in space which is 
of interest and is separated from its surrounding by a boundary, called 
control surface. Such a system allows the exchange of heat, work and 
mass across its control surface as shown in Fig. 4.1. 

 
Fig. 4.1: A control volume depicting heat, work and mass interactions.  

In a closed system where the quantity of matter remains fixed within the 
boundary of the system, mass conservation is inherently satisfied. 
Whereas for control volumes, depending upon the inflow and outflow of 
mass across its boundaries, the conservation of mass should be 
established. Like energy, fundamentally mass is also a quantity which 
cannot be created and destroyed. To mathematically explain this 
statement, let us consider a water tank in our home as a control volume. 
It usually has an inlet pipeline and an outlet that supplies water to different 
locations such as kitchen sink, bathroom,etc. A typical control volume 
representation of such a water tank is shown in Fig. 4.2 where the inner 
surface of the tank acts as the boundary of the control volume. Consider 
a water tank that is half filled with water and inlet pipeline is supplying 
water at the rate of 10 𝑘𝑔/ℎ𝑟. The water is being discharged through the 
tank outlet for different household requirements at the rate of 3 𝑘𝑔/ℎ𝑟. In 
this situation, we experience that the water level rises in the tank and the 
mass of water increases. The rate of increase in mass of water within the 
tank is 7 𝑘𝑔/ℎ𝑟. If we just take the opposite situation that mass is going 
through the discharge line at a higher flow rate than the supply flow rate, 
the water level, hence, the mass of water will decrease in the tank. 

This simple illustration explains that the rate of change of mass of a 
control volume is equal to the net rate of mass flow across its boundaries. 
Let 𝑚ሶ ௜௡  is the rate of mass inflow and 𝑚ሶ ௢௨௧ is the rate of mass outflow 
through the control surface (Fig. 4.3-a). Then, the time rate of change of 
mass of control volume can be expressed as 

ௗ௠೎ೡ

ௗ௧
ൌ 𝑚ሶ ௜௡ െ 𝑚ሶ ௢௨௧                                                           (4.1) 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.2: Water tank, an 

example of a control volume. 

 

 

 
Fig. 4.3: Control volume 

having: (a) one inlet and one 
outlet and (b) multiple inlets 

and outlets. 
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For a control volume having multiple inlets and outlets (Fig. 4.3-b), Eqn. 
(4.1) can be expressed as 
ௗ௠೎ೡ

ௗ௧
ൌ ∑ 𝑚ሶ ௜௡ െ ∑ 𝑚ሶ ௢௨௧                                                    (4.2) 

Equation (4.2) represents the conservation of mass and is usually called 
the continuity equation. This form of continuity equation often serves 
the purpose for most thermodynamic systems. However, the mass flow 
rate across the control surface can be further extended in terms of the 
properties of the associated fluid medium. 

Consider a fluid of density, 𝜌 is flowing through a pipe of cross-sectional 
area, 𝐴௖ as shown in Fig. 4.4. The actual velocity profile of the fluid at an 
arbitrary cross-section a-a is shown in Fig. 4.4 which shows the variation 
in velocity of fluid along the radial direction. Due to its viscosity, fluid 
has zero velocity at the pipe surface and has highest velocity at the centre. 
The average representative of fluid velocity 𝑉௔௩௚ is shown at cross-section 
b-b. The volumetric flow rate of the fluid is through the pipe is expressed 
as 

𝑉ሶ ൌ ஺೎׬ 𝑉ሺ𝑟ሻ𝑑𝐴௖ ൌ 𝑉௔௩௚𝐴௖                                                  (4.3) 

Using this equation, for a fluid of density, 𝜌, the mass flow rate is obtained 
as 

𝑚ሶ ൌ 𝜌𝑉ሶ ൌ 𝜌𝑉௔௩௚𝐴௖                                                          (4.4) 

Equations (4.3) and (4.4) are applicable for a stationary control surface 
(Fig. 4.5-a) for which flow direction is normal to the surface. In case the 
flow approaches or leaves a surface at an angle, the component of average 
velocity normal to the surface (Fig. 4.5-b) is used to calculate the mass 
flow rate as 

𝑚ሶ ൌ 𝜌𝑉௔௩௚,௡𝐴௖                                                                 (4.5) 

It is also to be noted that the average density of the fluid at the given cross-
section should be used for estimation of mass flow rate for a variable 
density fluid medium. The mass of the control volume can also be 
represented as 

𝑚௖௩ ൌ ׬ 𝜌𝑑𝑉                                                                    (4.6) 

Fig. 4.4: Representation of 
flow through a pipe. 

 

 
(a) 

 
(b) 

Fig. 4.5: Representation of 
direction of fluid velocity at a 
control surface: (a) parallel to 
surface normal and (b) at an 

angle to surface normal. 

 

4.2 Conservation of Energy for a Control Volume 
The fundamental principle of energy conservation is discussed in detail in Chapter 2. For a control mass 

system in rate form, energy conservation is expressed as 
ௗா೎೘
ௗ௧

ൌ 𝑄ሶ െ𝑊ሶ . Whereas in case of control 

volume, there is inflow and outflow of mass across its boundary (Fig. 4.6) in addition to heat and work 
interactions. 
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Fig. 4.6: A control volume involving heat, work and mass exchange with surroundings. 

Mass also possesses energy that further leads to one more energy 
interaction associated with mass exchange across the control surface. 
Therefore, the energy conservation equation for a control volume is 
expressed as 

 
ௗா೎ೡ
ௗ௧

ൌ 𝑄ሶ െ𝑊ሶ ൅ 𝐸ሶ௠௔௦௦,௜௡ െ 𝐸ሶ௠௔௦௦,௢௨௧                               (4.7) 

The energies possessed by mass are internal energy, associated with its 
thermodynamic state and kinetic and potential energies linked to the 
physical state of the mass. This gives total specific energy associated to 

mass flow as 𝑒 ൌ 𝑢 ൅
ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧. We have elaborated all these 

constituents of energy in Chapter 2. In addition for a flowing fluid stream, 
there is a requirement of some work to push fluid mass into or out of the 
control volume. This additional work is known as flow work or flow 
energy and it is necessary to maintain the continuous flow of fluid stream 
across the boundaries of the control volume. To understand this work, let 
us consider a pipe through which fluid is flowing and entering a control 
volume as shown in Fig. 4.7. If we consider a thin fluid element in the 
vicinity of the control surface, it is about to enter the control volume. It 
exerts a pressure on its immediate neighbouring fluid element upstream. 
This neighboring fluid element has to push against the pressure in order 
to make the flow happen. Likewise it can be said that from the source of 
the flow each upstream fluid element has to push its immediate 
neighbouring fluid element. Therefore, some energy is invested in making 
this flow happen. Commonly this energy is supplied to a flowing fluid 
stream by using a pump at the source of flow. 

Let’s consider another illustration in Fig. 4.8. It consists of a pipeline 
through which a fluid is flowing at pressure 𝑃ሺ൐ 𝑃௔௧௠ሻ and velocity 𝑉. 
This pipe has a T-junction and a valve as shown in Fig. 4.8-a. Now say 
we have 𝑚 mass of the same fluid at atmospheric pressure and we want 

  

 

 

 
Fig. 4.7: Depiction of inflow 

of fluid through a control 
surface. 
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to enter this mass into the flow pipeline through the T-junction. The 
immediate thought comes to our mind is to open the valve and start 
pouring the fluid inside the pipeline. Is it possible? The answer is no, 
because the pressure inside the pipeline is greater than the atmospheric 
pressure, therefore, upon opening the valve, the fluid will flow out of the 
pipe. So the solution is to put mass 𝑚 of the fluid inside a piston-cylinder 
arrangement and connect it to the T-junction as shown in Fig. 4.8-b. Now 
one has to push the piston with a force to raise the pressure of fluid inside 
the cylinder to pipe pressure 𝑃 and then displace the piston to insert fluid 
into the pipe. Consider that the piston has traversed through volume 𝑉 for 
inserting mass 𝑚 of fluid inside the pipeline. The work associated with 
this process is 

𝑊௙௟௢௪ ൌ ௏׬ 𝑃𝑑𝑉 ൌ 𝑃𝑉 ൌ 𝑃𝑚𝑣                                          (4.8) 

Here, 𝑣 is specific volume of the fluid at pressure 𝑃. Equation (4.8) shows 
the work required to make the flow of mass 𝑚 possible. In case the flow 
of fluid is to be maintained at mass flow rate of 𝑚ሶ , the expression of work 
becomes 

𝑊ሶ௙௟௢௪ ൌ 𝑃𝑉ሶ ൌ 𝑃𝑚ሶ 𝑣                                                         (4.9) 

In Eqn. (4.9), 𝑉ሶ  is the volumetric flow rate and 𝑚ሶ  is the mass flow rate of 
the flowing stream. This flow energy must be added to a flowing stream 
which it inherently exchanges with the control volume when it passes 
across the control surface. Therefore, the expression of total energy 
carried by a flowing stream can be written as 

𝐸ሶ௠௔௦௦ ൌ 𝑚ሶ 𝑒 ൅𝑊ሶ௙௟௢௪ ൌ 𝑚ሶ 𝑒 ൅ 𝑃𝑚ሶ 𝑣 ൌ 𝑚ሶ ሺ𝑒 ൅ 𝑃𝑣ሻ 

⇒ 𝐸ሶ௠௔௦௦ ൌ 𝑚ሶ ሺ𝑢 ൅
1
2
𝑉ଶ ൅ 𝑔𝑧 ൅ 𝑃𝑣ሻ 

⇒ 𝐸ሶ௠௔௦௦ ൌ 𝑚ሶ ሺℎ ൅
ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧ሻ                                        (4.10) 

Here, ℎ ൌ 𝑢 ൅ 𝑃𝑣 is enthalpy of the flowing stream at the given 
thermodynamic conditions. When we introduced enthalpy in Chapter 2, 
only it was mentioned that it is a property which is a combination of other 
thermodynamic properties. However, from the above illustration, it is 
revealed that when we add flow energy to the internal energy of a 
substance, it becomes enthalpy. Therefore, the value of enthalpy 
represents the flow work potential of a substance along with its internal 
energy. Consider that total specific energy constituted by a flowing mass 

is 𝑒௙௟௢௪ ൌ ℎ ൅
ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧. Thus, 𝐸ሶ௠௔௦௦ ൌ 𝑚ሶ  𝑒௙௟௢௪. Here, the enthalpy 

and other properties are to be estimated at the thermodynamic states of 
the corresponding inflowing and outflowing streams. 

Using this information, the energy conservation for a control volume 
(Eqn. 4.7) can be expressed as 

Fig. 4.8: (a) T-junction of a 
supply line provided with a 

valve and (b) a piston 
cylinder system used to inject 

water into the flow line. 

 

 

 

 

 
For more details on control 
volumes and flow energy. 
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ௗா೎ೡ
ௗ௧

ൌ 𝑄ሶ െ𝑊ሶ ൅ 𝑚ሶ  ௜௡𝑒௙௟௢௪,௜௡ െ 𝑚ሶ  ௢௨௧𝑒௙௟௢௪,௢௨௧. In case of multiple mass 

interactions, this expression can be written as 
ௗா೎ೡ
ௗ௧

ൌ 𝑄ሶ െ𝑊ሶ ൅ ∑ 𝑚ሶ  ௜௡𝑒௙௟௢௪,௜௡ െ ∑ 𝑚ሶ ௢௨௧𝑒௙௟௢௪,௢௨௧            (4.11) 

The sign conventions for heat and work interactions remain the same as 
discussed in case of closed systems, 𝑄ሶ  and 𝑊ሶ  represent the net heat and 
net work transfer, respectively. Usually the size of the control volume is 
fixed for majority applications, therefore, displacement work is often zero 
and work transfer mainly occurs in the form of shaft work. 

 

4.3 Energy Analysis of Steady‐Flow Processes 
Some engineering systems such as steam power plants operate for long 
duration under the same conditions after their starting transient operation 
and before shutdown. A steam power plant comprises of multiple 
engineering devices such as boiler, turbine, condenser, etc. which operate 
under the same conditions during their steady operation period and are 
called the steady flow devices. The processes involving such devices can 
be referred to as steady flow processes if these follow a certain set of 
conditions. The required conditions for a steady flow process are as 
follows: 

● Any intensive or extensive properties of the control volume 
should not change with time. The properties can have different 
values at different locations within the control volume, however, 
at a given location these should not vary with time (Fig. 4.9). 

● The mass flow rates and corresponding properties at each inlet 
and outlet should not change with time whereas the properties 
can have different values at different inlets and outlets (Fig. 
4.10). Properties can also vary over the cross-section but should 
remain fixed at different locations of cross-section with time. 
Usually the average values of properties are specified for the 
entire cross-section at each inlet and outlet. 

● The net rate of heat and work transfer between the control 
volume and its surroundings should not change with time. 

Based on these assumptions, we obtain 
ௗ௠೎ೡ

ௗ௧
ൌ 0 and 

ௗா೎ೡ
ௗ௧

ൌ 0. Using this 

information, for a steady flow process, Eqn. (4.2) can be written as 

 ∑ 𝑚ሶ ௜௡ െ ∑ 𝑚ሶ ௢௨௧ ൌ 0 ⇒ ∑ 𝑚ሶ ௜௡ ൌ ∑ 𝑚ሶ ௢௨௧                        
(4.12) 

Similarly, energy conservation (Eqn. 4.11) is expressed as 

𝑄ሶ ൅ ∑ 𝑚ሶ  ௜௡𝑒௙௟௢௪,௜௡ ൌ 𝑊ሶ ൅ ∑ 𝑚ሶ ௢௨௧𝑒௙௟௢௪,௢௨௧                        (4.13) 

 

 

  
Fig. 4.9: (a) Unsteady control 
volume and (b) steady control 

volume. 

 

 

 

 
Fig. 4.10: Control volume 

representation showing 
multiple inlets and outlets 

having invariable 
thermodynamic states with 

time. 
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If for a steady flow device, there is only one mass inlet and one outlet, 
then Eqn. (4.12) becomes 𝑚ሶ ௜௡ ൌ 𝑚ሶ ௢௨௧ ൌ 𝑚ሶ  and Eqn. (4.13) becomes 
𝑄ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௜௡ ൌ 𝑊ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௢௨௧. Dividing both sides by 𝑚ሶ  gives 

𝑞 ൅ 𝑒௙௟௢௪,௜௡ ൌ 𝑤 ൅ 𝑒௙௟௢௪,௢௨௧                                            (4.14) 

Here, 𝑞 ൌ
ொሶ

௠ሶ
 and 𝑤 ൌ

ௐሶ

௠ሶ
. A typical set of devices that follow the steady 

flow process are illustrated in the next section. 
 

4.4 Examples of Steady Flow Devices 
Here we present the flow and energy analysis of some common steady 
flow devices. These devices can have multiple inlets, outlets and multiple 
heat and work interactions. 

4.4.1 Nozzles and diffusers 

A steady flow device that is used to increase the velocity of a fluid stream 
at the expense of its pressure is called a nozzle. Nozzles are often used in 
garden hoses, rockets and jet engines, etc. The cross-sectional area of a 
nozzle gradually decreases in the direction of flow for subsonic flow and 
it increases gradually for supersonic flows. The profile of the nozzle is so 
designed that fluid expansion takes place smoothly to decrease its 
pressure and increase velocity. Usually the change in potential energy 
between inlet and outlet of a nozzle is negligible. Also, the velocity at the 
outlet of the nozzle is so high such that the inlet kinetic energy is 
negligible compared to outlet kinetic energy. Nozzle does not have any 
arrangement to produce work, therefore, its work interaction with 
surroundings is zero. Moreover, the velocity of fluid in a nozzle is 
sufficient to avoid the exchange of heat between flowing stream and 
outlet. It means that a fluid parcel entering the inlet leaves through the 
outlet before it can exchange heat with surroundings. Thus, the rate of 
heat transfer can be considered negligible. This particular assumption 
does not hold at very high temperature conditions such as the exit nozzle 
of a rocket and fuel injection nozzle of a furnace, etc. Such a control 
volume requires detailed heat transfer analysis and should be treated 
differently. A typical subsonic nozzle is shown in Fig. 4.11-a. It shows a 
fluid stream entering the nozzle with ℎ௜ enthalpy, 𝑉௜ velocity and leaving 
with ℎ௢ enthalpy, 𝑉௢ velocity. As there is no change of mass and energy 
within the control volume, therefore, Eqns. (4.12) and (4.13) gives 𝑚ሶ ௜ ൌ
𝑚ሶ ௢ ൌ 𝑚ሶ  and 𝑄ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௜௡ ൌ 𝑊ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௢௨௧. Using the conditions 

described above, energy equation becomes 𝑚ሶ ቀℎ௜ ൅
௏೔
మ

ଶ
൅ 𝑔𝑧௜ቁ ൌ

  

 

 

 

 

 

Fig. 4.11: Representation of a 
(a) nozzle and (b) diffuser. 
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𝑚ሶ ቀℎ௢ ൅
௏೚మ

ଶ
൅ 𝑔𝑧௢ቁ. Now for a nozzle, 𝑔ሺ𝑧௢ െ 𝑧௜ሻ ≃ 0 and 

௏೔
మ

ଶ
≃ 0. 

Hence, 𝑉௢ ≃ ඥ2ሺℎ௜ െ ℎ௢ሻ. This depicts that velocity increases in a nozzle 
at the expense of enthalpy of the flowing stream. 

A diffuser is a steady flow device that serves the purpose opposite to that 
of a nozzle. It increases the pressure of the flowing stream and decreases 
its velocity. Therefore, the enthalpy of the fluid stream increases in a 
diffuser at the expense of its kinetic energy. The profile of the diffuser is 
the reverse of the nozzle. All the assumptions of a nozzle are valid for 
diffusers except the negligible kinetic energy. Usually the velocity of fluid 
at the outlet of a diffuser is such that its kinetic energy cannot be 
neglected. A typical schematic representation of the diffuser is shown in 
Fig. 4.11-b. 

4.4.2 Turbines and compressors 

A rotary steady flow device that produces mechanical work at the expense 
of fluid’s pressure is called a turbine. In a turbine, the fluid interacts with 
its blades and provides necessary torque to rotate the shaft and produce 
mechanical work. Turbines are used in thermal power plants, jet engines 
and hydroelectric plants. The turbines involving steam as the working 
medium are usually termed the steam turbines. Whereas turbines operated 
using high pressure gases (other than steam) are popularly called the gas 
turbines. In addition, the turbines used in hydroelectric plants and 
operated using water are termed the hydraulic turbines. In a turbine the 
change in potential energy is negligible. Whereas the velocities 
encountered in turbines are such that the changes in kinetic energy are 
considerable. However, the kinetic energy changes are very small 
compared to change in enthalpy, therefore, often neglected. Usually the 
turbines are well insulated and also the velocity of the fluid is such that 
the heat exchange with surroundings is negligible. Using these 
assumptions for single inlet and single outlet turbines, as shown in Fig. 
4.12-a, the mass and energy conservation can be written as 𝑚ሶ ௜ ൌ 𝑚ሶ ௢ ൌ
𝑚ሶ  and 𝑄ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௜௡ ൌ 𝑊ሶ ൅ 𝑚ሶ 𝑒௙௟௢௪,௢௨௧. Here 𝑄ሶ ≃ 0 and 𝛥𝑃𝐸 ≃ 0, 

therefore, 𝑚ሶ ቀℎ௜ ൅
௏೔
మ

ଶ
ቁ ൌ 𝑊௦ሶ ൅ 𝑚ሶ ቀℎ௘ ൅

௏೐మ

ଶ
ቁ. This gives 𝑊௦ሶ ൌ

𝑚ሶ ቀℎ௜ െ ℎ௢ ൅
௏೔
మ

ଶ
െ

௏೐మ

ଶ
ቁ. For a turbine, generally 

௏೔
మ

ଶ
െ

௏೐మ

ଶ
≪ ℎ௜ െ ℎ௢. 

Hence, 𝑊௦ሶ ൌ 𝑚ሶ ሺℎ௜ െ ℎ௢ሻ. It shows that the rate of shaft work done by a 
turbine per unit mass flow rate of working fluid is the difference of 
enthalpies of fluid medium at its inlet and outlet. 

The devices that are used to increase the pressure of fluid medium by 
taking shaft work as input are called compressor, pump and fan. A 
device that is majorly used to circulate the gaseous medium and slightly 
increases pressure is referred to as a fan. A compressor considerably 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.12: Representation of a 

(a) turbine and (b) 
compressor. 
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increases the pressure of the gaseous medium, whereas a device that 
increases the pressure of the liquid significantly is called a pump. All 
these devices use some external source such as an engine or motor, etc. to 
supply the shaft work. The compressors/pumps are mainly of rotary type 
and reciprocating type. Rotary type devices are just the reverse of the 
turbine (Fig. 4.12-b) and the assumptions for energy analysis of such 
devices are the same as that of turbines. After applying the energy 
equation, it can be obtained that the rate at which shaft work is consumed 
by a compressor per unit mass flow rate of working fluid is equal to the 
difference of enthalpies at outlet and inlet of the compressor. 

The reciprocating type compressors and pumps include a piston-cylinder 
arrangement to increase the pressure of the fluid medium. Such devices 
are mainly used for very high pressure requirements. In such a device, 
suction of the working medium takes place during downward movement 
of piston and it discharges high pressure fluid during the upward motion 
of the piston, as shown in Fig. 4.13. Such an arrangement results in a 
pulsating supply of the fluid. However, when the prime mover is rotated 
at high rotational speeds and flow is averaged for an integral number of 
cycles, steady state assumption holds valid. The properties of the control 
volume are also averaged for integral cycles in such systems to perform 
steady state analysis. Usually reciprocating compressors include either 
extended surfaces (fins) on the body of the cylinder or cooling water 
jackets in the cylinder body to dissipate the heat to surroundings. 
Therefore, adiabatic conditions do not work for reciprocating devices. 
Moreover, in our thermodynamic analysis we will consider the 
compressor operation as adiabatic unless the rate of heat transfer is 
explicitly mentioned. 

4.4.3 Mixing chambers 

Mixing of multiple streams has many occurrences in engineering 
applications. For example, in the faucet of a bathroom, hot and cold water 
mixes to supply outlet water at desired temperature. A physical 
arrangement that allows the mixing of two or more fluid streams is 
typically known as a mixing chamber. For instance, a T-junction in a 
pipeline can be called a mixing chamber. Usually the mixing chambers 
are insulated and do not exchange heat with the surroundings. Also, there 
is no work interaction in the mixing chambers. The changes in kinetic 
energy and potential energy are usually very small for mixing chambers 
compared to change in enthalpies. Therefore, 𝛥𝐾𝐸 and 𝛥𝑃𝐸 are also 
neglected. A schematic representation of a mixing chamber is shown in 
Fig. 4.14. It shows two streams 1 and 2 entering at different conditions 
and after mixing coming out at state 3. The mass and energy balance for 
such a control volume results in𝑚ሶ ଵ ൅ 𝑚ሶ ଶ െ 𝑚ሶ ଷ ൌ 0 and 𝑚ሶ ଵℎଵ ൅ 𝑚ሶ ଶℎଶ ൌ
𝑚ሶ ଷℎଷ. This gives 𝑚ሶ ଷ ൌ 𝑚ሶ ଵ ൅ 𝑚ሶ ଶ and ℎଷ ൌ

௠ሶ భ
௠ሶ య
ℎଵ ൅

௠ሶ మ
௠ሶ య
ℎଶ. It shows that 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.13: A reciprocating 

compressor showing suction 
and discharge stroke. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.14: Mixing chamber as 

a steady flow device. 
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enthalpy at the outlet of a mixing chamber is the mass weighted average 
of the enthalpies at two inlets. Therefore, its values will be between ℎଵ 
and ℎଶ. If there is heat addition to the control volume during the mixing 
process, then energy balance becomes 𝑄ሶ ൅ 𝑚ሶ ଵℎଵ ൅ 𝑚ሶ ଶℎଶ ൌ 𝑚ሶ ଷℎଷ௔ 

which gives ℎଷ௔ ൌ
௠ሶ భ
௠ሶ య
ℎଵ ൅

௠ሶ మ
௠ሶ య
ℎଶ ൅

ொሶ

௠ሶ య
ൌ ℎଷ ൅

ொሶ

௠ሶ య
. Here, ℎଷ௔ is the 

enthalpy of the fluid stream at the outlet of the mixing chamber 
considering heat addition. This shows that there will be a fixed addition 

of magnitude 
ொሶ

௠ሶ య
 in the enthalpy of the fluid stream at the outlet above the 

mass weighted average. Such a situation is graphically represented in Fig. 
4.15. The point 3 in Fig. 4.15 represents the final state of the fluid stream 
for adiabatic conditions. Point 3a is the final state if heat is added at the 
rate of 𝑄ሶ  and 3b depicts the enthalpy of outlet stream when heat is rejected 
by the mixing chamber at the rate of 𝑄ሶ . 

4.4.4 Heat exchangers 

A device that allows the exchange of heat between two or more fluid 
streams without their physical mixing is termed as a heat exchanger. The 
fluid streams participating in the heat transfer process may remain in a 
single phase or change phase from liquid to vapour or vapour to liquid 
depending upon the amount and direction of heat exchange. Heat 
exchangers are widely used in industries and have a variety of designs. A 
typical heat exchanger configuration is shown in Fig. 4.16-a which 
depicts a cold fluid stream passing through a tube that is surrounded by a 
larger diameter shell through which a hot fluid stream is flowing. The heat 
transfers from hot stream to cold stream through the thickness of the inner 
tube wall. If the complete heat exchanger is considered as a control 
volume shown by the dashed line in Fig. 4.16-a, it gives a simple control 
volume with four mass interactions as shown in Fig. 4.16-b. In a heat 
exchanger the mass flow rate of both the fluid streams remains the same 
at inlet and outlet. The heat exchange mainly takes place between the fluid 
streams and there is negligible heat interaction with surroundings (𝑄ሶ ≃
0). There is no work interaction in a heat exchanger. Also, the changes in 
kinetic and potential energies are also negligible. The energy balance for 
a heat exchanger shown in Fig. 4.16-b is 𝑚ሶ ௛ℎ௛ଵ ൅ 𝑚ሶ ௖ℎ௖ଵ ൌ 𝑚ሶ ௛ℎ௛ଶ ൅
𝑚ሶ ௖ℎ௖ଶ. This gives 𝑚ሶ ௛ሺℎ௛ଵ െ ℎ௛ଶሻ ൌ 𝑚ሶ ௖ሺℎ௖ଶ െ ℎ௖ଵሻ. Thus in a heat 
exchanger the amount of heat released by the hot stream is equal to the 
amount of heat gained by the cold stream. If only cold steam is considered 
the part of control volume, then there will be heat interaction between 
control volume and its surroundings (i.e. hot fluid stream). A control 
volume representation for such a situation is shown in Fig. 4.16-c. The 
energy balance for this control volume gives 𝑄ሶ ൅ 𝑚ሶ ௖ℎ௖ଵ ൌ 𝑚ሶ ௖ℎ௖ଶ. Thus 
𝑄ሶ ൌ 𝑚ሶ ௖ሺℎ௖ଶ െ ℎ௖ଵሻ. 

 
Fig. 4.15: Representation of 

enthalpy variation during 
mixing process. 

 

 

 

 

 

 
For more details on steady 

flow processes. 
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A heat exchanger in which a cold stream changes its phase from liquid to 
vapour is called a boiler. Conversely, a heat exchanger where a hot stream 
changes phase from vapour to liquid is termed as a condenser. The 
assumptions mentioned above are valid for boilers and condensers as 
well. However, in the case of a boiler the specific volume of cold stream 
increases significantly during its phase change, therefore, its outlet 
velocity should be calculated using Eqn. (4.5) and the magnitude of 
associated kinetic energy should be considered if significant. 

 
Fig. 4.16: (a) Schematic representation of a heat exchanger, (b) control volume 

representation of heat exchanger and (c) control volume representation of one fluid 
stream of a heat exchanger. 

4.4.5 Throttle 

Any kind of flow restriction in a fluid passage that results in significant 
pressure drop is termed as a throttle or throttling device. Typical 
examples (Fig. 4.17) of a throttle are a plate with a small hole, a capillary 
tube, an adjustable opening valve and a porous plug, etc. Such restrictions 
in the flow passage results in abrupt decrease of fluid’s pressure and this 
expansion of fluid is completely different from the gradual expansion of 
fluid in a nozzle and a turbine. Throttle does not involve any work 
interaction and due to their smaller length heat transfer is also negligible. 
However, in case of long throttling devices such as a capillary tube, heat 
transfer should be estimated and checked for its significance. Usually the 
velocity of fluid increases at the outlet of a throttle, whereas the increase 
is not significant, hence the change in kinetic energy can be neglected. 
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The potential energy change is also negligible for a throttle. The mass of 
the fluid stream remains fixed during the expansion of a fluid through a 
throttle. Therefore, energy balance results in ℎ௜ ൌ ℎ௢. Thus the fluid 
expansion inside a throttle is an isenthalpic process. Typically 
𝑢௜൅𝑃௜𝑣௜ ൌ 𝑢௢൅𝑃௢𝑣௢, therefore, if flow energy increases in a throttle 
ሺ𝑃௢𝑣௢ ൐ 𝑃௜𝑣௜ሻ, then the internal energy and the temperature of fluid 
decrease. On the other hand, when flow energy decreases ሺ𝑃௢𝑣௢ ൏ 𝑃௜𝑣௜ሻ, 
then internal energy increases during the throttling process and hence the 
temperature. For an ideal gas, ℎ ൌ 𝑓ሺ𝑇ሻ, therefore, temperature remains 
constant during the throttling process. The magnitude of temperature rise 
or fall during a throttling process is governed by the Joule-Thomson 
coefficient. It is briefly described in the Know More section of this 
chapter. 

4.5 Energy Analysis of Transient Processes 
In Sections 4.3 and 4.4, we described the processes for which there is no 
change of property within the control volume. There is another class of 
processes in which the properties also change inside the control volume. 
Such a process is called an unsteady-flow process or a transient flow 
process. Some examples of unsteady flow processes are charging of a 
tank by a pressurized fluid line, discharging of fluid from a pressurized 
vessel, inflating tires, cooking in pressure cookers, etc. In each of these 
processes, the mass and properties of the control volume change with 
time. A typical situation of charging a tank by a pressurized line is shown 
in Fig. 4.18. In order to analyse the transient flow processes, we consider 
a finite time interval 𝛥𝑡 and apply mass and energy conservation to find 
change of properties of control volume during this time interval. Most 
transient flow processes satisfy the following assumptions: 

● The control volume can have a moving boundary, hence, 
associated boundary work. 

● The properties of the control volume can change with time, 
however, these should be uniform throughout the control volume 
at a given time. 

● The mass flow rate of inflowing and outflowing fluid streams can 
vary with time, whereas the state of the fluid stream should not 
change with time. 

The conservation of mass and energy in rate form for a typical transient 
process are given in Eqns. (4.2) and (4.11), respectively. To 
thermodynamically analyse a transient process over the finite time 
interval 𝛥𝑡, let us consider a control volume having state 1 at time 𝑡. It 
has undergone a transient process involving heat, work and mass 
interactions during time interval 𝛥𝑡 and reached state 2 at time 𝑡 ൅ 𝛥𝑡. If 
∑ 𝑚ሶ ௜௡ is the total rate of mass flow entering the control volume, then 

A

 
Fig. 4.17: Throttling device 

consisting of: (a) a plate with 
a small hole, (b) a capillary 

tube, (c) an adjustable 
opening valve and (d) a 

porous plug. 
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amount of mass entered in time 𝛥𝑡 can be expressed as 

׬
௧ା௱௧
௧ ൫∑ 𝑚ሶ ௜௡൯𝑑𝑡 ൌ ∑ 𝑚௜௡. Similarly total mass leaving the 

control volume is expressed as ׬
௧ା௱௧
௧ ൫∑ 𝑚ሶ ௢௨௧൯𝑑𝑡 ൌ ∑ 𝑚௢௨௧. 

The change in mass of the control volume is ׬
௧ା௱௧
௧ ቀ

ௗ௠೎ೡ

ௗ௧
ቁ 𝑑𝑡 ൌ

𝑚ሺ𝑡 ൅ 𝛥𝑡ሻ െ 𝑚ሺ𝑡ሻ ൌ 𝑚ଶ െ 𝑚ଵ. Therefore, the mass conservation for a 
control volume after integrating Eqn. (4.2) for a transient process is given 
as 

∑ 𝑚௜௡ െ ∑ 𝑚௢௨௧ ൌ 𝑚ଶ െ 𝑚ଵ                                            (4.15) 

Similarly, the energy transferred via heat, work and mass interactions in 
time interval 𝛥𝑡 can be expressed as 

׬
௧ା௱௧
௧ 𝑄 ሶ 𝑑𝑡 ൌ 𝑄, ׬

௧ା௱௧
௧ 𝑊 ሶ 𝑑𝑡 ൌ 𝑊, 

׬ 
௧ା௱௧
௧ ൫∑ 𝑚ሶ ௜௡𝑒௙௟௢௪,௜௡൯𝑑𝑡 ൌ ∑ 𝑚௜௡𝑒௙௟௢௪,௜௡ and 

׬
௧ା௱௧
௧ ൫∑ 𝑚ሶ ௢௨௧𝑒௙௟௢௪,௢௨௧൯𝑑𝑡 ൌ ∑ 𝑚௢௨௧𝑒௙௟௢௪,௢௨௧. 

The change in energy content of the control volume for time interval 𝛥𝑡 
can be obtained as 

׬
௧ା௱௧
௧ ቀ

ௗா೎ೡ
ௗ௧
ቁ 𝑑𝑡 ൌ 𝐸ሺ𝑡 ൅ 𝛥𝑡ሻ െ 𝐸ሺ𝑡ሻ ൌ 𝐸ଶ െ 𝐸ଵ ൌ 𝑚ଶ𝑒ଶ െ 𝑚ଵ𝑒ଵ. 

Thus energy conservation for a transient process is expressed as 

𝑄 െ𝑊 ൅ ∑ 𝑚௜௡𝑒௙௟௢௪,௜௡ െ ∑ 𝑚௢௨௧𝑒௙௟௢௪,௢௨௧ ൌ 𝐸ଶ െ 𝐸ଵ      (4.16) 

The Eqn. (4.16) is derived considering the assumption that the state of the 
substance entering or leaving the system is not changing with time. 
However, for discharging of a tank, the leaving fluid stream from the 
control volume will have properties equal to that of the control volume at 
each instant during the process. Also, the properties of control volume, 
hence the leaving stream changes with time during a process. The energy 
balance for such a situation is explained in Example 4.4. 

 

 

 

 

 

 

Fig. 4.18: Charging of a tank 
by a pressurized line. 

 

 

 

 

 

 

 

UNIT SUMMARY 

In the present chapter, we introduced the mass conservation and energy conservation equations for 
control volumes. It is found that in addition to the internal energy, kinetic energy and potential energy, 
a flowing stream also carries flow energy. The sum of internal energy and the flow energy represents 
the enthalpy of a substance. A special kind of process in which the properties of a control volume does 
not change with time for longer durations is termed as a steady flow process. The mass and energy 
conservation are elucidated for steady flow processes and some practical examples of steady flow 
processes are also demonstrated. Finally the more generic processes in which the properties of control 
volume vary with time are discussed. Such a process is called the unsteady or transient flow process. 
The mass and energy balance equations are described for transient flow processes. 
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Solved Examples 
Example 4.1: Steam expands through an adiabatic nozzle from 0.8 𝑀𝑃𝑎 and 250℃ to 0.30 𝑀𝑃𝑎. The 
velocity of steam at the inlet and outlet of the nozzles is 45 𝑚/𝑠 and 700 𝑚/𝑠, respectively. Determine 
the temperature and quality of steam at the nozzle outlet. 

Solution: Given data: 𝑃௜ ൌ 0.8 𝑀𝑃𝑎, 𝑇௜ ൌ 250℃, 𝑉௜ ൌ 45 𝑚/𝑠, 𝑃௢ ൌ 0.30 𝑀𝑃𝑎 and 𝑉௢ ൌ 700 𝑚/𝑠. 

Assumptions: The process inside the nozzle is a steady flow process. Therefore, 𝑚ሶ ௜ ൌ 𝑚ሶ ௢ ൌ 𝑚ሶ . It is 
given that nozzle is adiabatic (𝑄ሶ ൌ 0). Work interaction for a nozzle is usually zero (𝑊ሶ ൌ 0). 

Analysis: Using energy balance ℎ௜ ൅
௏೔
మ

ଶ
ൌ ℎ௢ ൅

௏೚మ

ଶ
. 

From superheated steam table B.3, ℎ௜ ൌ 2950.4 𝑘𝐽/𝑘𝑔 

⇒ ℎ௢ ൌ 2950.4 ൅ ቆ
45ଶ

2 ൈ 1000
െ

700ଶ

2 ൈ 1000
ቇ ൌ 2706.41 𝑘𝐽/𝑘𝑔 

At 𝑃௢ ൌ 0.30 𝑀𝑃𝑎, from saturated steam table B.2, ℎ௙ ൌ 561.43 𝑘𝐽/𝑘𝑔, ℎ௚ ൌ 2724.9 𝑘𝐽/𝑘𝑔 and 
𝑇௦௔௧ ൌ 133.52℃. Since ℎ௙ ൏ ℎ௢ ൏ ℎ௚, thus the saturated liquid-vapour mixture exists at the nozzle 
outlet. ⇒ ℎ௢ ൌ ℎ௙ ൅ 𝑥ℎ௙௚ ⇒ 𝑥 ൌ 0.99. Therefore, temperature at outlet of nozzle is 133.52℃ and the 
quality of steam is 99 percent. 

 

Example 4.2: A pump is used to lift water through a height of 20 𝑚 to a tank maintained at 600 𝑘𝑃𝑎 
pressure. The water enters pump at 95 𝑘𝑃𝑎 and 25℃. The discharge pipe has diameter of 50 𝑚𝑚 and 
the flow rate of water is 5000 𝑘𝑔/ℎ. Determine the power required by the pump if the process is 
adiabatic. Also, the temperature of water does not change during the process. 

Solution: The inlet of the pump is designated by subscript "𝑖" and the point where discharge line puts 
water inside tank is designate by "𝑜". Given data: 𝑃௜ ൌ 95 𝑀𝑃𝑎, 𝑇௜ ൌ 25℃, 𝑑௢ ൌ 50 𝑚𝑚, 𝑃௢ ൌ
600 𝑘𝑃𝑎, 𝑚ሶ ൌ 5000 𝑘𝑔/ℎ and 𝑧௢െ𝑧௜ ൌ 20 𝑚. 

Assumptions: The process of pumping water is a steady flow process. Therefore, 𝑚ሶ ௜ ൌ 𝑚ሶ ௢ ൌ 𝑚ሶ . It is 
given that process is adiabatic (𝑄ሶ ൌ 0). Also, consider that change in kinetic energy is negligible. 

Analysis: Using energy balance 𝑚ሶ ቀℎ௜ ൅
௏೔
మ

ଶ
൅ 𝑔𝑧௜ቁ ൌ 𝑚ሶ ቀℎ௢ ൅

௏೚మ

ଶ
൅ 𝑔𝑧௢ቁ ൅𝑊ሶ . 

From saturated steam table B.1, ℎ௜ ൌ ℎ௙25@℃ ൌ 104.83 𝑘𝐽/𝑘𝑔, 𝑣௜ ൌ 𝑣௙@25℃ ൌ 0.001003 𝑚ଷ/𝑘𝑔. 
Since the temperature of the fluid remains constant during the pumping process, therefore, its internal 
energy will not change ሺ𝑢௜ ൌ 𝑢௢ሻ. Also, the specific volume is constant ሺ𝑣௜ ൌ 𝑣௢ሻ due to the 
incompressible nature of fluid. Hence, ℎ௢ ൌ 𝑢௢ ൅ 𝑃௢𝑣௢ and ℎ௜ ൌ 𝑢௜ ൅ 𝑃௜𝑣௜ results in ℎ௢ െ ℎ௜ ൌ
ሺ𝑃௢ െ 𝑃௜ሻ𝑣௜. 

⇒ 𝑊ሶ ൌ 𝑚ሶ ቆℎ௜ െ ℎ௢ ൅
𝑉௜
ଶ െ 𝑉௢ଶ

2
൅ 𝑔ሺ𝑧௜ െ 𝑧௢ሻቇ ൌ

5000
3600

൭ሺ95 െ 600ሻ ൈ 0.001003 ൅
9.81 ൈ ሺെ20ሻ

1000
൱ 

⇒ 𝑊ሶ ൌ െ0.976 𝑘𝑊. Thus the required power input of the pump is 0.976 𝑘𝑊. 

 

Example 4.3: Saturated liquid water enters a throttling device at 1500 𝑘𝑃𝑎 and expands to a pressure 
of 500 𝑘𝑃𝑎. Determine the quality and temperature of the water at the outlet of the throttling device. 
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Solution: Given data: Saturated liquid at 𝑃௜ ൌ 1500 𝑘𝑃𝑎 and 𝑃௢ ൌ 500 𝑘𝑃𝑎. 

Assumptions: The process of expansion through a throttle is a steady flow process. Therefore, 𝑚ሶ ௜ ൌ
𝑚ሶ ௢ ൌ 𝑚ሶ . For a throttling process, 𝑄ሶ ൌ 0, 𝑊ሶ ൌ 0 and changes in kinetic and potential energy are 
negligible. 

Analysis: Using energy balance 𝑚ሶ ቀℎ௜ ൅
௏೔
మ

ଶ
൅ 𝑔𝑧௜ቁ ൌ 𝑚ሶ ቀℎ௢ ൅

௏೚మ

ଶ
൅ 𝑔𝑧௢ቁ ⇒ ℎ௜ ൌ ℎ௢. 

From steam table B.2, ℎ௜ ൌ ℎ௙@1500 𝑘𝑃𝑎 ൌ 844.55 𝑘𝐽/𝑘𝑔 ൌ ℎ௢. 

At 𝑃௢ ൌ 500 𝑘𝑃𝑎: 𝑇௦௔௧ ൌ 151.83℃, ℎ௙ ൌ 640.09 𝑘𝐽/𝑘𝑔 and ℎ௚ ൌ 2748.1 𝑘𝐽/𝑘𝑔. 

ℎ௢ ൌ ℎ௙ ൅ 𝑥ℎ௙௚ ⇒ 𝑥 ൌ 0.097. 

Therefore, the temperature at the outlet of the throttle is 151.83℃ and the quality is 9.7 percent. 

 

Example 4.4: A rigid insulated evacuated tank is connected to a steam line at a pressure of 1.2 𝑀𝑃𝑎 
and a temperature of 250℃ through a valve. Now the valve is opened and steam is allowed to enter the 
tank till its pressure reaches 1.2 𝑀𝑃𝑎. Considering the negligible kinetic and potential energies, 
determine the final temperature of steam within the tank. 

Solution: Let the initial and the final states of the control volume are designated as "1" and "2", 
respectively. The state of incoming steam is designated by subscript "𝑖". Given data: 𝑃௜ ൌ 1.2 𝑀𝑃𝑎, 
𝑇௜ ൌ 250℃, 𝑃ଵ ൌ 0 𝑘𝑃𝑎 and 𝑃ଶ ൌ 1.2 𝑀𝑃𝑎. 

Assumptions: The properties of the control volume are uniform at any instant. The properties of the 
inflowing steam are identical to the properties of the steam line. The work transfer is zero and the kinetic 
and potential energies are negligible. The tank is insulated, thus heat transfer is zero. 

Analysis: Using mass and energy balance, 𝑚ଶ െ𝑚ଵ ൌ 𝑚௜ and 𝑚௜ℎ௜ ൌ 𝑚ଶ𝑢ଶ െ 𝑚ଵ𝑢ଵ. 

From superheated steam table B.3, ℎ௜ ൌ 2935.6 𝑘𝐽/𝑘𝑔. 

For evacuated tank 𝑚ଵ ൌ 0 ⇒ 𝑚ଶ ൌ 𝑚௜. From energy balance, ℎ௜ ൌ 𝑢ଶ ൌ 2935.6 𝑘𝐽/𝑘𝑔. 

From saturation pressure table B.2 at 𝑃ଶ ൌ 1.2 𝑀𝑃𝑎, 𝑢௚ ൌ 2587.8 𝑘𝐽/𝑘𝑔. Since 𝑢ଶ ൐ 𝑢௚ at the given 
pressure, thus the final state of the steam in the tank is superheated. Now using the superheated steam 
table B.3 at 𝑃ଶ ൌ 1.2 𝑀𝑃𝑎, 

𝑢 ൌ 2872.7 𝑘𝐽/𝑘𝑔@350℃ and 𝑢 ൌ 2955.5 𝑘𝐽/𝑘𝑔@400℃. Hence, using interpolation, 𝑇 െ 350 ൌ
ସ଴଴ିଷହ଴

ଶଽହହ.ହିଶ଼଻ଶ.଻
ሺ2935.6 െ 2872.7ሻ ⇒ 𝑇 ൌ 387.98℃. 

Therefore, the final temperature of steam inside the tank is 387.98℃. 

 

Example 4.5: A rigid tank of 80 𝐿 volume contains air at 1.2 𝑀𝑃𝑎 and 220℃. Now a valve is opened 
to release the air out till the pressure within the tank becomes 150 𝑘𝑃𝑎 and heat interaction is allowed 
during the process such that the final temperature of air within the tank is 45℃. Find the amount of heat 
transfer. 

Solution: Let the initial and the final states of the control volume are designated as "1" and "2", 
respectively. The state of outflowing air stream is designated by subscript "𝑜". Given data: 𝑃ଵ ൌ
1.2 𝑀𝑃𝑎, 𝑇ଵ ൌ 220℃, 𝑃ଶ ൌ 500 𝑘𝑃𝑎, 𝑇ଶ ൌ 45℃ and 𝑉ଵ ൌ 𝑉ଶ ൌ 80 𝐿. 
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Assumptions: The properties of the control volume are uniform at any instant. The properties of the 
outflowing air stream are identical to the properties of the control volume at a particular time. The 
outflowing air stream has a constant mass flow rate throughout the process. The work transfer is zero 
and the kinetic and potential energy of the outflowing air stream are negligible. Consider air as an ideal 
gas. 

Analysis: Using mass and energy balance, 𝑚ଵ െ𝑚ଶ ൌ 𝑚௢, 

𝑄 െ𝑚௢ℎ௢ ൌ 𝑚ଶ𝑢ଶ െ 𝑚ଵ𝑢ଵ. 

Using ideal gas equation, 𝑚ଵ ൌ
௉భ௏భ
ோ భ்

ൌ 0.6785 𝑘𝑔 and 𝑚ଶ ൌ
௉మ௏మ
ோ మ்

ൌ 0.4383 𝑘𝑔, here 𝑅 ൌ 0.287 𝑘𝐽/

𝑘𝑔 െ 𝐾 for air. 

Therefore, the mass of the outflowing air is 𝑚௢ ൌ 0.2402 𝑘𝑔. 

From air property table A.1 at 𝑇ଵ ൌ 220℃, 𝑢ଵ ൌ 354.62 𝑘𝐽/𝑘𝑔, ℎଵ ൌ 496.125 𝑘𝐽/𝑘𝑔. 

At 𝑇ଶ ൌ 45℃, 𝑢ଶ ൌ 227.26 𝑘𝐽/𝑘𝑔, ℎଶ ൌ 318.49 𝑘𝐽/𝑘𝑔. 

The properties of the outflowing stream varied during the process because air within the tank was at 
different conditions during the process. If we consider the constant mass flow rate of air during the 
process as stated in assumptions, then properties of outflowing air stream can be considered as the 

average of initial and final conditions of the tank. Using this assumption, ℎ௢ ൌ
௛భା௛మ
ଶ

ൌ 407.31 𝑘𝐽/𝑘𝑔. 

Therefore, using energy balance 𝑄 ൌ 𝑚௢ℎ௢ ൅𝑚ଶ𝑢ଶ െ 𝑚ଵ𝑢ଵ ൌ െ43.16 𝑘𝐽. Thus 43.16 𝑘𝐽 heat is 
rejected during the process to maintain the desired temperature of air within the tank. 

EXERCISES 

Multiple Choice Questions 

 

4.1 A control volume allows interaction of_______________across its boundary. 

 A. mass B. work  C. heat D. all of the above 

4.2 The time rate of mass change within a control volume is equal to 

 A. net mass transfer 
across control 
surface 

B. total mass inflow 
across control 
surface 

C.  total mass 
outflow across 
control surface 

D. none of these  

4.3 The velocity of a fluid stream at a control surface should be __________________to 
outward normal from the surface for computations of mass flow rate using 𝑚ሶ ൌ 𝜌𝐴௖𝑉. 

 A. parallel B. perpendicular C. at an angle  D. tangential 
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4.4 The total specific energy associated to a flowing stream is equal to 

 A. 𝑢 ൅
ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧 B. 𝑃𝑣 ൅

ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧 C. ℎ ൅

ଵ

ଶ
𝑉ଶ ൅ 𝑔𝑧  D. 𝑢 ൅ 𝑃𝑣 

4.5 For a steady flow process, 
(i) The thermodynamic state of the inflowing stream can change during the process. 
(ii) The properties within the control volume can have different values at different locations. 
(iii) The properties within the control volume can change with time. 
(iv) The volume of the control volume should be fixed. 

 A. i and ii B. ii and iii C. iii and iv  D. ii and iv 

4.6 A steady flow device has negligible kinetic energy at its inlet and is used to increase the 
velocity of fluid through an adiabatic expansion. The device is called 

 A. turbine B. nozzle C. diffuser D.  compressor 

4.7 The expansion of a fluid through a throttling device can be 
(i) isenthalpic 
(ii) isothermal 
(iii) isochoric 
(iv) adiabatic 
(v) isobaric 

 A. i, ii and iii B. i, ii and iv C. ii, iii and v D. i, iv and v  

4.8 A steady flow device that increases the pressure of a fluid stream by consuming external 
work is known as 

 A. compressor B. diffuser C. turbine D. nozzle 

4.9 A steady flow device that increases the pressure of a fluid at the expense of fluid’s kinetic 
energy is called 

 A. compressor B. diffuser C. turbine D. nozzle 

4.10 In a transient process, the difference between amount of mass entering and amount of mass 
leaving the control volume in finite time 𝛥� can be 

 A. positive B. negative C. zero D. all of the above 
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4.11 The expansion of an ideal gas in a turbine results in____________________of its 
temperature. 

 A. increase B. decrease C. no change D. either increase or 
decrease 

4.12 The expansion inside a throttle irrespective of the nature of working fluid is always 

 A. isenthalpic B. isochoric C. isothermal D. isobaric 

 

Answers of Multiple Choice Question 

 

4.1 D, 4.2 A, 4.3 A, 4.4 C, 4.5 D, 4.6 B, 4.7 B, 4.8 A, 4.9 B, 4.10 D, 4.11 B, 4.12 A 

 

Short and Long Answer Type Questions 

4.1 What is flow energy? Explain with the help of examples. 

4.2 What are the necessary requirements of steady flow processes? 

4.3 How the rate of work produced by a turbine will be influenced if the heat is transferred to 
surroundings during the expansion process? 

4.4 During the expansion process of a saturated liquid through a throttling device, it changes to 
saturated liquid-vapour mixture. How does the flow energy change during the process? Explain. 

4.5 A hydraulic turbine installed at a dam converts fluid power to mechanical work in terms of 
rotation of its shaft. Write the energy conservation for the same and identify the dominant terms. 

4.6 Can cooking food in a pressure cooker be called a steady flow process? Elaborate with reasons. 

4.7 Why kinetic energy of the cold stream at the outlet of a boiler can be significant? 

4.8 A control volume has only one inlet through which a fluid enters during a process. Can the process 
be called a steady flow process? Explain. 

4.9 A piston cylinder contains a fluid and the cylinder has one inlet and one outlet. The mass flow 
rate through the inlet and outlet are the same. Also, the thermodynamic state of the inlet stream 
and outlet stream do not vary with time. Is this process steady? Elaborate. 

4.10 The boundary of a control volume expands during a process. Can it be called a steady flow 
process? Explain. 

 

Numerical Problems 

4.1 Superheated vapour at 200 𝑘𝑃𝑎 and 350℃ is discharged by a compressor to a pipe of 150 𝑚𝑚 
diameter at the rate of 50 𝑘𝑔/ℎ. Determine the average velocity of the vapour in the pipe. 
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4.2 Air flows through a circular pipe of 25 𝑐𝑚 diameter and enters with a velocity of 2.5 𝑚/𝑠 at 300 
𝑘𝑃𝑎, 30℃. Superheated steam flows outside the pipe and heats the air such that it leaves pipe at 
55℃ and 260 𝑘𝑃𝑎. Determine: (a) volumetric flow rate at inlet, (b) velocity at outlet and (c) mass 
flow rate at outlet. 

4.3 Steam at 2.2 𝑀𝑃𝑎 and 280 𝑚/𝑠 enters to an adiabatic diffuser and leaves at 2.8 𝑀𝑃𝑎 and 395℃ 
with a velocity of 35 𝑚/𝑠. Determine: (a) the inlet to outlet area ratio of the diffuser. Also, find 
the inlet temperature of the steam. 

4.4 Steam expands through a turbine under the adiabatic conditions from 8 𝑀𝑃𝑎, 440℃ to 5 𝑘𝑃𝑎 
and 88% quality. The velocity of steam at the turbine inlet is 70 𝑚/𝑠 and its mass flow rate is 10 
𝑘𝑔/𝑠. Find the inlet area of the turbine and the power produced by the turbine. 

4.5 A compressore takes atmospheric air at 100 𝑘𝑃𝑎 and 25℃, compresses it and supplies at 1500 
𝑘𝑃𝑎 and 750℃. Compressed air is further cooled in an isobaric cooler to 35℃. If the mass flow 
rate of the air is 0.01 𝑘𝑔/𝑠, calculate the power rating of the compressor and the rate of heat 
transfer in the cooler. 

4.6 Steam enters an adiabatic turbine at 3500 𝑘𝑃𝑎 and 580℃ at the rate of 10 𝑘𝑔/𝑠. One fourth 
fraction of steam is extracted from the turbine at 950 𝑘𝑃𝑎 and 330℃. The remaining portion of 
steam expands till 35 𝑘𝑃𝑎 and 80℃. Determine the output power of the turbine. 

4.7 An open feedwater heater is employed in a thermal power plant to heat the feedwater entering at 
800 𝑘𝑃𝑎 and 35℃ using superheated steam at 800 𝑘𝑃𝑎 and 195℃. Both the feedwater and 
superheated steam enter the feedwater heater and come out in a single stream as saturated liquid 
at the same pressure. Determine the required mass flow rate of the superheated steam when the 
feedwater enters at 10 𝑘𝑔/𝑠. 

4.8 A shell and tube heat exchanger is used to cool an oil from 170℃ to 50℃ at the rate of 3.5 𝑘𝑔/𝑠. 
Water is used as the cooling medium which flows at the rate of 1.7 𝑘𝑔/𝑠 and enters the heat 
exchanger at 27℃. Determine the exit temperature of water and rate of heat transfer in the heat 
exchanger. Consider 𝐶௣ ൌ 2.18 𝑘𝐽/𝑘𝑔 ℃ for oil and 𝐶௣ ൌ 4.18 𝑘𝐽/𝑘𝑔 ℃ for water. 

4.9 Hot water at 1.8 𝑀𝑃𝑎 and 170℃ is throttled to a lower pressure of 450 𝑘𝑃𝑎. Determine the rate 
of saturated liquid and saturated vapour formation at the outlet of throttle if the mass flow rate of 
hot water at the inlet of throttle is 10 𝑘𝑔/𝑠. 

4.10 If the saturated vapour produced in the previous question (4.9) is passed through an adiabatic 
turbine till its pressure becomes 15 𝑘𝑃𝑎 and the quality at the exit of the turbine is 92%. 
Determine the output power of the turbine. 

4.11 Air at 580 𝑘𝑃𝑎 and 290℃ is contained in a piston-cylinder arrangement at 0.22 𝑚ଷ initial volume. 
A valve connected to cylinder is opened till half mass of the air escaped the cylinder and 
corresponding volume of cylinder is 0.08 𝑚ଷ. Determine the boundary work involved during this 
process and the final temperature of air in the cylinder. 

4.12 An evacuated tank is connected to an air supply line which is at 220 𝑘𝑃𝑎 and 130℃. The air is 
filled in the tank till it reaches 220 𝑘𝑃𝑎 pressure and after that valve is closed to isolate it from 
the supply line. Determine the final temperature of air in the tank and the flow work associated 
with air flow at the supply line. 

4.13 A 0.01 𝑚ଷ rigid tank contains saturated water at 350 𝑘𝑃𝑎. Initially 75% of the volume is occupied 
by vapour and the rest is liquid. A valve connected at the top of the tank is opened to allow 
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escaping the vapour out of the tank. Heat is added to the water during this process to maintain the 
pressure constant. The valve is closed when 5% of liquid is left in the tank. Determine the amount 
of heat added during the process. 

4.14 A pressure cooker of 2 𝐿 capacity operates at a pressure of 220 𝑘𝑃𝑎. It is observed at an instant 
that 75% of the cooker volume is filled with water and remaining is vapour. The pressure cooker 
is kept on the gas stove for further 30 minutes. Determine the highest rate of heat transfer 
permissible if it should not run out of water till the end of 30 minutes. 

4.15 A rigid tank of 35 𝑘𝑔 is made up of steel and has a volume of 0.8 𝑚ଷ. It contains air at 450 𝑘𝑃𝑎 
and 25℃. It is then connected to an air supply line at 2.5 𝑀𝑃𝑎 and 25℃. Air is filled in the tank 
till its pressure reaches 1.75 𝑀𝑃𝑎 and then the valve is closed. The final temperature of both the 
tank and the air is 55℃. Also, both tank and air remain at thermal equilibrium during the entire 
process. Determine the amount of heat transfer involved in the process and final mass of the air 
in the tank. 

PRACTICAL 

Activity 1: Use of centrifugal pumps for lifting water at home is very common. Measure the height 
through which it is being used to lift water at your home. Also, measure the flow rate of water being 
pumped using the bucket and stopwatch method.  Using this information apply the steady flow energy 
equation and estimate the power rating of the pump. Compare it to the given power rating of the pump 
specified by the manufacturer and find the associated reasons for differences. 

KNOW MORE 

Joule-Thomson Coefficient 
We observed that the expansion of a fluid through a throttling device is an isenthalpic process and the 
temperature of fluid in this process can increase or decrease or may remain unchanged. A important 
property of fluid called Joule-Thomson coefficient, governs the temperature behaviour of fluid in an 

isenthalpic process and is defined as 𝜇௃் ൌ ቀ
డ்

డ௉
ቁ
௛ୀ௖௢௡௦௧.

.  This reveals that Joule-Thomson coefficient 

represents the slope of constant enthalpy process on a 𝑇 െ 𝑃 diagram and is a measure of change in 
temperature of a substance with pressure during the isenthalpic process. Temperature decreases for 
𝜇௃் ൐ 0 during the isenthalpic expansion whereas it increases for 𝜇௃் ൏ 0 and remains unchanged when 
𝜇௃் ൌ 0. Consider expansion of a fluid through a valve from state  1 to state 2 as shown in Fig. K-4.1-
a. Let us measure pressure and temperature at the exit of the valve during the throttling process. This 
expansion process is repeated for multiple openings of the valve for a fixed inlet state of the fluid, hence 
the fixed enthalpy. We will experience that the state of the fluid at the exit of the valve will change for 
its varying openings. The final states obtained in each experimental trial are plotted on a 𝑇 െ 𝑃 diagram 
as shown in Fig. K-4.1-b. If we join the locus of all the final states obtained in different experiments 
and the inlet state, a constant enthalpy line is obtained because the initial state was kept constant. 

This experiment can be performed for different initial states, hence, different enthalpies of the fluid 
streams and a diagram, as shown in Fig. K-4.2, can be obtained. This diagram shows different constant 
enthalpy lines. For a given constant enthalpy line, the point where its slope becomes zero is called the 
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inversion point. The line joined by locus of different inversion points is termed as an inversion line. 
The region on the left of the inversion line shows the positive value of Joule-Thomson coefficient. On 
the other hand, its value is negative on the right of the inversion line. The point on the temperature axis 
where the upper portion of the inversion line crosses it, represents the maximum inversion temperature. 
The throttling devices used in refrigeration applications are operated on the left of the inversion line 
because this is the only region where isenthalpic expansion causes cooling. Isenthalpic expansion of any 
fluid above its maximum inversion temperature results in heating of the substance. 

 
Fig. K-4.1: (a) Representation of throttling process 
and (b) 𝑇 െ 𝑃 diagram depicting constant enthalpy 

line. 

 
Fig. K-4.2: 𝑇 െ 𝑃 diagram showing isenthalpic 

lines and inversion curve. 

Further, to represent Joule-Thomson coefficient in terms of specific heats, temperature, pressure and 

specific volume, general enthalpy equation can be used as 𝑑ℎ ൌ 𝑐௣𝑑𝑇 ൅ ቀ𝑣 െ 𝑇 ቀ
డ௩

డ்
ቁ
௉
ቁ 𝑑𝑃. For 

isenthalpic process, 𝑑ℎ ൌ 0, thus Joule-Thomson coefficient can be expressed as 𝜇௃் ൌ ቀ
డ்

డ௉
ቁ
௛ୀ௖௢௡௦௧.

ൌ

െ
ଵ

௖೛
ቀ𝑣 െ 𝑇 ቀ

డ௩

డ்
ቁ
௉
ቁ. It can be easily obtained from this expression that for an ideal gas Joule-Thomson 

coefficient is zero. 
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UNIT SPECIFICS  

In  this unit we have discussed the following aspects: 

● Need of second law of thermodynamics;  
● Concept of irreversibility and sources of irreversibilities;  
● Heat engines, refrigerators and heat pumps; 
● Statements of second law of thermodynamics;  
● Concepts of perpetual motion machines;  
● Thermodynamic temperature scale; 
● Ideal and real machines;  
● Solved examples for illustrating the applications of the second law of thermodynamics. 

After energy balance and energy efficiency analysis of the thermodynamic systems up to unit 4, this 
unit focuses on the feasibility prediction of the thermodynamic processes through the application 
of the second law of thermodynamics. The need for the second law of thermodynamics is established 
and various sources of irreversibilities are discussed. For illustration of various transformations 
of heat into work and vice versa, the concepts of heat engines and heat pumps along with 
refrigeration systems are discussed. Carnot cycle consisting of reversible thermodynamic 
processes is described for enabling us to calculate the limiting values of cycle efficiencies operating 
between specified temperature limits. Definition of absolute temperature scale which is 
independent of material properties is discussed based on the efficiency limit considerations of 
Carnot cycle. 

RATIONALE  

This unit describes the second law of thermodynamics for determining the feasibility of 
thermodynamic processes and estimating the limit values of performance indicators such as 
efficiency and coefficients of performance. Need of second law of thermodynamics has been 
established and different causes of the irreversibilities have been analysed in detail. Equivalence 
between different statements of the second law of thermodynamics has been established in order to 

 

5 

 Second Law of 
Thermodynamics 
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identify the feasible direction of the thermodynamic processes. Ideal and real processes have been 
discussed to further enhance the understanding of the concept of feasibility.  

PRE‐REQUISITES  

First law of thermodynamics; Thermodynamic properties; Basics of analysis of thermodynamic 
processes 

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 

U5-O1: Appreciation of need of second law of thermodynamics 

U5-O2:  Identification of sources of irreversibilities 

U5-O3:  Statements of second law of thermodynamics and establishment of their equivalence 

U5-O4: Appreciation of Carnot cycle, representation of thermodynamic systems for calculation 
of performance limits 

U5-O5:  Need and definition of thermodynamic scale of temperature 

 

Unit-5 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U5‐O1  1 2 3 3 2 3 

U5‐O2  1 2 3 3 2 3 

U5‐O3  1 2 3 3 2 3 

U5‐O4  1 2 3 3 2 3 

U5‐O5  1 2 3 3 2 3 
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5.1 Need for the Second Law of Thermodynamics  
We did elaborate discussion on the first law of thermodynamics or the 
principle of conservation of energy in the previous chapters. It was 
elucidated that energy is a conserved quantity and no process, taking place 
in nature, violates the first law of thermodynamics. However, now it must 
be emphasized that the satisfaction of only the first law of 
thermodynamics does not guarantee the actual occurrence of the process. 
Let us explain this point with the help of examples. Consider a hot water 
bucket placed in a room which is at ambient temperature (Fig. 5.1). Due 
to the difference of temperature, heat will transfer from the water bucket 
to the surrounding air till its temperature reaches the ambient condition. 
The amount of heat loss from the water bucket will be equal to the amount 
of heat gained by the surrounding air in this process. Hence, it satisfies 
the first law of thermodynamics. Now if we attempt to reverse this 
situation such that the hot water bucket receives the heat from the 
surrounding air and gets more warmer. Such a situation will also result in 
conservation of energy because the heat loss from air will be equal to heat 
gained by the water bucket. Hence, it will satisfy the first law of 
thermodynamics whereas this process will not be feasible as the 
spontaneous heat transfer takes place from high temperature to low 
temperature. 

In another situation, let us consider a rigid vessel containing a gas and a 
paddle wheel as shown in Fig. 5.2-a. The paddle wheel rotates and does 
work on the gas when the mass ሺ𝑚ሻ is lowered through a certain height. 
This increases the internal energy of the gas. Now the gas is returned back 
to its original state by transferring heat equivalent to the amount of work 
done on the gas to the surrounding air. This heat transfer decreases the 
internal energy content of the gas and it reaches the initial state. The 
sequence of processes used here, form a cycle in which work is done on 
the system and is equal to the amount of heat released by the system to 
surroundings. This thermodynamic cyclic process has negative heat and 
work interactions and it ensures the applicability of the first law of 
thermodynamics. Now let us attempt to reverse this cycle. In this effort, 
first transfer the heat from surroundings to the gas, which will increase its 
internal energy content, then use this internal energy to raise the weight 
and bring the gas back to its initial conditions (Fig. 5.2-b). If we observe 
such a cyclic process it will satisfy the first law of thermodynamics, 
however, it is not practically possible to rotate the paddle wheel solely by 
the internal energy of the gas to raise the weight. This explains that it is 
not practically possible to achieve a cyclic process under the given 
conditions which can have positive heat and work interactions, i.e. heat 
addition to the system and work done by the system. 

The above examples illustrate that the thermodynamic processes take 
place in a certain direction and it is not always possible to reverse the 
processes even if the first law of thermodynamics is satisfied. Therefore, 

 

 
Fig. 5.1: A hot water bucket 

placed in a room. 

 

 
Fig. 5.2: A paddle wheel and 

mass arrangement that 
undergo an impossible cyclic 

process. 
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the first law of thermodynamics cannot explain the feasibility of the 
process. We have to introduce another generic law, called the second law 
of thermodynamics, to explain the feasible direction of the process. 
Hence, for a thermodynamic process to occur both the first and the second 
laws of thermodynamics should be satisfied. In the later portions of this 
chapter, we will see that the violation of second law was taking place for 
the reverse processes that we discussed in the above examples. In addition 
to defining the direction of the process, the second law also explains the 
quality of the energy. For instance, the heat energy at the higher 
temperature has more potential to produce work in comparison to the 
same amount of energy available at low temperatures. The detailed 
elucidation regarding the quality of the energy and its degradation during 
a process will be discussed in later portions. Further, the second law also 
defines the theoretically possible maximum performance of the 
commonly used thermodynamic devices. 

In the next section, we will discuss the thermodynamic system that 
produces net positive heat and work interactions during a cyclic process, 
called a heat engine. On the other hand, a thermodynamic system that 
facilitates the transfer of heat from a low temperature body to a high 
temperature body by consuming external work is called a refrigerator. 
One more system whose working is similar to that of a refrigerator, 
however, slightly differs in its usage, is termed as a heat pump. The 
thermodynamic analysis of such systems and associated discussion of the 
second law involve the use of a hypothetical body, called a thermal 
reservoir. A typical thermal reservoir is a body of very large capacity of 
thermal energy that does not have any temperature change upon 
exchanging the finite amount of heat. Such a body must have either a very 
large amount of mass or very high specific heat. For example, the 
atmosphere contains a huge amount of air and upon addition of a finite 
amount of heat its temperature does not change. Conversely, a fluid in the 
saturated two phase regime can be considered a thermal reservoir of 
infinite heat capacity whose temperature does not change upon energy 
interaction if its amount is less than the corresponding latent heat. It is 
important to mention that thermal reservoirs need not always be of infinite 
size. For instance, the air in a perfectly sealed room can act as a thermal 
reservoir for the amount of heat released by a tube light in the room. On 
the other hand, the temperature of air in the same room increases if a 
heater is switched on inside the room. Engineering devices such as a 
furnace can act as a thermal reservoir during their steady operation. A 
thermal reservoir that supplies the heat energy is referred to as a heat 
source or source and a reservoir that absorbs the heat energy is called a 
heat sink or sink (Fig. 5.3). The further discussion in this book 
predominantly uses these terms while describing different concepts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.3: A depiction of a 
thermal reservoir as a: (a) 

heat source and (b) heat sink. 
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5.2 Heat Engines, Refrigerators and Heat Pumps  
It is established in the previous section (Fig. 5.2) that work can be 
completely converted into heat by operating in thermodynamic cyclic 
manner whereas the heat cannot be converted completely into an 
equivalent amount of work upon using the cyclic process. For example, 
the heat added to the gas during the reverse process (Fig. 5.2-b) could not 
raise the weight. Using this fact, we introduce here a class of devices that 
can have positive heat and work interactions by operating in a cyclic 
manner. Such a device which converts heat into work by operating in a 
thermodynamic cycle is called a heat engine. A heat engine can have 
plenty of engineering arrangements to achieve this task, however, it 
principally involves the following main processes: 

● A heat engine receives heat from a high temperature thermal 
reservoir, 

● It utilizes part of the received heat to produce work, 
● It rejects the remaining amount of heat to a low temperature 

thermal reservoir and 
● It includes any additional energy interaction if required to 

operate in a thermodynamic cycle. 

Considering the above processes, we demonstrate here a piston-cylinder 
arrangement based device which works as a heat engine (Fig. 5.4). 
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Figure 5.4-a shows a cylinder including two sets of stops and a piston 
resting on the lower stops. A gas is contained between the piston and 
cylinder and a weight is placed on the piston rod. Now the system is made 
to contact a high temperature heat source that supplies heat to the gas and 
it expands till the piston reaches the top stops (Fig. 5.4-b). Let us consider 
the amount of heat added during this expansion in 𝑄௜௡ and the gas has 
done 𝑊௢௨௧ amount of work. After this the high temperature heat source 
and the weight acting on the piston are removed (Fig. 5.4-c). Now the 
system is made to contact a low temperature heat sink which absorbs the 
heat from the gas and the piston displaces in downward direction during 
this process (Fig. 5.4-d). Let 𝑄௢௨௧ is the amount of heat loss from the gas 
till piston reaches the lower stops and 𝑊௜௡ is the work done on the gas 
during this process. After this we can remove the low temperature heat 
sink and once again place the weight on the piston rod (Fig. 5.4-a). Here, 
it can be observed that the piston has reached its initial state and the same 
sequence of processes can be repeated to further continue the cycle. The 

net amount of heat transfer during the complete cycle is ∮ 𝛿𝑄 ൌ
𝑄௡௘௧ ൌ 𝑄௜௡ െ 𝑄௢௨௧. Similarly, the net amount of work interaction is 

∮ 𝛿𝑊 ൌ 𝑊௡௘௧ ൌ 𝑊௢௨௧ െ𝑊௜௡. The work output 𝑊௢௨௧ here is greater 
than the input work 𝑊௜௡ because the piston has lifted an external weight 
during the expansion process and this weight was not there during the 
compression process. Using the first law of thermodynamics for this 
cyclic process 𝑄௡௘௧ ൌ 𝑊௡௘௧. Therefore, we obtained a piston-cylinder 
system that operates in a cyclic manner and produces a net positive work 
output by exchanging the heat between high temperature and low 
temperature thermal reservoirs. A simplified schematic representation of 
such a heat engine is shown in Fig. 5.5. All the heat engines, irrespective 
of their mechanical configuration, can be represented using the schematic 
shown in Fig. 5.5. The substance used in a typical heat engine to achieve 
different processes of heat and work transfer is known as working fluid 
or working medium. 

 

 
Fig. 5.4: A piston cylinder 

arrangement that operates as a 
heat engine. 

 

 
Fig. 5.5: Schematic 

representation of a heat 
engine. 
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Fig. 5.6: Schematic representation of a steam power plant as a heat engine. 

A steam power plant is another example of a heat engine which consists 
of an assembly of different steady flow devices. A typical representation 
of such a heat engine is shown in Fig. 5.6. The working fluid in a steam 
power plant is water. The high pressure water receives heat from a high 
temperature heat source which is typically a furnace in this case. The 
water undergoes a phase change process from liquid to vapour during the 
heat addition inside a boiler. The steam is then expanded over a turbine 
to obtain work output. The pressure of the steam decreases during the 
expansion inside the turbine and then it is passed through a condenser 
where it rejects heat to the atmosphere. After the condenser, the working 
fluid is pumped to its initial conditions in order to complete the cycle. The 
rate of heat transfer in boiler and condenser is 𝑄ሶ௜௡ and 𝑄ሶ௢௨௧, respectively. 
The rate of work done by the turbine is 𝑊ሶ ௢௨௧ and the rate of work input 
to the pump is 𝑊ሶ ௜௡. The net rate of heat transfer for the complete cycle is 
𝑄ሶ௡௘௧ ൌ 𝑄ሶ ௜௡ െ 𝑄ሶ௢௨௧ and net rate of work transfer is 𝑊ሶ ௡௘௧ ൌ 𝑊ሶ ௢௨௧ െ𝑊ሶ ௜௡. 
For a thermodynamic cyclic process 𝑄ሶ௡௘௧ ൌ 𝑊ሶ ௡௘௧. 

It is established in the previous discussion that a heat engine converts part 
of the input heat supply to work done and the remaining fraction is 
rejected to the heat sink in order to complete the cycle. A heat engine for 
which amount of heat rejection is less for the given heat input will have 
better performance. It becomes important now to define thermal 
efficiency as a parameter to gauge the performance of a heat engine. In 
general, efficiency is the ratio of desired output to the input required to 
produce that output. For a heat engine, the net amount of work done is 
desired and heat is supplied to achieve this work output. Therefore, 
thermal efficiency can be defined as 

𝜂௧௛ ൌ
ௐሶ ೙೐೟
ொሶ ೔೙

ൌ
ொሶ೙೐೟
ொሶ ೔೙

ൌ
ொሶ ೔೙ିொሶ೚ೠ೟

ொሶ ೔೙
ൌ 1 െ

ொሶ೚ೠ೟
ொሶ ೔೙

                          (5.1) 
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As the heat engine transforms heat energy to work, it is nothing but an 
energy conversion device and the thermal efficiency is the measure of 
how efficient the process of energy conversion is. Though a typical 
internal combustion engine and a gas turbine engine do not form a 
complete thermodynamic cycle, yet these are referred to as heat engines 
because these also convert heat energy into mechanical work. The heat is 
supplied to such heat engines by the combustion of fuel. Therefore, it is 
important to mention that the heat engines vary a lot in size and shape, 
ranging from a scooter engine to a typical marine engine and a steam 
thermal power plant. Hence, their efficiency also varies significantly. 
Typical thermal efficiency of a gasoline engine is in the range of 25-35%, 
for a diesel engine, it is 30-40% whereas a steam power plant can have 
efficiency in the range of 35-50%. A small internal combustion engine 
can have thermal efficiency as low as 15-20% due to its simple control 
system and more proportion of losses for the smaller devices. 

 
Fig. 5.7: Representation of a refrigerator. 

We observed another impossible situation of transferring heat from a low 
temperature body to a high temperature body in the previous discussion. 
A device that facilitates such a heat transfer by consuming work and 
operating in a cyclic manner is termed as a refrigerator. The working fluid 
used in the refrigerator is termed as refrigerant. The schematic of a 
commonly used vapour compression refrigeration system is shown in Fig. 
5.7. It consists of four main components: an evaporator, a compressor, a 
condenser and a throttling device. The refrigerant inside the evaporator 
receives heat from the refrigerated space and then it enters the compressor 
where its pressure and temperature is increased. The high temperature 
refrigerant then rejects heat inside the condenser and then it is passed 
through a throttling device where its pressure and temperature decreases. 
The rate at which heat is added to refrigerant in the evaporator is 𝑄ሶ௜௡ and 
rate of heat rejection from the refrigerant inside the condenser is 𝑄ሶ௢௨௧. 
The rate of work done required by the compressor is 𝑊ሶ ௜௡. Using the first 
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law of thermodynamics for the complete system gives 𝑊ሶ ௜௡ ൌ 𝑄ሶ௢௨௧ െ 𝑄ሶ ௜௡. 
The freezer of a typical household refrigerator is the place where 
refrigerant receives heat and it acts as an evaporator whereas the coil 
behind the refrigerator acts as a condenser where refrigerant dissipates 
heat to the surrounding air. The performance of a refrigerator is defined 
by a parameter called its coefficient of performance (COP) and it is 
represented by symbol 𝛽. It should be emphasized that the purpose of a 
refrigerator is to maintain the refrigerated space below the atmospheric 
temperature and it does this by absorbing the heat in the evaporator. Thus 
the desired output in case of a refrigerator is 𝑄ሶ௜௡ and it requires 𝑊ሶ ௜௡ 
amount of work to operate in a thermodynamics cycle. Therefore, 𝛽 is 
expressed as 

𝛽 ൌ
ொሶ ೔೙
ௐሶ ೔೙

ൌ
ொሶ ೔೙

ொሶ೚ೠ೟ିொሶ ೔೙
ൌ

ଵ

ொሶ೚ೠ೟/ொሶ ೔೙ିଵ
                                        (5.2) 

It can be observed from Eqn. (5.2) that the COP of a refrigerator can be 
greater than unity. This implies that the heat absorbed by the refrigerant 
can be greater than the amount of work required to do this. This is the 
distinction of COP from the thermal efficiency of a heat engine and it is 
the reason to mention the efficiency of a refrigerator in terms of COP to 
avoid the peculiarity of having an efficiency value greater than one. The 
COP of a typical household refrigerator ranges from 2-3. 

 Another device that operates on the same principle as that of a 
refrigerator is termed as a heat pump. The objective of a heat pump is to 
maintain a space above the atmospheric temperature. So in this case, the 
refrigerant receives the heat from the cold surroundings and then after the 
work of compression, it supplies the heat to the desired space. The 
schematic representation of a typical refrigerator and a heat pump is 
shown in Fig. 5.8 to show the distinction between the two. The 
performance of a heat pump is also measured in terms of its coefficient of 
performance and is denoted by 𝛽′. As 𝑄ሶ௢௨௧ is the rate at which heat is 
supplied by a refrigerant to the maintained space, therefore, the COP of a 
heat pump is expressed as 

𝛽′ ൌ
ொሶ೚ೠ೟
ௐሶ ೔೙

ൌ
ொሶ೚ೠ೟

ொሶ೚ೠ೟ିொሶ ೔೙
ൌ

ଵ

ଵିொሶ ೔೙/ொሶ೚ೠ೟
                                      (5.3) 

The relationship between COP of heat pump and COP of refrigerator can 
be obtained as 

𝛽′ ൌ
ொሶ೚ೠ೟

ொሶ೚ೠ೟ିொሶ ೔೙
ൌ

ொሶ೚ೠ೟ାொሶ ೔೙ିொሶ ೔೙
ொሶ೚ೠ೟ିொሶ ೔೙

ൌ 1 ൅
ொሶ ೔೙

ொሶ೚ೠ೟ିொሶ ೔೙
ൌ 1 ൅ 𝛽        (5.4) 

The COP of a typical heat pump operating between moderate 
temperatures ranges from 3 to 4. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.8: Schematic 

representation of a: (a) 
refrigerator and (b) heat pump. 
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5.3 Second Law of Thermodynamics  
The heat engine, refrigerator and the heat pump described in the previous 
section are useful in explaining the second law of thermodynamics. This 
law consists of two classical statements, referred to as the Kelvin-Planck 
statement and the Clausius statement. The Kelvin-Planck statement is 
related to the heat engines and it states that it is impossible to operate a 
device in a cycle that produces net work output by exchanging heat with 
a single thermal reservoir. There are a number of statements that 
formulate the Kelvin-Planck statement in different words, however  all 
these convey the same meaning. It basically explains that a heat engine 
with 100% efficiency is not possible (Fig. 5.9). In Fig. 5.9, a heat engine 
is shown for which 𝑄ሶ௢௨௧ is equal to zero and it produces net work output 
equal to the amount of heat added. 

 

 
Fig. 5.9: Representation of 
Kelvin-Planck statement. 

 

 

Such a heat engine with 100% thermal efficiency is not possible as it 
violates the Kelvin-Planck statement. Therefore, the thermal efficiency of 
a heat engine is always less than 100%. It is important to mention that a 
heat engine has to reject some heat in order to complete the cycle. 
Therefore, the reason for less than 100% efficiency of a heat engine is not 
only the losses such as friction or other dissipative effects, however, the 
statement is applicable for ideal cycles as well for which such losses do 
not exist. The magnitude of maximum limiting efficiency of an ideal heat 
engine operating between two temperature limits will be obtained in the 
subsequent sections. 

The Clausius statement is related to refrigerators and heat pumps and it 
states that it is impossible to construct a device that produces no effect 
other than transfer of heat from a low temperature reservoir to a high 
temperature reservoir by operating in a cycle. In simple words, it states 
that no refrigerator or heat pump can operate without consuming work 
(Fig. 5.10). Therefore, the COP of a refrigerator cannot be infinite. An 
example of this, we can observe in our kitchen. If we switch off the 
electric supply of a refrigerator for longer durations, the temperature 
inside the refrigerator becomes equal to the room temperature. It means 
electric work should be supplied to a refrigerator to maintain the 
refrigerated space below the room temperature. 

 
Fig. 5.10: Representation of 

Clausius statement. 
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It is utmost important to highlight that both the statements of the second 
law of thermodynamics are the negative statements. Thus, these cannot 
be proved as it is not possible to prove a negative statement. Both the 
statements are based on the experimental evidence and to date no 
experiment has been performed which violates the second law of 
thermodynamics. Also, both the statements are equivalent, that means, the 
violation of one statement by any system results in violation of the other 
for the same system. Therefore, either of the statements can be considered 
the expression of the second law of thermodynamics as both carry the 
same consequences. To prove the equivalence let us consider a heat 
engine and a refrigerator operating between the same temperature limits 
𝑇ு and 𝑇௅ (Fig. 5.11-a). Let us assume that the heat engine violates the 
Kelvin-Planck statement, therefore produces work output equal to the 
heat obtained from heat source (𝑄ு). The work obtained from the heat 
engine is supplied to the refrigerator which gets the 𝑄௅ amount of heat 
from the low temperature reservoir and by the principle of energy 
conservation, supplies a heat of 𝑄ு ൅ 𝑄௅ amount to the high temperature 
reservoir. In this process, the net heat transfer associated with the high 
temperature reservoir is 𝑄ு ൅ 𝑄௅ െ 𝑄ு ൌ 𝑄௅. Therefore, both the heat 
engine and the refrigerator, we can put inside an equivalent refrigerator 
(Fig. 5.11-b) that transfers 𝑄௅ amount of heat from a low temperature 
reservoir to a high temperature reservoir without involving any work 
interaction. This is the violation of the Clausius statement. This proves 
the equivalence of the two statements. Further, if we start with violation 
of the Clausius statement, it will result in violation of the Kelvin-Planck 
statement. Such a situation is demonstrated in Example 5.2.  

Fig. 5.11: Equivalence of the 
two statements of the second 

law of thermodynamics. 

As stated previously that for a process to occur, both the first and the second law of thermodynamics 
should be satisfied. Any device that violates any of the laws is termed as a perpetual-motion machine. 
To date, no perpetual-motion machine has been known to work despite various efforts. The perpetual-
motion machine of the first kind (PMM1) would produce work without any energy input, thus violating 
the first law of thermodynamics. Consider a steam power plant which utilizes electric resistance heaters 
inside the boiler to produce steam as shown in Fig. 5.12. In this system, the part of electricity produced 
will be used for producing steam and running the pump whereas the rest of electricity can be supplied 
to the grid as the net work output. If such a system becomes possible, it will produce energy at the rate 
of 𝑊ሶ ௡௘௧ ൅ 𝑄ሶ௢௨௧ where 𝑄ሶ௢௨௧ is the rate of heat transfer to surroundings in order to operate the system in 
a cyclic manner. Such a device produces energy without any input, hence called the PMM1. 
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Fig. 5.12: Representation of PMM1. 

Likewise a device that violates the second law of thermodynamics is referred to as PMM2. An attempt 
to achieve PMM2 could be a steam power plant that operates without a condenser and supplies the 
working medium from the exit of the turbine directly to the pump (Fig. 5.13). In such a device all the 
energy supplied to the working medium in the boiler will produce an equivalent amount of net work 
output under the ideal conditions. Such a device will have 100% efficiency. Though it satisfies the first 
law of thermodynamics, it violates the Kelvin-Planck statement of the second law, thus it is referred to 
as PMM2 and cannot be achieved practically. Similarly a perpetual-motion machine of third kind 
(PMM3) can be proposed that has no friction, hence would run indefinitely without producing any work 
output. 

 
Fig. 5.13: Representation of PMM2. 
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5.4 Reversible Process  
It is well established in the previous section that the efficiency of a heat 
engine cannot be 100%. This  poses an important question: what is the 
theoretically possible maximum efficiency of a heat engine? The answer 
of this question lies with the understanding of the reversible process. A 
process that can be reversed without keeping any change on its 
surroundings is termed as a reversible process. It means that upon 
reversing the process, both the system and the surroundings should reach 
their initial conditions at the end of the reverse process. To understand 
this let us consider a simple example of a hot water bucket (Fig. 5.14). 
The hot water bucket transfers heat to the surroundings and reaches to 
ambient conditions (Fig. 5.14-a). If we have to heat the water in the bucket 
to reach its initial conditions, we need to heat it using an electric heater 
which will consume the electric work (Fig. 5.14-b). It means that to 
reverse this process, the surroundings have to supply electric work to heat 
the water. If we observe the water bucket has supplied, say 𝑄 amount of 
heat to its surroundings during the forward process and there is no work 
interaction between the system (water bucket) and surroundings (Fig. 
5.14-a). On the other hand, the  surroundings has supplied, say 𝑊 amount 
of electric work to the system which is equivalent in magnitude to 𝑄 
during the reverse process (Fig. 5.14-b) to bring the water temperature to 
its initial conditions. Now the net heat transfer between system and 
surroundings during the forward and the reverse process is 𝑄 which is a 
loss to the system and gain to surroundings. Similarly, the net work 
transfer is 𝑊 which is gain to the system and loss to the surroundings. As 
the magnitude of 𝑄 and 𝑊 is equivalent, therefore, on the total energy 
basis the net balance of energy is satisfied for the system and 
surroundings. However, the system has gone through a gain of work and 
equivalent loss of heat. Contrary, the surroundings have gained heat and 
equivalent loss of work. As heat and work are different forms of energy 
and usually work is a high grade energy whereas heat is a low grade 
energy. Further, the restoration of heat in the form of work is not fully 
possible as per the second law of thermodynamics. Therefore, despite the 
balance of total energy, the quality of energy is not balanced in the present 
situation, thus this process is not a reversible process. This brings an 
important conclusion that the net heat and net work transfer between the 
system and the surroundings should be zero during the forward and the 
reverse process for a reversible process. Hence, to satisfy the condition of 
reversibility the quality of the energy should also be preserved along with 
its quantity. 

To further understand the concept of a reversible process, let us consider 
an adiabatic piston cylinder system which contains a gas and a number of 
small weights are placed on the piston (Fig. 5.15). When each weight is 
removed from the piston it expands in a quasi-static manner and gas does 
work on the surroundings. This expansion continues till the last weight is 

 
Fig. 5.14: Demonstration of 

irreversibility during a 
forward and a reverse 

process. 
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removed from the piston. Now to reverse the process, the weights are 
placed on the piston in sequential manner and it results in quasi-static 
compression of the gas. In the forward and the reverse process, there is 
no heat interaction, whereas the work is done by the system on 
surroundings during the expansion process and the surroundings have 
done the equivalent amount of work on the system during the reverse 
(compression) process. Moreover, the net work transfer between system 
and surroundings during the combined process is zero. This means that 
the heat and work content of the system and surroundings has reached 
their original conditions once the process is reversed. This is an example 
of a reversible process. Contrary, the non quasi-equilibrium expansion of 
a gas is an irreversible process. The detailed illustration of the same is 
explained in Example 5.3. It is now important to highlight that all the 
processes that occur in nature are irreversible. Reversible processes are 
just the idealization of the actual processes for meeting the two purposes: 
1. These are easy to analyze as the system undergoes a number of 
equilibrium states for a reversible process and 2. These form the basis for 
comparing the performance of the actual processes. As achieving a fully 
reversible process is not possible, therefore, attempts should be to operate 
a process with least possible deviation from a reversible process. 

 
Fig. 5.15: Quasi-equilibrium expansion as a reversible process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
For more details on causes of 

irreversibility. 

5.4.1 Factors responsible for irreversibility 

There are many factors responsible for irreversibilities in a process. Some of these factors are friction, 
mixing of two or more substances, unrestrained expansion, heat transfer through a finite temperature 
difference, chemical reactions, inelastic deformation in solids and electric resistance, etc. The 
occurrence of any of the factors during a process makes it irreversible. We will illustrate the nature of 
irreversibility introduced by a few common factors in the following discussion. 

Friction is the most common factor that comes into consideration when there is a relative motion 
between two surfaces. For example, in a piston cylinder system, during the expansion of the gas, 
frictional force opposes the motion of the piston. Therefore, some portion of work done by the gas is 
utilized in overcoming the frictional force and it produces heat at the piston cylinder interface. Now if 
we reverse the process and allow the piston to compress the gas in order to reach its initial conditions, 
the heat generated at the interface in the previous process will not convert into work, rather more amount 
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of heat will be produced at the interface. Ultimately, it will increase the temperature of the system and 
energy equivalent to the amount of heat generated due to friction should be transferred to surroundings 
to fully recover the system to its original state. This results in gain of heat by the surrounding during the 
combined (expansion and compression) process. Thus, friction makes processes irreversible as net heat 
exchange during the combined process is not zero. The more is the amount of frictional force, the more 
will be the irreversibility associated with a process. Friction does not only occur between solids, but it 
is also encountered between a solid surface and a moving fluid and even between the fluid layers moving 
at different velocities due to the viscosity of the fluids. The shape of the aircraft is made streamline in 
order to decrease the friction and hence the loss of energy produced by its engine to overcome the 
friction. The energy produced at the interface of the aircraft body and the surrounding air due to friction 
ultimately increases the internal energy content of the air. 

Unrestrained expansion is another cause of irreversibility that can be observed with the help of an 
example shown in Fig. 5.16. It shows the portion of a compartment filled with a gas and the remaining 
portion is in absolute vacuum (Fig. 5.16-a). The two portions are separated by a membrane. When the 
membrane is ruptured, the gas fills the entire volume (Fig. 5.16-b). If we have to reverse this process, 
the gas is to be compressed to its initial volume (Fig. 5.16-c). The process of compression requires 𝑊 
amount of work to be done on the gas and an equivalent amount of heat 𝑄 to be transferred to the 
surroundings to bring the gas to its initial conditions. During this process surroundings suffer a loss of 
work and gain of heat. Therefore, unrestrained expansion is an irreversible process. It is to highlight that 
the expansion of the gas associated with infinitesimal small differences in gas pressure and the restrained 
pressure causes the infinitesimal expansion and is a reversible process. However, the finite difference 
between the two makes the process irreversible as explained in Example 5.3. In general, a partly 
restrained expansion would be irreversible due to lack of mechanical equilibrium of which unrestrained 
expansion (or free expansion) happens to be a special case. 

Heat transfer through a finite temperature difference is also a cause of irreversibility. A hot glass of 
water kept in a room gets cooled to room temperature. However, to bring back the water to its initial 
temperature, either a heat pump or an electric heater is required which will consume the work from the 
surroundings. During this process, the surroundings cannot be returned to their original state as there 
will be loss of work, therefore, this heat transfer associated with finite temperature difference is an 
irreversible process. As the necessary condition for heat transfer to take place is the temperature 
difference, therefore, all the real life processes involving heat transfer are irreversible in nature. The 
associated irreversibility can be decreased by decreasing the temperature difference. The only way to 
achieve the reversible heat transfer is to have infinitesimally small temperature difference between the 
participating media. However, such a process will require a very large time and surface area to achieve 
the finite amount of heat transfer. Therefore, reversible heat transfer is just an idealization of the actual 
process which is of relevance for the purpose of theoretical analysis. 

Mixing of fluids is another cause of irreversibility. Consider hot water and cold water are mixed together 
to reach an equilibrium temperature. Now if we have to reverse the process and obtain the separate 
quantities of water at their respective initial temperatures, we have to use a heat pump between the two 
water volumes which will require work input from the surroundings. As surroundings cannot be restored 
to their original state in this process, therefore, mixing is an irreversible process. 
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5.4.2 Internal and external reversibility 

For a reversible process, there should not be any irreversibility within the system and outside the system 
(in surroundings). However, we may sometimes find situations where there is no irreversibility within 
the system but presence of irreversibilities outside the system and vice-versa. Let us understand such 
situations with the help of an example shown in Fig. 5.17. It includes a constant pressure piston cylinder 
system which contains saturated two phase mixture of liquid and vapour of a substance at temperature 
𝑇. This mixture is being heated with a heat source maintained at a temperature 𝑇 ൅ 𝑑𝑇 in the first case 
(Fig. 5.17-a) and heat source is having temperature 𝑇 ൅ 𝛥𝑇 in the second situation (Fig. 5.17-b). Here, 
𝑑𝑇 represents the infinitesimally small temperature difference and 𝛥𝑇 is the finite temperature 
difference. During this heat addition process, there will be a constant temperature phase change process 
within the system and upon reversing the process, the mixture will pass through the same intermediate 
states to reach its initial state. Therefore, we can say that there is no irreversibility within the system. 
However, outside the system boundary, the first case is reversible and the second is irreversible as it 
involves heat transfer through finite temperature difference. Therefore, we can say that both the 
situations are internally reversible as these involve no irreversibilities within the system boundary. 
However, outside the system boundary, the first situation is externally reversible and the second is 
externally irreversible. A process is said to be reversible or totally reversible if both the internal and 
external reversibility conditions are satisfied. Hence, we can say that the first case is totally reversible 
and the second is only internally reversible. 

 
Fig. 5.16: Free expansion as an 

irreversible process. 

 
Fig. 5.17: (a) Total reversible 

process and (b) internally 
reversible and externally 

irreversible process. 

 
Fig. 5.18: Both internally and 
externally irreversible process. 

Another illustration is shown in Fig. 5.18 which shows a piston cylinder system containing 
water at subcooled state for the given pressure. Here, the layer of water in the vicinity of the 
bottom wall of cylinder will acquire higher temperature close to 𝑇 ൅ 𝛥𝑇 whereas the farthest 
layer of water near the piston will be at lesser temperature ሺ≃ 𝑇ሻ. Under this situation, we will 
experience that there is a finite temperature difference within the system boundary during the heat 
transfer process. Hence, this process is both internally and externally irreversible. 
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5.5 Carnot Cycle  
We explained the concept of reversible process in the previous section, however, the question pertaining 
to maximum efficiency of a heat engine is still unanswered. If we consider a thermodynamic cycle that 
consists of all the reversible processes, it is called a reversible cycle. The best known reversible cycle 
was proposed by a French engineer Nicolas Leonard Sadi Carnot in 1824 and is called the Carnot cycle. 
A heat engine that works on the Carnot cycle is called a Carnot heat engine and a refrigerator working 
on the same is termed a Carnot refrigerator. There are plenty of arrangements possible to operate a 
heat engine in a Carnot cycle. We will demonstrate here two such arrangements to achieve the Carnot 
cycle. The first arrangement includes a steam power plant in which the working medium is water and 
operates in the two-phase regime. Let us consider that a high temperature thermal reservoir is at 
temperature 𝑇ு and the water is allowed to exchange heat with it while maintained at the same 
temperature condition ሺ𝑇ுሻ. In this process, water must be at saturated conditions while it receives heat 
inside the boiler from the high temperature thermal reservoir (Fig. 5.19). Water receives 𝑄ு amount of 
heat during this process and gets converted to vapor. As there are no irreversibilities associated with this 
process, therefore, this is a totally reversible isothermal heat addition process. The next process in this 
sequence is adiabatic expansion of the working fluid in a turbine such that its temperature reaches to the 
temperature of the low temperature thermal reservoir ሺ𝑇௅ሻ.  

 
Fig. 5.19: Combination of steady flow devices as Carnot heat engine. 

 
Fig. 5.20: 𝑃 െ 𝑣 diagram for 

Carnot heat engine. 

As the process should be reversible, therefore, the expansion process inside a turbine is reversible 
adiabatic. After this the working fluid transfers ሺ𝑄௅ሻ amount of heat to the low temperature thermal 
reservoir inside a condenser. This process of heat transfer is also reversible as there is no temperature 
difference between thermal reservoir and the working fluid. Here, the condensation of the working fluid 
takes place between the liquid-vapor dome and the process involved is reversible isothermal heat 
rejection. After condensing, the working fluid is passed through a pump to compress it adiabatically 
such that it reaches the initial state to complete the cycle. The process inside the pump is reversible 
adiabatic. The combination of all these reversible processes forms a totally reversible heat engine, called 
the Carnot heat engine. The representation of different processes of Carnot heat engine on 𝑃 െ 𝑣 
diagram is shown in Fig. 5.20. The shaded region on the 𝑃 െ 𝑣 diagram represents the net work 
produced by the cycle. 

Another method to demonstrate the Carnot heat engine includes a piston cylinder system that contains 
a gaseous working medium at temperature 𝑇ு as shown in Fig. 5.21. The piston is loaded with a number 
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of small weights at the initial condition (state 1). Now a heat source having temperature 𝑇ு is made to 
contact the cylinder and it supplies heat to the gaseous medium. The weights are also removed from the 
piston during the heat addition process such that the temperature of the gas remains unchanged. This 
process is continued till 𝑄ு amount of heat is supplied to the gas (state 2) and then the heat source is 
removed. The process 1-2 here is reversible isothermal heat addition. After that weights are removed in 
sequence to allow the further expansion of the gas under the adiabatic conditions. As the expansion 
process is quasi-equilibrium, therefore, process 2-3 is reversible adiabatic expansion. During this 
expansion, the temperature of the gas decreases and reaches to a value 𝑇௅ at state 3. Now the cylinder is 
made to contact a low temperature thermal reservoir having temperature 𝑇௅.  

 
Fig. 5.21: Piston-cylinder arrangement based Carnot heat engine. 

At this point, the weights are placed on the piston one by one to allow the quasi-static compression and 
the heat is transferred from the gas to the reservoir such that the temperature of the gas remains constant. 
This process is continued till state 4 and the process 3-4 is a reversible heat rejection process. The 
amount of heat exchange involved here is 𝑄௅. Further, the piston is loaded with weights sequentially to 
allow reversible adiabatic compression till the gas reaches its initial conditions. It is important to 
mention that the working medium remains in the single gaseous phase during the complete cycle here. 
The 𝑃 െ 𝑉 diagram for this cycle is shown in Fig. 5.22. It involves work output in the processes 1-2 and 
2-3 whereas the work input is required for processes 3-4 and 4-1. The shaded area on the 𝑃 െ 𝑉 diagram 
represents the net work done by the cycle. Now it must be emphasized that irrespective of the mechanical 
arrangement used to achieve the Carnot cycle, the sequence and nature of the processes remain the same. 
Therefore, it can be concluded that the Carnot cycle requires two reversible isothermal heat exchange 
processes, one reversible adiabatic expansion and one reversible adiabatic compression process. 

As the Carnot cycle involves all the reversible processes, therefore, the Carnot refrigeration cycle can 
be easily achieved by reversing the processes performed for heat engine operation. The only difference 
will be that the low temperature thermal reservoir will now act as the heat source and the high 
temperature reservoir will be used as the heat sink. Moreover, the expansion and the compression 
processes will be swapped. The 𝑃 െ 𝑉 diagram for such a Carnot refrigeration cycle is shown in Fig. 
5.23. Here, the shaded region shows the work input required by the refrigeration cycle. 
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Fig. 5.22: 𝑃 െ 𝑉 diagram for closed system based 

Carnot heat engine. 

 
Fig. 5.23: 𝑃 െ 𝑉 diagram for closed system based 

Carnot refrigerator. 

Due to the total reversible processes involved in the Carnot cycle, it is the most efficient cycle operating 
between the specified temperature limits. The magnitude of its efficiency will be determined in Section 
5.7. It is quite evident that the Carnot cycle is not possible in reality because irreversibilities such as 
friction, etc. cannot be avoided in actual processes. However, it can be used as a benchmark to compare 
the efficiency of the actual cycles. Further, the efficiency of the actual cycles can be improved by 
attempting their close approximation to the Carnot cycle. 

5.6 Propositions Regarding the Efficiency of Carnot Cycle  
 The two statements pertaining to the efficiency of the reversible and irreversible heat engines, known 
as Carnot principles, are as follows: 

1. It is impossible to construct a heat engine operating between the two thermal reservoirs that has 
more efficiency than a reversible heat engine operating between the same temperature limits. 

2. All the reversible heat engines operating between the two given thermal reservoirs have the same 
efficiency. 
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The proof of these statements is based on the fundamentals of the second 
law of thermodynamics. Violation of any of these statements results in 
violation of the second law of thermodynamics. To demonstrate the proof 
of the first statement, let us consider an irreversible heat engine and a 
reversible heat engine operating between the same temperature limits as 
shown in Fig. 5.24-a. Let us assume that both draws the same amount of 
heat 𝑄ு from the high temperature thermal reservoir and irreversible heat 
engine is more efficient than the reversible one ሺ𝜂௜௥௥௘௩ ൐ 𝜂௥௘௩ሻ. This will 
result in more work output of the irreversible heat engine compared to the 
reversible engine ሺ𝑊௜௥௥௘௩ ൐ 𝑊௥௘௩ሻ. Therefore, the amount of heat 
rejected by the two will be different. Consider that 𝑄௅ is the heat rejected 
by the reversible heat engine and 𝑄෠௅ is the amount of heat rejected by the 
irreversible heat engine. Based on the energy balance 𝑄෠௅ ൏ 𝑄௅. Since the 
processes inside the reversible heat engine can be reversed to achieve a 
reversible refrigerator which will consume 𝑊௥௘௩ amount of work to 
transfer 𝑄௅ amount of heat from the low temperature thermal reservoir. 
Let us consider now that the operation of the reversible heat engine is 
reversed to operate it as a refrigerator and it receives required work from 
the irreversible heat engine as shown in Fig. 5.24-b. Under this condition 
the net work output produced by the combined (irreversible heat engine 
and reversible refrigerator) system will be 𝑊௡௘௧ ൌ 𝑊௜௥௥௘௩ െ𝑊௥௘௩. Now 
if we see the high temperature thermal reservoir, it is supplying 𝑄ு 
amount of heat to irreversible heat engine and receiving the same amount 
of heat from the reversible refrigerator. Since net energy change is zero 
for the high temperature thermal reservoir, therefore, it can be replaced 
and the heat rejected by the refrigerator can be directly fed to the 
irreversible heat engine (Fig. 5.24-c). Under this situation, we obtain a 
system that exchanges heat with a single thermal reservoir and produces 
a net amount of work output. This is the violation of the Kelvin-Planck 
statement of the second law of thermodynamics. It mean that our initial 
assumption of 𝜂௜௥௥௘௩ ൐ 𝜂௥௘௩ is incorrect. Hence, we can say that 𝜂௥௘௩ ൐
𝜂௜௥௥௘௩ for all the heat engines operating between the same temperature 
limits. 

The second proposition of the Carnot can also be proved in a similar 
manner. Here, we will consider that we have two reversible heat engines 
operating between the same temperature limits. Replace the irreversible 
heat engine in the previous case (Fig. 5.24) with reversible heat engine 1 
and consider that it is more efficient. Further proceeding in a similar 
manner as done in case of Fig. 5.24 will result in a combined system that 
will violate the second law of thermodynamics. Therefore, it can be 
concluded that all the reversible heat engines operating between the same 
temperature limits have the same efficiency irrespective of the type of 
working fluid used and the kind of arrangement used to achieve the 
cycles. 

 
Fig. 5.24: Demonstration of 
first proposition of Carnot. 
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5.7 Thermodynamic Temperature Scale  
We observed in Chapter 1 that the zeroth law of thermodynamics defined 
the property temperature. Though a number of scales were discussed to 
measure temperature, these are dependent on the properties of the 
substances used for temperature measurement. A temperature 
measurement scale that is independent of the properties of the substances 
used for measurement of temperature is called an absolute temperature 
scale or a thermodynamic temperature scale. The second proposition 
of Carnot discussed in the previous section forms the basis of the absolute 
temperature scale. As evident from this statement, the efficiency of the 
reversible heat engines is solely dependent upon the temperature of the 
two thermal reservoirs and is independent of the nature working fluid used 
and the kind of arrangement employed to achieve the cycle. Therefore, 
𝜂௥௘௩ ൌ 𝑓ሺ𝑇ு ,𝑇௅ሻ. Since 𝜂௥௘௩ ൌ 1 െ 𝑄௅/𝑄ு, thus 𝑄ு/𝑄௅ ൌ 𝑔ሺ𝑇ு,𝑇௅ሻ. 
Here, 𝑇ு and 𝑇௅ are the temperatures of high and low temperature thermal 
reservoirs, respectively. To further simplify this function relationship, let 
us consider three reversible heat engines operating between three 
temperature limits as shown in Fig. 5.25. The reversible heat engines 1 
and 2 receives 𝑄஺ amount of heat from thermal reservoir at temperature 
𝑇஺. Reversible heat engine 2 rejects 𝑄஻ amount of heat at temperature 𝑇஻ 
and the same heat is received by the reversible heat engine 3. Reversible 
heat engine 1 rejects 𝑄஼  amount of heat to thermal reservoir at 
temperature 𝑇஼ . The reversible heat engines 2 and 3 can be replaced with 
an equivalent heat engine which is identical to heat engine 1 as these are 
also operating between the same temperature limits. Therefore, reversible 
heat engine 3 must also reject the same amount of heat ሺ𝑄஼ሻ to low 
temperature thermal reservoir as done by heat engine 1. For the three 
reversible heat engines, the following functional form can be written 
ொಲ
ொ಴
ൌ 𝑔 ቀ

்ಲ
்಴
ቁ ,

ொಲ
ொಳ
ൌ 𝑔 ቀ
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The heat transfer ratios can be correlated as 
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This gives, 𝑔 ቀ
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The left hand side of Eqn. (5.7) has only functional dependence on 𝑇஺ and 
𝑇஼ , therefore, the product of two functions on right hand side of the same 
equation should also be independent of 𝑇஻. This is only possible if the 

function 𝑔 has the following form: 𝑔 ቀ
்ಲ

ಳ்
ቁ ൌ
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Substitution of these in Eqn. (5.7) results in cancellation of 𝜃ሺ𝑇஻ሻ. This 
yields 
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Fig. 5.25: A number of 
reversible heat engines 

operating between different 
temperature limits. 
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Thus for a reversible heat engine the more specific functional form can be 
written as 
ொಹ
ொಽ
ൌ

ఏሺ ಹ்ሻ

ఏሺ ಽ்ሻ
                                                                      (5.9) 

There are a large number of functions 𝜃ሺ𝑇ሻ possible which can satisfy 
Eqn. (5.9), however, the simplest form 𝜃ሺ𝑇ሻ  ൌ 𝑇 is proposed by Lord 
Kelvin which yields 
ொಹ
ொಽ
ൌ ಹ்

ಽ்
                                                                        (5.10) 

It is important to mention that Eqn. (5.10) is only applicable for reversible 
heat engines and the temperature used here is called absolute temperature. 
Therefore, on an absolute temperature scale, the ratio of temperatures is 
equal to the ratio of heat transfer between reversible heat engine and the 
thermal reservoirs and it does not depend upon any other parameter 
including the properties of the substance. The value of temperature on this 
scale can vary from zero to infinity. However, it is important to mention 
that yet we are able to define the ratio of temperatures on this scale and 
not the value of temperature at a single point. 

It is found that Eqn. (5.10) is satisfied upon substituting the absolute 
temperature with corresponding values in kelvin (K). Also, it is not 
practically possible to achieve a reversible heat engine for temperature 
measurement on an absolute scale. Therefore,  absolute temperatures can 
be measured using other methods such as the constant volume ideal gas 
thermometer by the method of extrapolation as explained in Chapter 1. It 
is important to mention that the ideal gas temperature scale is identical to 
the thermodynamic temperature scale. This can be easily demonstrated by 
using the ideal gas as working medium in a piston cylinder based Carnot 
heat engine and thermodynamically analyzing the four processes. Such an 
analysis and its association to thermodynamic temperature scale is 
demonstrated in Example 5.4. Further, using this knowledge, we can now 
determine the maximum possible efficiency of a reversible heat engine as 

𝜂௥௘௩ ൌ 1 െ
ொಽ
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ൌ 1 െ ಽ்
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                                              (5.11) 

5.8 Ideal and Real Machines  
The ideal machines, which are formed by all the reversible processes in a cycle, give the highest 
performance. However, the performance of real machines which include the irreversibilities is always 
less than the ideal ones operating under the similar conditions. Here, we have explicitly mentioned the 
performance indicators for ideal and real machines and attempted to compare their performance. The 
performance of reversible and irreversible heat engines, refrigerators and heat pumps can be expressed 
as 
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These expressions specifically for reversible machines can be expressed as 
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Here, the values of temperature must be substituted in Kelvin (K). The use of temperature in any other 
scale does not satisfy Eqn. (5.10). The value of efficiency of a heat engine and COP of a refrigerator 
and a heat pump presented in terms of temperature is only applicable for reversible devices. These 
represent the theoretically highest possible values that a device can have while operating between the 
specified temperature limits. Therefore, for actual machines these parameters can be expressed as 
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Let us further discuss the efficiency of a reversible heat engine. It is observed from its expression that 
the efficiency value increases with a decrease in temperature of the heat sink. Therefore, the net work 
output increases and the amount of heat rejected decreases. For a limiting case of maximum possible 
efficiency, the heat rejection will become zero and the temperature of the thermal reservoir 
corresponding to this is absolute zero. The efficiency formulation of a reversible heat engine here assists 
in defining the absolute zero temperature on the thermodynamic temperature scale. Conversely, the COP 
of a refrigerator decreases when the temperature of the refrigerated space is decreased and it requires 
more work input to produce a refrigerating effect. For the limiting case of absolute zero temperature of 
the refrigerated space, the refrigerator will require an infinite amount of work to produce a finite amount 
of refrigeration and its COP will become zero. 

Another observation reveals that the efficiency of a reversible heat engine increases upon increasing the 
temperature of the heat source while the temperature of the heat sink is kept unchanged. Therefore, the 
fraction of supplied heat that converts into work increases upon increasing the temperature of the heat 
source for the same temperature of heat sink. It means that a heat input to a reversible heat engine will 
produce more work if it is supplied from a high temperature source. This clearly explains that energy 
has quality along with its quantity. The same quantity of energy has high quality if available at higher 
temperatures. Further, an amount of heat cannot be fully converted to equivalent amount of work. On 
the other hand, work can be converted fully to equivalent amounts of heat. 

UNIT SUMMARY 

The present chapter elucidated the second law of thermodynamics in detail. First, we introduced the 
essence of studying the second law of thermodynamics which explains that solely the first law of 
thermodynamics cannot decide the feasibility of a process. It is found that positive heat and work 
interactions are not possible spontaneously by operating a system in a cyclic manner. A device, named 
heat engine, is introduced which makes positive heat and work interactions possible by operating in a 
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cyclic manner. Another class of devices, named refrigerator and heat pump, are introduced which makes 
it possible to transfer heat from low temperature to high temperature by  consuming work and operating 
in a cyclic manner. Two statements of the second law of thermodynamics are introduced which put the 
restrictions on different cyclic processes to occur in a certain way. It is also demonstrated that both the 
statements of the second law of thermodynamics are equivalent and violation of one for a system results 
in violation of the other too. The reversible processes are described as the idealized processes that are 
mainly used for the purpose of thermodynamic analysis and comparing performance of the actual 
processes with their ideal counterparts. Different factors that introduce the irreversibilities in actual 
processes are also illustrated. Internal and external irreversibilities are separately elucidated based on 
their occurrence within or outside the boundary of the system. 

An ideal heat engine formed by the combination of all the reversible processes, called the Carnot heat 
engine, is explained with associated examples. Two propositions of Carnot based on the reversible heat 
engine are also illustrated. It is found that the temperature in Kelvin (K) scale satisfies the 
thermodynamic temperature scale which is independent of the properties of the substance used for 
measurement of temperature. The thermodynamic temperature scale also assisted in determining the 
maximum possible efficiency of a reversible heat engine and maximum COP of a reversible refrigerator 
and a reversible heat pump. All the actual machines have efficiency and COP less than the maximum 
possible limits specified for their reversible counterparts while operating between the same temperature 
limits. 

Solved Examples 
Example 5.1: What will happen if we operate a heat engine without heat rejection? 

Solution: Analyse a heat engine without heat rejection. 

Assumptions: Consider a Carnot heat engine operating between the two temperature limits 𝑇ு and 𝑇௅. 

Discussion: The 𝑃 െ 𝑉 diagram for the Carnot heat engine under consideration is shown in Fig. E-5.1-
a. In this cycle, the process 3-4 is the reversible isothermal heat rejection process. If we omit this process 
and directly perform the reversible adiabatic compression without heat rejection, we end up with reverse 
process 3-2 as shown in Fig. E-5.1-b. Therefore, the work output obtained during adiabatic expansion 
of the gas has been consumed during its compression without heat exchange. Thus, we did not get any 
work output. Moreover, for the cycle to complete, the process 1-2 is also to be reversed. Such a cycle 
without heat rejection will not enclose any area on the 𝑃 െ 𝑉 diagram, hence, results in zero work output. 
Therefore, to produce a finite work output during a cyclic process heat must be exchanged with two 
thermal reservoirs. 
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Fig. E-5.1 

 

Example 5.2: Explain how the violation of Clausius statement for a system also results in violation of 
Kelvin-Planck statement for the same system. 

Solution: The equivalence of two statements of the second law of thermodynamics is to be established. 

Assumptions: Consider a refrigerator operating between two thermal reservoirs by violating the 
Calusius statement. 

 
Fig. E-5.2 

Discussion: A refrigerator transfers 𝑄௅ amount of heat from a low temperature reservoir to a high 
temperature reservoir without any work input as shown in Fig. E-5.2-a. This is the violation of the 
Clausius statement of the second law of thermodynamics. A heat engine is also operating between the 
same reservoirs which receives 𝑄ு amount of heat and rejects 𝑄௅ amount of heat by producing a work 
output of magnitude 𝑊 ൌ 𝑄ு െ 𝑄௅. In this process, the low temperature thermal reservoir has net zero 
energy exchange, therefore, it can be removed and heat rejected by the heat engine can be directly fed 
to the refrigerator (Fig. E-5.2-b). This forms a combined system that exchanges heat with a single 
thermal reservoir and produces net work output. This will be the violation of the Kelvin-Planck 
statement of the second law of thermodynamics. 

Thus it can be stated that the two statements of the second law of thermodynamics are equivalent to 
each-other and violation of one for a system results in violation of the other for the same system. 
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Example 5.3: Explain the fast expansion of a gas in a piston-cylinder system is an irreversible process. 

Solution: The fast expansion of a gas in a piston-cylinder system is to be analyzed. 

Assumptions: Consider a high pressure gas is restrained in a piston-cylinder arrangement by using an 
external pin as shown in Fig. E-5.3. 

Discussion: When the pin is removed it results in fast expansion of the gas till the piston reaches the 
stops. The gas has expanded against the constant force (exerted by the weight of the piston and the 
surrounding pressure), therefore, does 𝑊 ൌ 𝑃௘௫௧𝛥𝑉 amount of work. Now a force is applied on the 
piston to reverse the process and compress the gas. As the gas pressure increases gradually during its 
compression, the magnitude of externally applied force has also increased. This results in more work 
done on the gas ሺ𝑊′ሻ in comparison to work done by the gas during its expansion. Therefore, gas 
receives 𝑊′ െ𝑊 amount of extra energy during the compression process. Now in order to bring the gas 
to initial conditions, heat ሺ𝑄ሻ equivalent to 𝑊′ െ𝑊 must be supplied to the surroundings. In this 
complete process, though the system has reached initial conditions, the surroundings have suffered net 
loss of work and gain of heat. As surroundings could not be returned to their original state, therefore, 
the expansion of gas in this case is an irreversible process. 

 
Fig. E-5.3 

Example 5.4: Perform the thermodynamic analysis of a Carnot heat engine operated using piston-
cylinder arrangement and considering an ideal gas as the working medium. Also, determine how this 
analysis shows resemblance of ideal gas temperature scale to a thermodynamic temperature scale. 

Solution: The thermodynamic analysis of the Carnot heat engine is to be performed. 

Assumptions: Consider a Carnot heat engine operates between two temperature limits 𝑇ு and 𝑇௅ using 
the ideal gas as the working medium. The 𝑃 െ 𝑉 diagram for such a heat engine is shown in Fig. E-5.4. 
The processes involved in the cycle are as follows: 1-2: Reversible isothermal heat addition, 2-3: 
Reversible adiabatic expansion, 3-4: Reversible isothermal heat rejection and 4-1: Reversible adiabatic 
compression. 
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Fig. E-5.4 

Analysis: The present system is a closed system, therefore, the first law of thermodynamics for the same 
on per unit mass basis is 𝛿𝑞 െ 𝑝𝑑𝑣 ൌ 𝑑𝑢. Since working fluid is an ideal gas, thus 𝑃𝑣 ൌ 𝑅𝑇 ⇒ 𝑃 ൌ
𝑅𝑇/𝑣 and 𝑑𝑢 ൌ 𝐶௩଴𝑑𝑇. Hence, 𝛿𝑞 ൌ 𝐶௩଴𝑑𝑇 ൅ 𝑅𝑇/𝑣 𝑑𝑣. 

For process 1-2: 𝑞ு ൌ 𝑅𝑇ு ׬
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For process 2-3 (divide equation throughout by 𝑇): 0 ൌ ׬ ಽ்
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For process 3-4: െ𝑞௅ ൌ 𝑅𝑇௅ ׬
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For process 4-1 (divide equation throughout by 𝑇): 0 ൌ ׬ ಹ்
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From Eqns. (5.13) and (5.15), we get 𝑅𝑙𝑛
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Using Eqns. (5.12) and (5.14), we get 
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Discussion: The thermodynamic analysis of the Carnot cycle using ideal gas as the working medium 
shows that the ratio of the associated heat exchanges is equal to the ratio of the temperatures of the ideal 
gas during the two constant temperature processes. This expression satisfies the thermodynamic 
temperature scale obtained for a generic system. Hence, it can be said that the thermodynamic 
temperature scale and the ideal gas temperature scale are identical. 
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Example 5.5: Consider a reversible heat engine takes 500 𝑘𝐽 of heat from a source maintained at 1200𝐾 
and rejects heat to a thermal reservoir at 400𝐾. Another reversible heat engine takes the same amount 
of heat from a reservoir at 1600𝐾 and rejects heat to the same reservoir at 400𝐾. Out of the two heat 
engines, which one is more efficient and why? 

Solution: The efficiency of the two heat engines is to be determined and their performance is to be 
compared. 

Assumptions: As both the hean engines are reversible, therefore, their efficiency can be expressed as 

𝜂 ൌ 1 െ ಽ்

ಹ்
. 

Analysis: For heat engine 1, 𝜂ଵ ൌ 1 െ ಽ்

ಹ்భ
ൌ 1 െ

ସ଴଴

ଵଶ଴଴
ൌ 0.667. 

Since, 𝜂ଵ ൌ
ௐభ

ொಹ
⇒ 𝑊ଵ ൌ 333.5 𝑘𝐽. 

For heat engine 2, 𝜂ଶ ൌ 1 െ ಽ்

ಹ்మ
ൌ 1 െ

ସ଴଴

ଵ଺଴଴
ൌ 0.75. 

Since, 𝜂ଶ ൌ
ௐమ

ொಹ
⇒ 𝑊ଶ ൌ 375 𝑘𝐽. 

It is observed from the previous analysis that the same amount of heat at higher temperature has higher 
potential to produce work. Therefore, heat energy carries quality along with its quantity and for the same 
quantity of heat its quality improves as its temperature increases. For example, 500 𝑘𝐽 of heat here 
produced 333.5 𝑘𝐽 of work when it was available at 1200𝐾. However, the same amount of heat could 
produce 375 𝑘𝐽 of work when it was available at 1600𝐾 without any change in sink temperature. 

Example 5.6: 5 𝑘𝑔 water at 10℃ and atmospheric pressure is to be converted to ice at -5℃ by operating 
a refrigerator having COP 1.8. Determine the refrigerating effect and the work required to operate the 
device. 

Solution: Liquid water is to be converted to ice in a refrigerator. The refrigerating effect and work 
required to operate the refrigerator need to be calculated. 

Assumptions: Assume that specific heats of liquid water and ice are constant. 𝐶௣,௪௔௧௘௥ ൌ 4.18 𝑘𝐽/𝑘𝑔 െ
𝐾 and 𝐶௣,௜௖௘ ൌ 2.06 𝑘𝐽/𝑘𝑔 െ 𝐾 and enthalpy of fusion of water at 0℃ is 333.5 𝑘𝐽/𝑘𝑔. 

Analysis: In order to convert liquid water to ice at atmospheric pressure, first its temperature is to be 
decreased from 10℃ to 0℃ and then heat equal to its enthalpy of fusion must be removed. Once the ice 
is obtained at 0℃, then it is to be further cooled to reach the desired temperature of -5℃. 

Thus, the refrigerating effect (or amount of heat to be removed from water) is 𝑄௥௘௙. ൌ
𝑚ൣ𝐶௣,௪௔௧௘௥ሺ10 െ 0ሻ ൅ 333.5 ൅ 𝐶௣,௜௖௘൫0 െ ሺെ5ሻ൯൧ ൌ 1928 𝑘𝐽 

COP of refrigerator, 𝛽 ൌ 1.8 ൌ 𝑄௥௘௙./𝑊. Thus, 𝑊 ൌ 1928/1.8 ൌ 1071.11 𝑘𝐽.  

Therefore, 1928 𝑘𝐽 of heat is to be removed from water to get the ice at the desired temperature and it 
requires 1071.11 𝑘𝐽 of work to be supplied to the given refrigerator. 
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EXERCISES 

Multiple Choice Questions 

 

5.1 The spontaneous transfer of heat from low temperature body to a high temperature body is 
the violation of 

 A. first law of 
thermodynamics 

B. Kelvin-Planck 
statement of the 
second law  

C. Clausius 
statement of the 
second law 

D. zeroth law of 
thermodynamics 

5.2 The violation of the Kelvin-Planck statement of the second law of thermodynamics for a 
system warrants the violation of___________________ for the same system. 

 A. zeroth law of 
thermodynamics 

B. first law of 
thermodynamics 

C.  Clausius 
statement of the 
second law 

D. all of the above  

5.3 The occurrence of a process is feasible if it satisfies: 
i. Zeroth law of thermodynamic 
ii. First law of thermodynamics 
iii. Second law of thermodynamics 

 A. i and ii B. ii and iii C. i and iii  D. i, ii and iii 

5.4 An inventor claims a device that produces net heat transfer and work output without any 
energy input. His invention violates 

 A. first law of 
thermodynamics 

B. zeroth law of 
thermodynamics 

C. second law of 
thermodynamics 

D. all of the above 

5.5 An invention claims to convert the total amount of heat supplied into equivalent amounts of 
work by working in a cyclic manner. Such an invention is not possible due to violation of 

 A. first law of 
thermodynamics 

B. second law of 
thermodynamics 

C. zeroth law of 
thermodynamics  

D. all of the above 

5.6 A cyclic process takes � amount of heat from its surroundings during the forward process 
and supplies equivalent amount of work to its surroundings during the reverse process. The 
combined (forward and reverse) process can be considered  

  A. reversible B. irreversible C. internally 
reversible 

D.  none of these 
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5.7 The fast expansion of gas in a piston-cylinder system is a/an__________process.  

 A. internally 
reversible process 

B. internally 
irreversible process 

C. externally 
reversible process 

D. externally 
irreversible process  

5.8 A household refrigerator operating between 5℃ and 45℃ has a COP of 7. The device under 
consideration is 

 A. reversible B. irreversible C. not possible D. both B and C 

5.9 Water is heated over a gas stove at 100℃ in an open pan. The process of heat transfer is 
i. internally reversible 
ii. internally irreversible 
iii. externally reversible 
iv. externally irreversible 

 A. i and iv B. i and iii C. ii and iii D. ii and iv  

5.10 The maximum possible COP of a refrigerator operating between 5℃ and 55℃ will be 

 A. 0.1 B. 5.56 C. 1 D. ∞ 

 

Answers of Multiple Choice Questions 

5.1 C, 5.2 C, 5.3 B, 5.4 A, 5.5 B, 5.6 B, 5.7 B, 5.8 C, 5.9 A, 5.10 B 

Short and Long Answer Type Questions 

5.1 In an experiment heating a small amount of water to 180℃ is claimed by using a high pressure 
steam at 160℃ without using any refrigerator or heat pump. Access the feasibility of this claim. 

5.2 Explain the limitations of the first law of thermodynamics. 

5.3 Explain a hypothetical process that satisfies the second law of thermodynamics but violates the 
first law. 

5.4 Name any five thermal reservoirs. Explain with justification why these can be called thermal 
reservoirs. 

5.5 Can the products of combustion used to produce steam in a thermal power plant be treated as a 
thermal reservoir? 

5.6 Can a heat engine have 100% efficiency in absence of all the irreversibilities? 
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5.7 Two heat engines operating between the same thermal reservoirs receive equal amounts of heat. 
One heat engine is reversible and the other is irreversible. Which out of the two will reject more 
heat? 

5.8 Explain the validity of a 100% efficient heat engine in terms of the first and the second laws of 
thermodynamics. 

5.9 Can the efficiency of a hydroelectric power plant be governed by the second law of 
thermodynamics? Explain. 

5.10 A heat pump transfers the heat from a colder outdoor to a warmer space. How does the violation 
of the second law of thermodynamics be avoided in this case? 

5.11 A cold water bottle is taken out of a refrigerator which warms up to room temperature. The same 
bottle is again placed inside the refrigerator to cool it. Is it a reversible process? 

5.12 Explain a process that is internally irreversible and externally reversible. 

5.13 Water is heated from 25℃ to 125℃ using the following two methods. i. Water pan is placed on 
an induction heater which is maintained at 130℃. ii. Water pan is placed on a gas stove whose 
flame temperature is around 400℃. Which of the methods is most efficient? 

5.14 It is proposed to transfer the rejected heat of a heat engine to the source of heat at high temperature 
using a refrigerator in order to save energy. Is this idea feasible? 

5.15 Propose the strategies to reduce the energy consumption of a household refrigerator. 

 

Numerical Problems 

5.1 A steam power plant of 1000 𝑀𝑊 capacity receives its input energy from a coal fired furnace. 
The coal used in the plant has the calorific value of 26000 𝑘𝐽/𝑘𝑔. Determine the amount of coal 
required in a day if the efficiency of the plant is 40%. 

5.2 A reversible heat engine operating between two temperature limits has 50% efficiency. If the heat 
engine is reversed to operate as a heat pump, what will be the COP of the heat pump? 

5.3 The condenser of a room air-conditioning unit rejects heat to the ambient at the rate of 2.5 𝑘𝑊. 
The compressor of the same unit consumed 1 𝑘𝑊 power. Determine the refrigerating effect 
produced by the air-conditioning unit and its COP. 

5.4 A water cooler is desired to cool the water at the rate of 40 𝐿/ℎ from 35℃ to 20℃. During the 
cooling process, a heat leakage at the rate of 80 𝑘𝐽/𝑠 also takes place in the water reservoir. A 
refrigerating unit having COP of 3 is employed for this purpose. Determine the rate of cooling 
required and power consumption of the refrigerating unit. 

5.5 0.5 𝑘𝑔 water at 15℃ is to be converted into ice using a refrigerator. Determine the refrigerating 
effect involved in this process. Also, estimate the amount of work required if a refrigerator having 
COP of 2.5 is used for this purpose. If the compressor of the refrigerator consumes power at the 
rate of 1.5 𝑘𝑊, find the time required to obtain ice from the water. 

5.6 Two reversible heat engines are connected to a thermal reservoir at 850𝐾. Both receives a total 
of 2200 𝑘𝐽 heat from this reservoir and jointly produces a work output of 300 𝑘𝐽. If the first heat 
engine rejects heat to a heat sink at 750𝐾 and second rejects to another heat sink at 650𝐾, 
determine the amount of heat received by the two sinks.  
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5.7 A solar powered heat pump operates between temperature limits of 220𝐾 and 320𝐾. It received 
heat at the rate of 10 𝑘𝑊 from the low temperature reservoir. Determine the rate of work required 
if the heat pump operates in reversible mode. The solar collector used to receive the energy from 
solar radiations and supply it to heat pump has energy collection capacity of 0.18 𝑘𝑊/𝑚ଶ. Using 
this information, find the required area of the collectors to operate the heat pump. 

5.8 Two Carnot heat engines are connected in series between the temperature limits of 220℃ and 
25℃.  Determine the intermediate temperature if both produce the same amount of net work 
output. 

5.9 A heat pump is used to maintain a room at a temperature of 25℃ when the ambient is at -12℃. 
The rate of heat leakage from the room is 22 𝑘𝑊. Determine the minimum amount of work 
required to operate the heat pump. 

5.10 A coal based thermal power plant is located on a river which has the approximate water flow rate 
of 5 ൈ 10ହ 𝑘𝑔/𝑠 at the temperature of 25℃. The plant has an efficiency of 35%. If the river water 
is used to cool the condenser such that its temperature should not rise more than 2℃, calculate 
the maximum possible power produced by the plant. 

5.11 A cyclic heat engine receives 625 𝑘𝐽 of energy from a heat source at 1200𝐾 and rejects 300 𝑘𝐽 
of energy to a heat sink at 400𝐾. It produces a work output of 325 𝑘𝐽. Is this heat engine 
reversible, irreversible or impossible? Explain. 

5.12 A heat pump receives heat from ambient at 45℃ and delivers to a boiler which is operated at 
280 𝑘𝑃𝑎. The boiler receives saturated liquid and supplies saturated vapour at the given pressure. 
A motor of 50 𝑘𝑊 capacity is used to drive the heat pump. The COP of the heat pump is 55% to 
that of a Carnot heat pump. Determine the mass flow rate at which the boiler can supply the 
steam. 

PRACTICAL 

Activity 1: Consider the operation of your home refrigerator equivalent to that of a Carnot refrigerator 
and estimate its COP in different seasons for different conditions of the maintained refrigerated space. 
Also, make efforts to find its actual COP and compare it with Carnot COP obtained previously. List all 
the assumptions made during the analysis. 

REFERENCES AND SUGGESTED READINGS 

1. Schneider, E.D. and Kay, J.J., 1994. Life as a manifestation of the second law of 
thermodynamics. Mathematical and computer modelling, 19(6-8), pp.25-48. 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

● Clausius Inequality;  
● Definition of entropy;  
● Illustration of entropy as property;  
● Estimation of entropy change for pure substances with state change;  
● Representation of entropy changes; 
● Entropy balance for different systems; 
● Concept of isentropic efficiency of different steady flow processes; 
● Physical inferences of the concept of entropy. 

 

The second law of thermodynamics points towards the limitation on the conversion of heat into 
work while a thermodynamic system undergoes a cyclic process. In this unit, a new thermodynamic 
property named entropy is discussed in detail which helps in quantifying the amount of heat 
retained by the system if temperature history of the system is known during the process. Need for 
identifying this property is established through the limiting conditions of the Clausius inequality. 
Mathematical analysis has been done to establish the path independence of entropy so that it can 
be appreciated as a thermodynamic property. Methods of estimating entropy changes during 
different thermodynamic processes involving various phases of the substances are also described 
in this chapter. 

RATIONALE  

The clear understanding of the concept of entropy and estimation of entropy change during a 
process along with the principle of entropy increase in the universe is helpful in deciding the 
feasibility and spontaneity of any process. For developing this understanding, in this chapter the 
concept of entropy is introduced starting from the Clausius inequality and methods of estimation 
of entropy change in various processes involving different states of pure substances are analysed. 

 

6 

 Entropy 
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Concept of isentropic processes is established as reversible processes without involvement of heat 
transfer. These idealised processes concepts are used to define the isentropic efficiencies of various 
steady flow devices such as turbines, compressors, etc. At the end of this chapter physical 
inferences of the entropy are established including the description of the microscopic states of the 
system. 

PRE‐REQUISITES  

Second law of thermodynamics; first law of thermodynamics; basic concept of thermodynamic 
states 

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 

U6-O1: Appreciation of concept of entropy 

U6-O2:  Understanding of entropy as a thermodynamic property 

U6-O3:  Estimation of entropy change in a thermodynamic process 

U6-O4: Developing skill to estimate entropy change during reversible process 

U6-O5:  Understanding different modes of entropy transfer and generation 

 

Unit-6 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U6‐O1  3 1 2 3 2 2 

U6‐O2  3 1 2 3 3 3 

U6‐O3  3 1 2 3 3 3 

U6‐O4  3 1 2 3 3 3 

U6‐O5  1 1 2 3 3 3 
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6.1 Clausius Inequality 
We presented the second law of thermodynamics for a cyclic process in 
the previous chapter. Now our emphasis will be to discuss its applicability 
for a process. Like we observed during our discussion on the first law of 
thermodynamics that for a cyclic process the heat and work balances 
each-other, however, the need of a property called internal energy arises 
when it is applied for a process involving a closed system. Similarly the 
application of the second law of thermodynamics for a process gives birth 
to an important thermodynamic property, called entropy. We now start 
with the fundamental interpretation of the second law of thermodynamics 
which forms the basis for defining entropy. Such an important outcome 
of the second law of thermodynamics is known as the Clasius inequality 

and is expressed as ∮
ఋொ

்
൑ 0. This inequality holds good for all the 

reversible and irreversible heat engines and refrigerators. 

Let us now demonstrate the applicability of Clausius inequality for heat 
engines. Consider a reversible heat engine operating between two 
temperature limits as shown in Fig. 6.1. For such a heat engine, using the 
balance of energy, it is obtained that cyclic integral of heat energy is 
greater than zero, i.e. ∮ 𝛿𝑄 ൌ 𝑄ு െ 𝑄௅ ൐ 0. The temperature limits 𝑇ு 
and 𝑇௅ are constant for thermal reservoirs, considered in absolute 
temperature scale and as the heat engine is reversible, therefore, 

∮
ఋொ

்
ൌ

ொಹ

ಹ்
െ

ொಽ

ಽ்
ൌ 0 ቀ𝑏𝑒𝑐𝑎𝑢𝑠𝑒 

ொಹ
ொಽ
ൌ ಹ்

ಽ்
ቁ. 

For a limiting situation if 𝑇ு approaches 𝑇௅, the ∮  𝛿𝑄 ൌ 0 whereas the 
∮   𝛿𝑄/𝑇 ൌ 0 holds good for this condition as well. Therefore, for all 
reversible heat engines, it can be concluded that ∮  𝛿𝑄 ൒ 0 and 
∮   𝛿𝑄/𝑇 ൌ 0. 

 
Fig. 6.1: A reversible heat 

engine operating between 𝑇ு 
and 𝑇௅. 

 

 

 

 

 

 
Fig. 6.2: A reversible 
refrigerator operating 
between 𝑇ு and 𝑇௅. 
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Now let us assume an irreversible heat engine operates between the same temperature limits as shown 
in Fig. 6.1 and takes the same supply of heat ሺ𝑄ுሻ from the heat source. Consider the work produced 
by this heat engine is 𝑊௜௥௥௘௩. From the second law of thermodynamics, it can be said that 𝑊௜௥௥௘௩ ൏
𝑊௥௘௩. Thus, 𝑄ு െ 𝑄௅,௜௥௥௘௩ ൏ 𝑄ு െ 𝑄௅,௥௘௩ and 𝑄௅,௜௥௥௘௩ ൐ 𝑄௅,௥௘௩. This results in 

∮ 𝛿𝑄 ൐ 0 and ∮
ఋொ

்
ൌ

ொಹ

ಹ்
െ

ொಽ,೔ೝೝ೐ೡ

ಽ்
൏ 0 ൬𝑏𝑒𝑐𝑎𝑢𝑠𝑒 

ொಹ
ொಽ,ೝ೐ೡ

ൌ ಹ்

ಽ்
⇒

ொಽ,೔ೝೝ೐ೡ

ಽ்
൐

ொಽ,ೝ೐ೡ

ಽ்
ൌ

ொಹ

ಹ்
൰. 

If we keep on increasing the irreversibility of the heat engine by keeping the same values of 𝑇ு, 𝑇௅ and 
𝑄ு, the value of 𝑄௅,௜௥௥௘௩ will keep on increasing. For a limiting situation of irreversibility, we will 
experience the zero work output of the heat engine. Corresponding to this situation, we get∮ 𝛿𝑄 ൌ 0 

and ∮
ఋொ

்
൏ 0. Therefore, for all irreversible heat engine cycles, it can be concluded that ∮ 𝛿𝑄 ൒ 0 and 

∮
ఋொ

்
൏ 0. 

Now we will demonstrate the Clausius inequality for reversible and irreversible refrigeration cycles. For 

a reversible refrigeration cycle, as shown in Fig. 6.2, we obtain ∮ 𝛿𝑄 ൌ െ𝑄ு ൅ 𝑄௅ ൏ 0 and ∮
ఋொ

்
ൌ

െ
ொಹ

ಹ்
൅

ொಽ

ಽ்
ൌ 0 ቀ𝑏𝑒𝑐𝑎𝑢𝑠𝑒 

ொಹ
ொಽ
ൌ ಹ்

ಽ்
ቁ. The cyclic integral of heat transfer, ∮ 𝛿𝑄 ൌ 0 when 𝑇ு approaches 

𝑇௅ whereas the ∮
ఋொ

்
ൌ 0 even for this limiting case. Therefore, for all reversible refrigeration cycles, it 

can be said that ∮ 𝛿𝑄 ൑ 0 and ∮ 𝛿𝑄/𝑇 ൌ 0. Further, let us consider an irreversible refrigerator operating 
between the same temperature limits and removes same amount of heat ሺ𝑄௅ሻ as done in case of Fig. 6.2. 
The irreversible refrigerator will consume more amount of work for producing the same amount of 
refrigeration effect as per the second law of thermodynamics, therefore, 𝑊௜௥௥௘௩ ൐ 𝑊௥௘௩. This implies 
𝑄ு,௜௥௥௘௩ െ 𝑄௅ ൐ 𝑄ு,௥௘௩ െ 𝑄௅, hence, 𝑄ு,௜௥௥௘௩ ൐ 𝑄ு,௥௘௩. Thus, for an irreversible refrigerating cycle 

∮  𝛿𝑄 ൏ 0 and ∮
ఋொ

்
ൌ െ

ொಹ,೔ೝೝ೐ೡ

ಹ்
൅

ொಽ

ಽ்
൏ 0 ൬𝑏𝑒𝑐𝑎𝑢𝑠𝑒 

ொಹ
ொಽ,ೝ೐ೡ

ൌ ಹ்

ಽ்
⇒

ொಹ,೔ೝೝ೐ೡ

ಹ்
൐

ொಹ,ೝ೐ೡ

ಹ்
ൌ

ொಽ

ಽ்
൰. 

If the irreversibility is increased further upon keeping 𝑇ு, 𝑇௅ and 𝑄௅ constant, the ∮ 𝛿𝑄 and ∮
ఋொ

்
 become 

more and more negative. Thus for an irreversible refrigeration cycle, the limiting case of ∮ 𝛿𝑄 ൌ 0 does 

not exist. Hence, for all irreversible refrigeration cycles, it can be concluded that ∮ 𝛿𝑄 ൏ 0 and ∮
ఋொ

்
൏

0. 

It is clear from the above discussion that ∮ 𝛿𝑄 can be positive or negative for a reversible cycle, whereas 

∮
ఋொ

்
ൌ 0 always. Contrary, for any irreversible cyclic, ∮ 𝛿𝑄 can be positive or negative, whereas 

∮
ఋொ

்
൏ 0 always. Thus, for all the cyclic process, it can be stated that ∮ 𝛿𝑄/𝑇 ൑ 0. This generic relation 

is known as Clausius inequality. The applicability of Clausius inequality for a steam power plant is 
demonstrated in Example 6.1. 
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6.2 Entropy 
Here, Clausius inequality, the expression driven from the second law of 
thermodynamics, is used to define an important property called entropy. 
Let us consider a closed mass that has gone through a reversible cyclic 
process through paths A and B as shown in Fig. 6.3. Through path A, the 
system has changed its state from state 1 to state 2, whereas it has moved 
back from state 2 to state 1 through path B. For such a reversible cycle, 
the Clausius inequality can be given as 

∮
ఋொ

்
ൌ 0 ⇒ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஺
൅ ׬

ଵ
ଶ ቀ

ఋொ

்
ቁ
஻
ൌ 0                               (6.1) 

Now consider one more reversible cycle that first progresses through path 
C and then returns to initial conditions via path B (Fig. 6.3). Clausius 
inequality for this cycle can be written as 

∮
ఋொ

்
ൌ 0 ⇒ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஼
൅ ׬

ଵ
ଶ ቀ

ఋொ

்
ቁ
஻
ൌ 0                                (6.2) 

Subtracting Eqn. (6.2) from Eqn. (6.1) gives ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
஺
ൌ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஼

.  

 
Fig. 6.3: Three reversible 

processes occurring through 
paths A, B and C between 

states 1 and 2. 

This shows that ׬ 𝛿𝑄/𝑇 is the same for all reversible paths between states 1 and 2. As this quantity has 
become independent of the path of the process, therefore, it can be regarded as the property of the system 
that depends only on the state points. The property introduced here is called entropy. It is designated by 
symbol 𝑆 and is defined as 

𝑑𝑆 ൌ ቀ
ఋொ

்
ቁ
௥௘௩

                                                                                                              (6.3) 

Entropy is an extensive property and has units 𝑘𝐽/𝐾 in the SI system. Like other properties, entropy on 
per unit mass basis is called specific entropy and is designated as 𝑠. The change in entropy during a 
process can be defined by integrating Eqn. (6.3) between initial and final states as 

𝑆ଶ െ 𝑆ଵ ൌ ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
௥௘௩

                                                                                                    (6.4) 

It is important to note that using Eqn. (6.3) entropy is defined along a reversible path only. Therefore, 
the integration of Eqn. (6.4) should be performed only along a reversible path. To perform this 
integration, a relationship between 𝑄 and 𝑇 is required. Usually this relation is available for a very few 
processes, therefore, this integration can be performed only for such processes. However, in majority 
cases, we rely on the property tables for estimation of entropy. It is also utmost important to highlight 
that though entropy change between two states is to be determined only for a reversible process, yet 
once it is obtained, it can be used for all irreversible processes between the same two states because 
entropy is a property. Moreover, the integration of Eqn. (6.4) along irreversible paths will result in 
different values of entropy change. Thus, it must be emphasized that the use of integration of Eqn. (6.4) 
along an irreversible process is inappropriate. 

We established in earlier chapters that heat transfer is a path function, therefore, 𝛿𝑄 is an inexact 

differential. However, the term 
ఋொ

்
 for a reversible process in Eqn. (6.3) becomes a property of the 

system, therefore, it is a state function. Thus, we can mathematically say that 1/𝑇 is acting as an 
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integrating factor which converts an inexact differential 𝛿𝑄 to an exact differential 
ఋொ

்
 specifically for a 

reversible process. 

It should also be emphasized that we can only estimate the change in entropy during a process using 
Eqn. (6.3), however, it does not provide any idea about the absolute value of entropy at a given state. 
The third law of thermodynamics, which is discussed in a later section of this chapter, forms the basis 
for defining the absolute entropy. It basically specifies that for all pure substances, the value of entropy 
can be assigned zero at absolute zero temperature. As an engineer, we are not concerned about the 
absolute value of entropy, rather our interest is to estimate the entropy change during a process. 
Therefore, any commensurate reference state can be selected for a substance at which its entropy is 
assigned zero and then Eqn. (6.4) can be used to obtain entropy at the desired state. When the entropy 
of a substance at different states is estimated with respect to a single reference state, it becomes quite 
convenient to estimate entropy change between any two states as reference value gets cancelled. Usually 
the same procedure is used for construction of property tables for entropy as demonstrated for other 
properties with the help of steam tables in previous chapters. 

 

6.3 Entropy of a Pure Substance 
Entropy is a property thus it has a unique value at the given state of the 
system. As we know that for a simple compressible substance, two 
independent intensive properties are required to specify its state and 
estimate the value of all other properties, including its entropy. Thus we 
have property tables available for entropy as well like we demonstrated 
for other properties in Chapter 3. For constructing a property table, a 
reference state is required. Therefore, in case of steam tables (Table B.1), 
the value of entropy of a saturated liquid ൫𝑠௙൯ is assigned zero at 0.01℃. 
Usually for refrigerant R-134a, it is specified zero at -40℃. Likewise 
different reference states can be selected for different substances. The 
values of entropy at temperatures less than the reference temperature are 
negative. 

The entropy for different states of a substance can be obtained using the 
same procedure as demonstrated for other properties using steam tables 
in Chapter 3. Therefore, tables B.3 and B.4 can be used to specify entropy 
of superheated and compressed states, respectively for water. These tables 
can be used once the two independent intensive properties are known at 
these states. In the saturated liquid-vapour mixture region, the entropy 
estimation requires knowledge of quality in addition to saturated tables 
B.1 and B.2. The entropy for saturated mixture is determined as 𝑠 ൌ 𝑠௙ ൅
𝑥𝑠௙௚. Here 𝑥 is quality,  𝑠௙ is entropy of saturated liquid and 𝑠௙௚ ൌ 𝑠௚ െ
𝑠௙, where 𝑠௚ is entropy of saturated vapour. The values of 𝑠௙ and 𝑠௚ are 
available in saturated steam tables B.1 and B.2. A graphical depiction of 
entropy estimation for different states of a substance is shown on 𝑃 െ 𝑣 
diagram in Fig. 6.4. If the compressed state property tables are not 
available, then entropy of a compressed liquid can be considered 

 

 

 
Fig. 6.4: 𝑃 െ 𝑣 diagram 

showing different states of a 
pure substance. 

 

 

 
Fig. 6.5: 𝑇 െ 𝑠 diagram for a 

pure substance. 
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equivalent to saturated liquid entropy at the given temperature, i.e. 
𝑠௖௢௠௣ ≃ 𝑠௙@் (as shown in Fig. 6.5). 

When studying the second law of thermodynamics for a process, it is 
usual practice to use entropy as one of the coordinates on property 
diagrams such as 𝑇 െ 𝑠 and ℎ െ 𝑠 plots. The ℎ െ 𝑠 diagram is famously 
known as the Mollier diagram and is an important plot which is used often 
in place of steam tables to conveniently locate the states and determine 
associated properties. A 𝑇 െ 𝑠 diagram for water is shown in Fig. 6.5. It 
shows that constant specific volume lines have positive slope and the 
slope is smaller for larger values of specific volumes. The constant 
pressure and constant temperature lines are horizontal within the saturated 
liquid-vapour region. The constant pressure lines in the 
subcooled/compressed region almost coincide with the saturated liquid 
curve. Similarly a ℎ െ 𝑠 diagram for water is shown in Fig. 6.6. 

 
Fig. 6.6: ℎ െ 𝑠 diagram for a 

pure substance. 

 

6.4 Entropy Change for Internally Reversible Processes 
After defining entropy, our aim is to establish its significance for different 
processes. In this attempt, let us consider the working fluid of a reversible 
Carnot cycle is our system. The first process of this cycle is an isothermal 
heat addition to the working fluid from a high temperature thermal 
reservoir. Such a process 1-2 is shown on 𝑇 െ 𝑆 diagram in Fig. 6.7. For 

this process, we can write 𝑆ଶ െ 𝑆ଵ ൌ ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
௥௘௩

. Since temperature of 

working fluid is constant during this process, therefore, 𝑆ଶ െ 𝑆ଵ ൌ
ଵ

ಹ்
׬
ଶ
ଵ 𝛿𝑄 ൌ

ொభమ

ಹ்
⇒ 𝑄ଵଶ ൌ 𝑇ுሺ𝑆ଶ െ 𝑆ଵሻ. Thus, the area under the line 1-

2 on 𝑇 െ 𝑆 diagram represents the heat added to the working fluid. 

The second process 2-3 is a reversible adiabatic process. For this process, 

we get 𝑆ଷ െ 𝑆ଶ ൌ ׬
ଷ
ଶ ቀ

ఋொ

்
ቁ
௥௘௩

ൌ 0 ⇒ 𝑆ଷ ൌ 𝑆ଶ. Hence, entropy remains 

constant during a reversible adiabatic process and it is called an 
isentropic process. Such a process will be represented by vertical line on 
the 𝑇 െ 𝑆 diagram and this line extends till the temperature of low 
temperature thermal reservoir is achieved. The third process is isothermal 
heat rejection and entropy change equation for this can be expressed as 

𝑆ସ െ 𝑆ଷ ൌ ׬
ସ
ଷ ቀ

ఋொ

்
ቁ
௥௘௩

. Thus 𝑆ସ െ 𝑆ଷ ൌ
ଵ

ಽ்
׬
ସ
ଷ 𝛿𝑄 ൌ

ொయర

ಽ்
⇒ 𝑄ଷସ ൌ

𝑇௅ሺ𝑆ସ െ 𝑆ଷሻ. Since the working fluid loses heat during this process, 
therefore, entropy change will be negative which signifies that entropy of 
the working fluid decreases during heat rejection. Moreover, the area 
under the line 3-4 in Fig. 6.7 represents the amount of heat rejected. The 
last process, that completes the cycle, is reversible adiabatic compression, 
hence isentropic. Therefore, it will be represented by a vertical line 4-1 
on 𝑇 െ 𝑆 diagram. Furthermore, it draws an important conclusion that the 

 

 
Fig. 6.7: 𝑇 െ 𝑆 diagram for a 

Carnot heat engine. 

 

 
Fig. 6.8: 𝑇 െ 𝑆 diagram for a 

Carnot refrigerator. 
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amount of entropy increased during the heat addition process is equal to 
the amount of entropy decreased during the heat rejection process. As for 
a cyclic process, net heat transfer is equal to net amount of work done, 
therefore, the area enclosed by the region 1-2-3-4-1 on 𝑇 െ 𝑆 diagram 
represents the work output of the Carnot heat engine. Further, it can be 
observed from the 𝑇 െ 𝑆 diagram shown in Fig. 6.8 that the efficiency of 
the cycle can be improved by increasing 𝑇ு keeping 𝑇௅ fixed and by 
decreasing 𝑇௅ keeping 𝑇ு fixed. Also, the limiting condition of 100% 
efficiency can be achieved when either 𝑇ு is increased to infinity or 𝑇௅ is 
decreased to absolute zero temperature. 

If instead of a totally reversible cycle, the processes shown in the above cycle (Fig. 6.7) are only 
internally reversible, then also the temperature of working fluid will remain 𝑇ு during heat addition 
process and 𝑇௅ during the heat rejection process. Thus such an internally reversible cycle can also be 
represented identically on 𝑇 െ 𝑆 diagram and will have equal amounts of heat and work interactions. 
Therefore, the entropy analysis presented above is applicable for a thermodynamic cycle that comprises 
of internally reversible processes. Thus, the entropy change Eqn. (6.3) is applicable for both reversible 
and internally reversible processes. Hence, we can write its generic form as 

𝑑𝑆 ൌ ቀ
ఋொ

்
ቁ
௥௘௩

ൌ ቀ
ఋொ

்
ቁ
௜௡௧,௥௘௩

                                                                                         (6.5) 

If we reverse the heat and work interactions of reversible Carnot cycle, we get the reversible refrigeration 
cycles as shown on 𝑇 െ 𝑆 diagram in Fig. 6.8. It is important to note that for such an reversible 
refrigeration cycle, entropy of working fluid increases during heat addition at temperature 𝑇௅ and 
decreases during heat rejection at temperature 𝑇ு. This concludes that entropy of a substance increases 
during the heat addition process and it decreases during the heat rejection process. 

6.5 Thermodynamic Property Relations 
In this section, we will attempt to formulate the equations which solely include thermodynamic 
properties. Consider a closed system containing a simple compressible substance undergoing a 
reversible process. First law of thermodynamics for such a situation on per unit mass basis is given as 
𝛿𝑞 െ 𝛿𝑤 ൌ 𝑑𝑢. For a reversible process, 𝛿𝑞 ൌ 𝑇𝑑𝑠 and 𝛿𝑤 ൌ 𝑃𝑑𝑣. Thus  

𝑇𝑑𝑠 ൌ 𝑑𝑢 ൅ 𝑃𝑑𝑣                                                                                                       (6.6) 

Now we know ℎ ൌ 𝑢 ൅ 𝑃𝑣 ⇒ 𝑑ℎ ൌ 𝑑𝑢 ൅ 𝑃𝑑𝑣 ൅ 𝑣𝑑𝑃. Using Eqn. (6.6), we get 𝑑ℎ ൌ 𝑇𝑑𝑠 ൅ 𝑣𝑑𝑃 
which becomes 

𝑇𝑑𝑠 ൌ 𝑑ℎ െ 𝑣𝑑𝑃                                                                                                       (6.7) 

The Eqns. (6.6) and (6.7) are the thermodynamic property relations known as 𝑇𝑑𝑠 or Gibbs equations. 
Note that these equations involve all the property terms only and as the properties are the state functions, 
therefore, these are applicable for both reversible and irreversible processes. However, it is emphasized 
that integration of these equations must be performed only along a reversible process because the terms 
involving multiple properties form heat and work which are path functions. 
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6.6 Entropy Change for Solids and Liquids 
Thermodynamic property relations, Eqns. (6.6) and 6.7 can be expressed as 𝑑𝑠 ൌ

ௗ௨

்
൅

௉ௗ௩

்
 and 𝑑𝑠 ൌ

ௗ௛

்
െ

௩ௗ௉

்
. For solids and liquids due to their incompressible nature 𝑑𝑣 ≃ 0 and as their density is large, 

thus 𝑣 ≃ 0. Also, as discussed in Chapter 2 for solids and liquids that 𝐶௣ ൎ 𝐶௩ ൌ 𝐶 ⇒ 𝑑ℎ ൌ 𝑑𝑢 ൌ 𝐶𝑑𝑇, 

therefore, 𝑑𝑠 ൌ
஼ௗ்

்
. Then entropy change for a process can be obtained by integration of this equation 

as 

𝑠ଶ െ 𝑠ଵ ൌ ׬ మ்

భ்

஼ሺ்ሻௗ்

்
ൌ 𝐶௔௩௚𝑙𝑛

మ்

భ்
                                                                                   (6.8) 

Here, 𝐶௔௩௚ is the average specific heat for the specified temperature range. It is also to be noted that 
entropy of a purely incompressible substance is the sole function of temperature and does not depend 
upon other properties. This equation will not give accurate results for liquids that significantly expands 
with temperature. Such situations mainly arise when the operating temperature range is large. If we 
subject Eqn. (6.8) to an isentropic process, it gives 𝑇ଵ ൌ 𝑇ଶ. It means that an isentropic process involving 
perfectly incompressible solids and liquids is isothermal as well. This is the reason that the temperature 
of common liquids such as water does not change during their pumping. 

6.7 Entropy Change for an Ideal Gas 
The entropy change equation for ideal gases can be obtained by using Eqns. (6.6) and (6.7) together 

with the ideal gas equation 𝑃𝑣 ൌ 𝑅𝑇. Using Eqns. (6.6) and (6.7), we get 𝑑𝑠 ൌ
ௗ௨

்
൅

௉ௗ௩

்
 and 𝑑𝑠 ൌ

ௗ௛

்
െ

௩ௗ௉

்
. By invoking ideal gas equation in second term of each entropy change equation, we get 𝑑𝑠 ൌ

ௗ௨

்
൅

ோௗ௩

௩
 and 𝑑𝑠 ൌ

ௗ௛

்
െ

ோௗ௉

௉
. For ideal gases, 𝑑𝑢 ൌ 𝐶௩଴𝑑𝑇 and 𝑑ℎ ൌ 𝐶௣଴𝑑𝑇. Thus first entropy change 

equation becomes 𝑑𝑠 ൌ
஼ೡబௗ்

்
൅

ோௗ௩

௩
. Upon integration 

𝑠ଶ െ 𝑠ଵ ൌ ׬
ଶ
ଵ

஼ೡబௗ்

்
൅ 𝑅𝑙𝑛

௩మ
௩భ

                                                                                         (6.9) 

Similarly, the second entropy change equation becomes 𝑑𝑠 ൌ
஼೛బௗ்

்
െ

ோௗ௉

௉
. By integrating this equation, 

we get 

𝑠ଶ െ 𝑠ଵ ൌ ׬
ଶ
ଵ

஼೛బௗ்

்
െ 𝑅𝑙𝑛

௉మ
௉భ

                                                                                       (6.10) 

Equations (6.9) and (6.10) give the entropy change for a process involving ideal gas as the working 
fluid. The first term of both equations requires the temperature dependence on 𝐶௩଴ and 𝐶௣଴. This 
integration can be performed in two ways. In first case, if the temperature range is not large then average 
values of 𝐶௩଴ and 𝐶௣଴ can be used for given temperature range and we get 

𝑠ଶ െ 𝑠ଵ ൌ 𝐶௩଴,௔௩௚𝑙𝑛
మ்

భ்
൅ 𝑅𝑙𝑛

௩మ
௩భ

                                                                                (6.11) 

𝑠ଶ െ 𝑠ଵ ൌ 𝐶௣଴,௔௩௚𝑙𝑛
మ்

భ்
െ 𝑅𝑙𝑛

௉మ
௉భ

                                                                               (6.12) 

The second approach requires a polynomial expression between specific heats and temperature which 
can be then substituted in Eqns. (6.9) and (6.10) to obtain the entropy change. However, performing this 



152 | Basics of Thermodynamics 

 

integration every time is cumbersome, therefore, a common approach is to obtain the first term of 
entropy change equations for different temperatures using some reference temperature and tabulate this 
data. The tabulated data then can be used as and when required. Such a process is demonstrated here for 
Eqn. (6.10), considering the absolute zero temperature as the reference state. The parameter 𝑠்

଴ for this 
purpose is defined as 

𝑠்
଴ ൌ ׬

்
଴

஼೛బሺ்ሻௗ்

்
                                                                                                          (6.13) 

The term 𝑠்
଴ is called standard entropy, it is a sole function of temperature and its value is zero at 

absolute zero temperature. This value can be obtained for different temperatures using Eqn. (6.13) and 
data can be tabulated as the function of temperature. The integration of the first term of Eqn. (6.10) 
gives 

׬
ଶ
ଵ

஼೛బሺ்ሻௗ்

்
ൌ 𝑠

మ்
଴ െ 𝑠

భ்
଴                                                                                                 (6.14) 

Here, 𝑠
మ்
଴  and 𝑠

భ்
଴  are values of standard entropy at temperatures 𝑇ଶ and 𝑇ଵ, respectively. Using Eqn. 

(6.14), Eqn. (6.12) can be expressed as 

𝑠ଶ െ 𝑠ଵ ൌ 𝑠
మ்
଴ െ 𝑠

భ்
଴ െ 𝑅𝑙𝑛

௉మ
௉భ

                                                                                    (6.15) 

To calculate the entropy change using Eqn. (6.15), standard entropy can be obtained from entropy tables 
at different temperature conditions. It must be emphasized that entropy change of an ideal gas is not a 
sole function of temperature like its internal energy and enthalpy. Therefore, usually the property tables 
for ideal gas include the standard entropy as function of temperature along with its internal energy and 
enthalpy whereas the entropy change should be calculated using Eqn. (6.15) which shows dependence 
on other properties as well. 

Now let us analyze the entropy change relations, Eqns. (6.11) and (6.12) for a special case of isentropic 
process. Using Eqn. (6.11), we get  

0 ൌ 𝐶௩଴,௔௩௚𝑙𝑛
మ்

భ்
൅ 𝑅𝑙𝑛

௩మ
௩భ
⇒ 𝑙𝑛 మ்

భ்
ൌ െ

ோ

஼ೡబ,ೌೡ೒
𝑙𝑛

௩మ
௩భ
⇒ 𝑙𝑛 మ்

భ்
ൌ 𝑙𝑛 ቀ

௩భ
௩మ
ቁ

ೃ
಴ೡబ,ೌೡ೒.  

Since 𝑅 ൌ 𝐶௣଴,௔௩௚ െ 𝐶௩଴,௔௩௚ ⇒
ோ

஼ೡబ,ೌೡ೒
ൌ 𝑘 െ 1 where 𝑘 ൌ

஼೛బ,ೌೡ೒

஼ೡబ,ೌೡ೒
. Therefore, 

మ்

భ்
ൌ ቀ

௩భ
௩మ
ቁ
௞ିଵ

(isentropic process for an ideal gas)                                                   (6.16) 

Similarly using Eqn. (6.12), we get 

0 ൌ 𝐶௣଴,௔௩௚𝑙𝑛
𝑇ଶ
𝑇ଵ
െ 𝑅𝑙𝑛

𝑃ଶ
𝑃ଵ
⇒ 𝑙𝑛

𝑇ଶ
𝑇ଵ
ൌ

𝑅
𝐶௣଴,௔௩௚

𝑙𝑛
𝑃ଶ
𝑃ଵ
ൌ 𝑙𝑛 ൬

𝑃ଶ
𝑃ଵ
൰

ோ
஼೛బ,ೌೡ೒

 

Since 
ோ

஼೛బ,ೌೡ೒
ൌ

஼೛బ,ೌೡ೒ି஼ೡబ,ೌೡ೒

஼೛బ,ೌೡ೒
1 െ

ଵ

௞
ൌ

௞ିଵ

௞
. Hence, 

మ்

భ்
ൌ ቀ

௉మ
௉భ
ቁ
ೖషభ
ೖ (isentropic process for an ideal gas)                                                   (6.17) 

Equating the right hand side of Eqns. (6.16) and (6.17), we get 

௉మ
௉భ
ൌ ቀ

௩భ
௩మ
ቁ
௞
   (isentropic process for an ideal gas)                                                   (6.18) 
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Writing Eqns. (6.16)-(6.18) in compact form, we obtain 𝑇𝑣௞ିଵ ൌ 𝑐𝑜𝑛𝑠𝑡., 𝑇𝑃
భషೖ
ೖ ൌ 𝑐𝑜𝑛𝑠𝑡. and 𝑃𝑣௞ ൌ

𝑐𝑜𝑛𝑠𝑡. Therefore, it can be concluded that isentropic process using ideal gas is a special case of 
polytropic process where polytropic index ሺ𝑛ሻ is equal to ratio of specific heats ሺ𝑘ሻ. However, these 
equations are only valid when the operating temperature range is small and the assumption of average 
specific heats is appropriate. 

 

6.8 Property Diagrams Involving Entropy 
As explained in Section 6.3 that it is convenient for the second law 
analysis of a thermodynamic process to present it on a property diagram 
involving entropy as one of the coordinates, we attempted here to present 
different processes on a 𝑇 െ 𝑠 diagram. It is well established in Chapter 2 
that many processes involving simple compressible substance can be 
easily represented with a simple mathematical expression 𝑃𝑉௡ ൌ 𝐶, 
known as a polytropic process. Here, 𝑛 is polytropic index and 𝐶 is a 
constant. Also, values of 𝑛 for some familiar processes is given as 

𝑛 ൌ 0,𝑃 ൌ 𝐶: Isobaric process, 

𝑛 ൌ 1,𝑇 ൌ 𝐶: Isothermal process, 

𝑛 ൌ 𝑘, 𝑠 ൌ 𝐶: Isentropic process, 

𝑛 ൌ ∞,𝑣 ൌ 𝐶: Isochoric process. 

Now we present the 𝑃 െ 𝑣 diagram in Fig. 6.9-a to represent the above 
process and then we further plot the same processes on 𝑇 െ 𝑠 diagram in 
Fig. 6.9-b. A horizontal line on 𝑇 െ 𝑠 diagram represents the entropy 
change (either increase or decrease depending on the direction of the 
process) during an isothermal process and a vertical line on the same 
diagram depicts no change of entropy, hence an isentropic process. It is 
also evident that slope of an isochoric process is more than the slope of 
an isobaric process on the 𝑇 െ 𝑠 diagram. Note that Fig. 6.9 is just a 
schematic representation for different polytropic processes involving a 
simple compressible substance. 

6.9  Entropy  Change  for  an  Irreversible  Process  and 
Entropy Equation 
In the earlier discussion, we have mainly concentrated on entropy analysis 
for reversible processes. Here, we will utilize the Clausius inequality to 
define entropy change expression for an irreversible process. Consider 
three different paths A, B and C for the processes occurring between states 
1 and 2 as shown in Fig. 6.10. The cyclic process occurring through paths 
A and B is reversible and for this Clausius inequality can be expressed as 

 

 

 

 
Fig. 6.9: Representation of 

different polytropic processes 
on: (a) 𝑃 െ 𝑣 diagram and (b) 

𝑇 െ 𝑠 diagram. 

 

 
Fig. 6.10: Three different 

processes through paths A, B 
and C on 𝑃 െ 𝑣 diagram 
between states 1 and 2. 
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∮
ఋொ
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ൌ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஺
൅ ׬

ଵ
ଶ ቀ

ఋொ

்
ቁ
஻
ൌ 0. 

Now consider a cycle consisting of an irreversible process C and 
reversible process B. This is an irreversible cycle, therefore, Clausius 
inequality for this results 

∮
ఋொ

்
ൌ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஼
൅ ׬

ଵ
ଶ ቀ

ఋொ

்
ቁ
஻
൏ 0. 

Upon comparing the two equations, we can say that ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
஺
൐

׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
஼

. Since path A is reversible, therefore, ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
஺
ൌ 𝑆ଶ െ 𝑆ଵ. 

Thus, 𝑆ଶ െ 𝑆ଵ ൐ ׬
ଶ
ଵ ቀ

ఋொ

்
ቁ
஼

. It can be concluded from this that entropy 

change between two states is greater than integral of 
ఋொ

்
 along an 

irreversible process, i.e. ׬
ଶ
ଵ 𝑑𝑆 ൐ ׬

ଶ
ଵ ቀ

ఋொ

்
ቁ
஼

. It means 𝑑𝑆 ൐

ቀ
ఋொ

்
ቁ
௜௥௥௘௩

. 

This leads to the very important conclusion that entropy change for an irreversible process is greater 
than entropy change for a reversible process involving the same amount of heat transfer at the same 
temperature conditions. Further, we can write the more generic expression for entropy change as 

𝑑𝑆 ൒
ఋொ

்
                                                                                                                   (6.19) 

Equation (6.19) is applicable for both reversible and irreversible processes. For irreversible processes, 
it holds inequality and the left side of Eqn. (6.19) is greater than the right side, thus we need one 
additional positive term to make this equality. The Eqn. (6.19) takes the following form after including 
the term 𝛿𝑆௚௘௡ as 

𝑑𝑆 ൌ
ఋொ

்
൅ 𝛿𝑆௚௘௡                                                                                                     (6.20) 

Equation (6.20) is the most generic expression of entropy change and it is applicable for both reversible 
and irreversible processes. For reversible process 𝛿𝑆௚௘௡ ൌ 0, whereas it is positive for all irreversible 
processes. Thus 𝛿𝑆௚௘௡ ൒ 0. It must be emphasized that 𝛿𝑆௚௘௡ is called entropy generation and it is 
generated within a system due to the irreversibilities associated with a process as elucidated in Chapter 
5. There can be entropy generation outside the system due to transfer of heat at finite temperature 
difference or other causes of irreversibility. The integration of Eqn. (6.20) for a process 1-2 occurring 
in a closed system results in 

𝑆ଶ െ 𝑆ଵ ൌ ׬
ଶ
ଵ 𝑑𝑆 ൌ ׬

ଶ
ଵ

ఋொ

்
൅ 𝑆ଵଶ,௚௘௡                                                                              (6.21) 

Equation (6.21) is known as the entropy balance equation for a closed system. Unlike energy which 
cannot be created or destroyed, entropy can be generated due to the irreversibilities, however, it cannot 
be destroyed. It is evident from Eqn. (6.21) that there are two possible ways for entropy change of a 
closed system. Firstly it increases with heat addition and secondly it can be generated due to 
irreversibilities in a system. Further as entropy generation is always either positive or zero, therefore, 
entropy can decrease only if heat transfers out of the system. It must also be pointed out that entropy 
change due to heat transfer takes place across the boundary of the system, i.e. entropy gain for a system 
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due to heat transfer represents the loss of equivalent entropy to its surroundings. Contrary, the entropy 
generation within a system is due to irreversibilities in a process. It should be further emphasized that 
for an adiabatic process, increase of entropy is only due to irreversibilities in a system. 

It is also important to understand how the irreversibilities associated with a process affect its work 
output. To demonstrate this, consider a closed system undergoes a reversible process for which entropy 
change is 𝑑𝑆. For such a process 𝛿𝑄 ൌ 𝑇𝑑𝑆 and 𝛿𝑊 ൌ 𝑃𝑑𝑉. If the process takes place through an 

irreversible path between the same end states, hence same 𝑑𝑆, then using Eqn. (620), 𝑑𝑆 ൌ
ఋொ೔ೝೝ೐ೡ

்
൅

𝛿𝑆௚௘௡. Thus, 𝛿𝑄௜௥௥௘௩ ൌ 𝑇𝑑𝑆 െ 𝑇𝛿𝑆௚௘௡. Also, form the first thermodynamic property relation, we get 
𝑇𝑑𝑆 ൌ 𝑑𝑈 ൅ 𝑃𝑑𝑉. Hence, 𝛿𝑄௜௥௥௘௩ ൌ 𝑑𝑈 ൅ 𝑃𝑑𝑉 െ 𝑇𝛿𝑆௚௘௡. Using the first law of thermodynamics for 
irreversible process, we get 𝛿𝑄௜௥௥௘௩ ൌ 𝑑𝑈 ൅ 𝛿𝑊௜௥௥௘௩. Substituting 𝛿𝑄௜௥௥௘௩ here, we get 𝑑𝑈 ൅ 𝑃𝑑𝑉 െ
𝑇𝛿𝑆௚௘௡ ൌ 𝑑𝑈 ൅ 𝛿𝑊௜௥௥௘௩. Therefore, 

𝛿𝑊௜௥௥௘௩ ൌ 𝑃𝑑𝑉 െ 𝑇𝛿𝑆௚௘௡ ൌ 𝛿𝑊 െ 𝑇𝛿𝑆௚௘௡                                                               (6.22) 

Where 𝛿𝑊 is work done in a reversible process between the same states. The term 𝑇𝛿𝑆௚௘௡ is often called 
lost work. It must be noted that 𝑇𝛿𝑆௚௘௡ is not any work or energy quantity lost in reality, however, it 
represents a lost potential to obtain work during a process. This concludes that irreversibilities cause 
work to be less than the reversible work for processes operating between the same end states. It means 
that an irreversible expansion process will produce less work than a reversible expansion. On the other 
hand, a system will consume more work during an irreversible compression in comparison to reversible 
compression. 

Finally, it must be stated heat transfer and work for an irreversible process are not equal to ׬ 𝑇𝑑𝑆 

and ׬ 𝑃𝑑𝑉, respectively. Therefore, the areas under the 𝑇 െ 𝑆 and 𝑃 െ 𝑉 diagrams for irreversible 
processes cannot be considered equal to heat transfer and work, respectively. This is the reason for 
irreversible processes to be represented by dashed lines on property diagrams in order to differentiate 
from reversible processes. 

 

6.10 Principle of Increase of Entropy 
In the previous section, we found Eqn. (6.20) which gives 𝑑𝑆 ൌ

ఋொ

்
൅

𝛿𝑆௚௘௡. For an isolated system there is no heat, work and mass transfer 
across its boundaries. Therefore, for such a system 𝑑𝑆 ൌ 𝛿𝑆௚௘௡ ൒ 0. Now 
we will use this concept to demonstrate the principle of increase of 
entropy. Let us consider a system and its surroundings as shown in Fig. 
6.11. The system can have heat, work and mass interactions with its 
surroundings. The region of the surroundings in the immediate vicinity of 
the system will be influenced by the system, whereas away from this 
region, the surroundings will remain unaffected. If we put together the 
system and its immediate surroundings as shown in Fig. 6.11. This can be 
considered as an thermodynamic universe of finite size which does not 
involve any energy and mass interactions. So thermodynamically, we can 
consider our thermodynamic universe as an isolated system. The total 

 

 

 
Fig. 6.11: Representation of a 

system and its immediate 
surroundings as an 

thermodynamic universe that 
can be considered an isolated 

system. 
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change in entropy for such an isolated system will be 𝛥𝑆௧௢௧௔௟ ൌ 𝑆௚௘௡ ൒
0. As the isolated system comprises of system and its immediate 
surroundings, hence, 𝛥𝑆௦௬௦௧௘௠ ൅ 𝛥𝑆௜௠௠௘ௗ௜௔௧௘ି௦௨௥௥௢௨௡ௗ௜௡௚௦ ൌ 𝑆௚௘௡ ൒ 0. 
This explains that the entropy change of the thermodynamic universe can 
be zero if all the processes occurring within the universe are reversible 
and it increases if irreversibilities are associated in the universe. This is 
known as the principle of increase of entropy. This principle is further 
demonstrated for an universe involving control volumes in Example 6.3. 
We can consider our actual universe also as an isolated system that 
comprises of multiple systems and their surroundings as part of it. Then, 
we can say that the entropy of the universe will never decrease and it 
keeps on increasing due to the irreversible processes occurring within it. 

6.11 Entropy Rate Equation for a Closed System 
The incremental change in entropy of a closed system per unit time 𝛿𝑡 can be expressed as 

ௗௌ

ఋ௧
ൌ

ଵ

்

ఋொ

ఋ௧
൅

ఋௌ೒೐೙
ఋ௧

. For a limiting case of 𝛿𝑡 → 0, this equation takes the form 

ௗௌ

ௗ௧
ൌ

ଵ

்

ఋொ

ௗ௧
൅

ఋௌ೒೐೙
ௗ௧

⇒ 𝑆ሶ ൌ
ொሶ

்
൅ 𝑆ሶ௚௘௡                                                                        (6.23) 

Equation (6.23) is known as entropy rate equations for a closed system and it represents the rate of 
change of entropy of a closed system is equals to flux of entropy across its boundary due to heat transfer 
and rate of heat generation within the system due to irreversibilities. For a system, there can be multiple 
heat interactions across its different boundary faces, occurring at different temperatures. For such a 
situation, their effect is to be introduced individually and finally can be superimposed as given in Eqn. 
(6.24). 

𝑆ሶ ൌ ∑ ொሶ

்
൅ 𝑆ሶ௚௘௡                                                                                                         (6.24) 

These entropy rate equations are useful for the analysis of heat engines and refrigerators which 
continuously operate with time. 

Let us demonstrate the significance of Eqn. (6.24) for a heat engine. Consider a heat engine operating 
between temperatures 𝑇ு and 𝑇௅ and exchanges heat at the rate of 𝑄ሶு and 𝑄ሶ௅ with the thermal reservoirs. 
Assume that the heat engine is operating under steady state condition ൫𝑆ሶ ൌ 0൯. The energy and entropy 
balance for such a device is expressed as 

𝑊ሶுா ൌ 𝑄ሶு െ 𝑄௅ሶ  and 0 ൌ
ொሶಹ

ಹ்
െ

ொሶಽ

ಽ்
൅ 𝑆ሶ௚௘௡. From entropy balance equation, we get 𝑄ሶ௅ ൌ

ಽ்

ಹ்
𝑄ሶு ൅ 𝑇௅𝑆ሶ௚௘௡. 

Substituting 𝑄ሶ௅ in energy balance gives 𝑊ሶுா ൌ 𝑄ሶு െ ቀ ಽ்

ಹ்
𝑄ሶு ൅ 𝑇௅𝑆ሶ௚௘௡ቁ. 

⇒ 𝑊ሶ ுா ൌ 𝑄ሶு ቀ1 െ ಽ்

ಹ்
ቁ െ 𝑇௅𝑆ሶ௚௘௡                                                                                (6.25) 

Further, 𝑊ሶுா ൌ 𝑄ሶு𝜂஼௔௥௡௢௧ െ 𝑇௅𝑆ሶ௚௘௡ ൌ 𝑄ሶு𝜂௔௖௧௨௔௟                                                         (6.26) 



Basics of Thermodynamics | 157 

 

Let us further show a similar analysis for a refrigerator operating under the same conditions as used in 
the above heat engine but in reverse mode. The operation of the refrigerator is also steady and its power 
input is 𝑊ሶ ோ. For such a device, the energy and entropy balance can be given as 

െ𝑊ሶ ோ ൌ െ𝑄ሶு ൅ 𝑄௅ሶ  and 0 ൌ െ
ொሶಹ

ಹ்
൅

ொሶಽ

ಽ்
൅ 𝑆ሶ௚௘௡. From entropy balance equation, we get 𝑄ሶு ൌ

ಹ்

ಽ்
𝑄ሶ௅ ൅

𝑇ு𝑆ሶ௚௘௡. Substituting 𝑄ሶு in energy balance gives 𝑊ሶ ோ ൌ െ𝑄ሶ௅ ൅ ቀ ಹ்

ಽ்
𝑄ሶ௅ ൅ 𝑇ு𝑆ሶ௚௘௡ቁ ⇒ 𝑊ሶ ோ ൌ 𝑄ሶ௅ ቀ

ಹ்

ಽ்
െ

1ቁ ൅ 𝑇ு𝑆ሶ௚௘௡. Further 𝑄ሶ௅ ൌ ቀ ಽ்

ಹ்ି ಽ்
ቁ𝑊ሶ ோ െ ቀ ಹ் ಽ்

ಹ்ି ಽ்
ቁ 𝑆ሶ௚௘௡                                                                                (6.27) 

Thus, 𝑄ሶ௅ ൌ 𝛽஼௔௥௡௢௧𝑊ሶ ோ െ ቀ ಹ் ಽ்

ಹ்ି ಽ்
ቁ 𝑆ሶ௚௘௡ ൌ 𝛽௔௖௧௨௔௟𝑊ሶ ோ                                                     (6.28) 

It can be inferred from Eqns. (6.26) and (6.28) that maximum benefits are obtained for both heat engine 
and refrigerator in the reversible mode. The efficiency of a heat engine becomes equal to Carnot 
efficiency and COP of the refrigerator becomes Carnot COP in reversible mode. The rate of loss of work 
in a heat engine is proportional to the rate of heat generation. Similarly, a refrigerator produces less 
refrigeration effect for a given work input in irreversible mode and the rate of loss is proportional to rate 
of entropy generation. 

 

6.12 Entropy Rate Equation for a Control Volume 
We discussed the heat transfer and entropy generation as the only possible 
modes of entropy change for closed systems in the previous sections. 
However, for a control volume there will be inflow and outflow of mass 
across its boundaries as shown in Fig. 6.12. As this mass possesses some 
associated entropy due to its thermodynamic state. Therefore, it also 
carries entropy equivalent to 𝑆 ൌ 𝑚 ൈ 𝑠 where 𝑚 is the amount of mass 
and 𝑠 is its specific entropy corresponding to thermodynamic state. Using 
this information and considering a single heat interaction and one inflow 
and one outflow of mass as shown in Fig. 6.12 for a control volume, we 
obtain the entropy balance equation as 

ሺ𝑆ଶ െ 𝑆ଵሻ௖௩ ൌ
ொ

்
൅ 𝑚௜௡𝑠௜௡ െ 𝑚௢௨௧𝑠௢௨௧ ൅ 𝑆௚௘௡                  (6.29) 

In case of multiple heat and mass interactions, Eqn. (6.29) becomes 

 ሺ𝑆ଶ െ 𝑆ଵሻ௖௩ ൌ ∑ ொ

்
൅ ∑ 𝑚௜௡𝑠௜௡ െ ∑ 𝑚௢௨௧𝑠௢௨௧ ൅ 𝑆௚௘௡        

(6.30) 

 

 

 

 

 

 
Fig. 6.12: Representation of a 

single inlet, single outlet 
control volume. 

The entropy balance equation for a control volume in rate form is given as 
ௗௌ೎ೡ
ௗ௧

ൌ ∑ ொሶ

்
൅ ∑ 𝑚ሶ ௜௡𝑠௜௡ െ ∑ 𝑚ሶ ௢௨௧𝑠௢௨௧ ൅ 𝑆ሶ௚௘௡                                                              (6.31) 

The entropy balance equation for a control volume states that change in entropy of the control volume 
is the addition of total entropy change associated with heat transfer across its boundary, net exchange 
of entropy associated with mass transfer across control surface and the total generation of entropy within 
a control volume due to various irreversibilities. 
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For a steady flow process rate of change of property of the control volume with time will be zero, i.e. 
ௗௌ೎ೡ
ௗ௧

ൌ 0. Therefore, Eqn. (6.31) becomes 

 ∑
ொሶ

்
൅ ∑ 𝑚ሶ ௜௡𝑠௜௡ െ ∑ 𝑚ሶ ௢௨௧𝑠௢௨௧ ൅ 𝑆ሶ௚௘௡ ൌ 0                                                                 (6.32) 

It must be emphasized that all the heat transfer rates, mass flow rates and the thermodynamic states of 
the inflowing and outflowing steams should remain constant with time for a steady flow process and 
hence, for the application of Eqn. (6.32). A steady flow process that involves a single inflowing stream 
and a single outflowing stream ሺ𝑚ሶ ௜௡ ൌ 𝑚ሶ ௢௨௧ ൌ 𝑚ሶ ሻ, Eqn. (6.32) becomes 

∑ ொሶ

்
൅ 𝑚ሶ ሺ𝑠௜௡ െ 𝑠௢௨௧ሻ ൅ 𝑆ሶ௚௘௡ ൌ 0                                                                               (6.33) 

Dividing Eqn. (6.33) by 𝑚ሶ  gives 

∑ ௤

்
൅ ሺ𝑠௜௡ െ 𝑠௢௨௧ሻ ൅ 𝑠௚௘௡ ൌ 0                                                                                   (6.34) 

Here, 𝑞 ൌ
ொሶ

௠ሶ
. Using Eqn. (6.34), we get 𝑠௢௨௧ ൌ 𝑠௜௡ ൅ ∑ ௤

்
൅ 𝑠௚௘௡. For an adiabatic process, 𝑠௢௨௧ ൌ

𝑠௜௡ ൅ 𝑠௚௘௡. Since 𝑠௚௘௡ ൒ 0, therefore, for a adiabatic process 𝑠௢௨௧ ൒ 𝑠௜௡. The equality sign will hold 
when the adiabatic process is reversible as well. Thus, it can be mentioned that a reversible adiabatic 
process is an isentropic process. 

 

6.13 Shaft Work for Steady Flow Devices 
We know that reversible boundary work for a closed system 

is given as ׬ ���. Now we have attempted to express a 
similar expression for the shaft work associated with a steady flow 
control volume. Consider such a control volume has only one inlet 
and one outlet and � is the specific work output from the control 
volume. For such a control volume, the energy equation on per unit 
mass flow basis is given as 

 

 

 
Fig. 6.13: Depiction of 

reversible work in a steady 
flow process on 𝑃 െ 𝑣 

diagram. 

𝑞 ൅ ℎ௜ ൅
ଵ

ଶ
𝑉௜
ଶ ൅ 𝑔𝑧௜ ൌ 𝑤 ൅ ℎ௢ ൅

ଵ

ଶ
𝑉௢ଶ ൅ 𝑔𝑧௢. The entropy equation for such a process is given as 𝑠௢ ൌ

𝑠௜ ൅
௤

்
൅ 𝑠௚௘௡. If 𝑠௢ െ 𝑠௜ ൌ ׬

௢
௜ 𝑑𝑠, then entropy equation becomes ׬

௢
௜ 𝑑𝑠 ൌ ׬

௢
௜

ఋ௤

்
൅

׬
௢
௜ 𝛿𝑠௚௘௡ ⇒ 𝑞 ൌ ׬

௢
௜ 𝛿𝑞 ൌ ׬

௢
௜ 𝑇𝑑𝑠 െ ׬

௢
௜ 𝑇𝛿𝑠௚௘௡. 

From the second thermodynamic property relation 𝑇𝑑𝑠 ൌ 𝑑ℎ െ 𝑣𝑑𝑝. Thus, 

𝑞 ൌ ׬
௢
௜ 𝑑ℎ െ ׬

௢
௜ 𝑣𝑑𝑃 െ ׬

௢
௜ 𝑇𝛿𝑠௚௘௡ ൌ ℎ௢ െ ℎ௜ െ ׬

௢
௜ 𝑣𝑑𝑃 െ ׬

௢
௜ 𝑇𝛿𝑠௚௘௡. Substituting this 

value of 𝑞 in energy equation results in 

ℎ௢ െ ℎ௜ െ ׬
௢
௜ 𝑣𝑑𝑃 െ ׬

௢
௜ 𝑇𝛿𝑠௚௘௡൅ℎ௜ ൅

ଵ

ଶ
𝑉௜
ଶ ൅ 𝑔𝑧௜ ൌ 𝑤 ൅ ℎ௢ ൅

ଵ

ଶ
𝑉௢ଶ ൅ 𝑔𝑧௢. Now 𝑤 becomes 

𝑤 ൌ െ׬
௢
௜ 𝑣𝑑𝑃 ൅

ଵ

ଶ
൫𝑉௜

ଶ െ 𝑉௢ଶ൯ ൅ 𝑔ሺ𝑧௜ െ 𝑧௢ሻ െ ׬
௢
௜ 𝑇𝛿𝑠௚௘௡                                                (6.35) 
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It should be noted from Eqn. (6.35) that last term ׬
௢
௜ 𝑇𝛿𝑠௚௘௡ is either zero or always positive as 𝑇 ൐

0 and 𝛿𝑠௚௘௡ ൒ 0. Therefore, it represents that it is always subtracted from the other terms of the equation 
and decreases the work potential of the control volume. For a reversible process, work is contributed 
due to changes in pressure, kinetic energy and potential energy. The increase of pressure during a 
process (like in a pump or compressor) makes the work negative which signifies work is supplied to the 
control volume. Whereas the decrease of pressure (for example, in a turbine) makes the work positive 
that specifies it is being produced by the control volume. The specific volume does not change the sign 
of the work, however, it controls its magnitude. A large specific volume (gas) signifies the higher 
amount of work whereas a less specific volume (liquid) results in smaller magnitude of work. In the 
absence of work for a reversible process (flow through a pipe), Eqn. (6.35) takes the form െ׬

௢
௜ 𝑣𝑑𝑃 ൅

ଵ

ଶ
൫𝑉௜

ଶ െ 𝑉௢ଶ൯ ൅ 𝑔ሺ𝑧௜ െ 𝑧௢ሻ ൌ 0. If we consider the fluid involved is incompressible, then we get 

ሺ𝑃௜ െ 𝑃௢ሻ𝑣 ൅
ଵ

ଶ
൫𝑉௜

ଶ െ 𝑉௢ଶ൯ ൅ 𝑔ሺ𝑧௜ െ 𝑧௢ሻ ൌ 0                                                              (6.36) 

Equation (6.36) is known as Bernoulli equation and it is applicable for flow of incompressible fluids 
with no irreversibilities such as friction, etc. It is often used in fluid mechanics and can be modified to 
include irreversibilities and other effects. 

Equation (6.35) is essential to determine the work associated with steady flow devices such as 
compressor, pump and turbine. For these devices, the changes in kinetic and potential energy of the 
working fluid are negligible. Therefore, shaft work for a reversible process can be written as 𝑤 ൌ
െ׬

௢
௜ 𝑣𝑑𝑃. From this integration, the shaft work associated with the process can be represented by the 

shaded portion of 𝑃 െ 𝑣 diagram as shown in Fig. 613. It must be emphasized that this equation is 
applicable for a steady flow device and should not be confused with expression of boundary work for a 
closed system. Further, it can also be explained from this equation that the pump of a steam thermal 
power plant that increases the pressure of liquid from condenser pressure to boiler pressure consumes 
very less power because specific volume of water is low. Contrary, the turbine operating between the 
same pressure limits produces large work because associated working fluid in the turbine is in a vapour 
state which has very high specific volume. This is the reason for large net work output from a steam 
thermal power plant. 

Further the applicability of the first term of Eqn. (6.35) can be discussed for a polytropic process 
involving ideal gas as the working fluid. As we know that for a polytropic process, 𝑃𝑣௡ ൌ 𝐶 ⇒ 𝑣 ൌ
𝐶ଵ/௡/𝑃ଵ/௡. This results in 𝑤 ൌ െ׬

௢
௜ 𝑣𝑑𝑃 ൌ െ׬

௢
௜ 𝐶ଵ/௡/𝑃ଵ/௡𝑑𝑃. Further, 𝑤 ൌ

െ𝐶ଵ/௡ ௡

௡ିଵ
ቆ𝑃௢

ଵିభ
೙ െ 𝑃௜

ଵିభ
೙ቇ ൌ െ

௡

௡ିଵ
ሺ𝑃௢𝑣௢ െ 𝑃௜𝑣௜ሻ. Similarly, the work during an isothermal process 

ሺ𝑃𝑣 ൌ 𝐶ሻ involving ideal gas can be given as 𝑤 ൌ െ׬
௢
௜ 𝑣𝑑𝑃 ൌ െ׬

௢
௜ 𝐶/𝑃ଵ/௡𝑑𝑃 ൌ െ𝑃௜𝑣௜𝑙𝑛

௉೚
௉೔

. 

The expression of work for a polytropic process becomes work associated with an isentropic process 
when 𝑛 is replaced with 𝑘. Three different compression processes, isentropic, polytropic and isothermal, 
are shown on 𝑃 െ 𝑣 diagram in Fig. 6.14 for the compression of an ideal gas between the same pressure 
limits. The area on the left of each process on 𝑃 െ 𝑣 diagram depicts the work of compression during 
the reversible process. It is evident that isentropic compression requires the maximum work of 
compression and it is least for an isothermal process. The work of compression lies between the two, 
for a polytropic process and it decreases as the polytropic index is decreased and becomes minimum for 
𝑛 ൌ 1. This shows that removal of heat during the compression process requires less work input. 
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Therefore, most compressors are provided with either fins or cooling water jackets to remove the heat 
during the work of compression. Intercooling of working fluid during multistage compression is another 
popular technique used for decreasing compressor work when the pressure ratio involved is large. Such 
a method is demonstrated in Example 6.4. 

6.14 Isentropic Efficiency of Different Steady Flow Devices 
In the previous chapter, we have defined the performance of devices involving thermodynamic cycle. It 
was elucidated that the irreversibilities in the cycle decreases its performance. Also, the actual cycles 
were compared against the reversible cycles. Now we will attempt to define the performance of discrete 
processes involving steady flow devices such as turbine, pump or compressor and nozzle. It is 
established for discrete processes as well in the previous sections that irreversibilities decrease the work 
output of a turbine and increase the work requirement of a pump. Therefore, it is also essential for actual 
discrete processes to compare their performance against the idealized situations which are free from 
irreversibilities. 

With this attempt, let us consider a turbine that operates between pressure 
limits of 𝑃௜ and 𝑃௢. The state of the working fluid at the inlet of the turbine 
will always be known. It is discussed in Chapter 4 that the idealized 
process for the turbine is reversible adiabatic, hence, isentropic. 
Therefore, the turbine will produce maximum work output during an 
isentropic process. Such an isentropic process for turbine is shown on ℎ െ
𝑠 diagram in Fig. 6.15. The actual process within the turbine will involve 
irreversibilities and hence the entropy generation. Therefore, the entropy 
of the working fluid at the outlet of a turbine will be greater than its 
entropy at inlet because 𝑠௢ ൌ 𝑠௜ ൅ 𝑠௚௘௡. This suggests that the actual 
outlet state of working fluid from the turbine will be towards the right of 
the isentropic exit from the same device. Such a process is presented with 
a dashed line in Fig. 6.15. Consider the actual work done by the turbine 
is 𝑤௔௖௧௨௔௟ and 𝑤௜ௗ௘௔௟ is isentropic work. Thus, the isentropic efficiency 
of the turbine is defined as 

𝜂௧௨௥௕௜௡௘ ൌ
௪ೌ೎೟ೠೌ೗

௪೔೏೐ೌ೗
ൌ

௛೔ି௛೚
௛೔ି௛೚ೞ

                                                (6.37) 

The isentropic efficiency of a turbine ranges from 70% to 90%. It is more 
for the larger turbines and less for the smaller ones. 

It is discussed in Chapter 4 that the processes involved in pump and 
compressor are adiabatic. The working fluid enters these devices at 
pressure 𝑃௜ and discharged at pressure 𝑃௢ ൐ 𝑃௜. Ideally the process inside 
pump or compressor is isentropic which is presented on ℎ െ 𝑠 diagram in 
Fig. 6.16 with 𝑜𝑠 as the exit state. The irreversibilities in actual process 
will increase the entropy at the exist, causing actual exit at state 𝑜. The 
actual process is represented with a dashed line in Fig. 6.16. The work 
consumed by the pump or compressor during actual process ሺ𝑤௔௖௧௨௔௟ሻ is 
larger than the isentropic work ሺ𝑤௜ௗ௘௔௟ሻ. Therefore, the isentropic 
efficiency of the compressor is defined as 

 
Fig. 6.14: Representation of 

different polytropic processes 
on 𝑃 െ 𝑣 diagram. 

 

 

 
Fig. 6.15: Representation of 

expansion in a turbine on  
ℎ െ 𝑠 diagram. 
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𝜂௣௨௠௣/௖௢௠௣௥௘௦௦௢௥ ൌ
௪೔೏೐ೌ೗

௪ೌ೎೟ೠೌ೗
ൌ

௛೚ೞି௛೔
௛೚ି௛೔

                                    (6.38) 

 

The typical range of isentropic efficiency for a pump or compressor is 70-
90%. The larger devices have more efficiency than the smaller ones. 

The compressors are also provided with fins or water jackets to cool the 
working fluid during the compression process. Such devices cannot be 
considered adiabatic because working fluid transfers a significant amount 
of heat to the surroundings. Usually such processes are idealised as 
reversible isothermal processes. Consider the work input to the 
compressor during isothermal compression is 𝑤௜௦௢௧௛௘௥௠௔௟. The efficiency 
of a compressor that is idealized by the reversible isothermal process is 
referred to as the isothermal efficiency and is defined as 

 

𝜂௜௦௢௧௛௘௥௠௔௟,௖௢௠௣௥௘௦௦௢௥ ൌ
௪೔ೞ೚೟೓೐ೝ೘ೌ೗

௪ೌ೎೟ೠೌ೗
                                        (6.39) 

 

Nozzle is another steady flow device in which expansion of the fluid takes 
place to increase its kinetic energy at the exit. The process inside the 
nozzle is also reversible adiabatic. Consider a nozzle operating between 
pressures 𝑃௜ and 𝑃௢. The velocity obtained at the exit of nozzle during an 
isentropic expansion (shown in Fig. 6.17) is 𝑉௢௦. The actual velocity at the 
exit of the nozzle is 𝑉௢ as the entropy at the exits increases during the 
actual process (Fig. 6.17). The isentropic efficiency of the nozzle is 
defined in terms of the actual and ideal kinetic energies of the fluid stream 
at its outlet. Thus, it is defined as 

 

𝜂௡௢௭௭௟௘ ൌ
௏೚మ/ଶ

௏೚ೞ
మ /ଶ

ൌ
௛೔ି௛೚
௛೔ି௛೚ೞ

                                                  (6.40) 

 

As a nozzle does not involve any moving components, therefore, its 
efficiency is high and ranges from 90-98%. 

 
Fig. 6.16: Representation of 

compression in a 
pump/compressor on ℎ െ 𝑠 

diagram. 

 

 
Fig. 6.17: Representation of 

expansion in a nozzle on  
ℎ െ 𝑠 diagram. 

 

 

 
For more details on the 
significance of entropy. 

6.15 Physical Inferences of Entropy 
We understood from the above discussion that entropy is an important property that helps in quantifying 
the lost potential during a process, caused due to irreversibilities. Mathematically the expressions of 
entropy change for different systems and principle of increasing entropy were elucidated. However, a 
question, what is entropy?, is still not answered or perhaps it cannot be answered fully. It must be 
emphasized that like entropy, the physical meaning of energy may not be very clear to us, but we 
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appreciate the term energy due to its common usage and understanding of processes that involve its 
transformation from one form to another. Here, we will attempt to relate the physical significance of 
entropy and its understanding from microscopic perspectives. 

Fundamentally, entropy can be measured with an amount of molecular disorder or molecular 
randomness a system can have. Upon increase in disorderness of the system, the predictability of the 
molecules becomes less and hence, its entropy increases. In the case of solids, the molecules have certain 
arrangements and they oscillate about their equilibrium positions. Contrary, in gases, the molecules have 
random motions, they collide with each-other and frequently change their directions. Thus the molecules 
are less predictable in gases than in solids. Therefore, gases have high entropy whereas solids have less 
entropy and the entropy of liquids lies between the two. 

The microscopic analysis of a system from the concepts of statistical thermodynamics states that for 
each macroscopic state of the system, there are a large number of corresponding molecular arrangements 
(microscopic states). This important statement can be understood with the help of a simple example. 
Consider a perfectly sealed room filled with air at atmospheric pressure. If we isolate the room from its 
surroundings, its pressure and other macroscopic thermodynamic properties remain the same. However, 
the air molecules inside the room will be in continuous motion and will change their positions at each 
and every instant. This means that microscopically the molecules have a large number of arrangements 
which corresponds to the same pressure (atmospheric) of the room, hence, the macroscopic state. The 
total number of possible microscopic states of a system corresponding to a unique macroscopic state of 
that system, is known as thermodynamic probability ሺ𝑝ሻ. Thermodynamic probability is related to the 
absolute entropy of the system by the Boltzmann equation which is given as 

𝑆 ൌ 𝜅 𝑙𝑛ሺ𝑝ሻ                                                                                                              (6.41) 

Here, 𝜅 is the Boltzmann constant and its value is 1.3806 ൈ 10ିଶଷ 𝐽/𝐾. Equation (6.41) connects the 
absolute entropy to uncertainty and molecular disorder. The more is the thermodynamic probability 
(molecular randomness) the more is the value of entropy. This also means that the molecular randomness 
of an isolated system increases every time it undergoes a process as irreversibilities cannot be avoided 
in reality. 

As stated earlier, molecules in solids have a particular arrangement and they oscillate about their 
equilibrium positions. Such oscillations of the molecules decrease with decrease of temperature and 
finally cease when temperature reaches absolute zero condition. The third law of thermodynamics 
states that entropy of a pure crystalline solid is zero at absolute zero temperature. There is no molecular 
disorder or uncertainty at that condition for pure crystalline solids, therefore, Eqn. (6.41) results in zero 
value. This condition is termed as the absolute reference state for entropy estimation and its value 
measured with reference to this point is called absolute entropy. Absolute entropy is very useful for 
the thermodynamic analysis of chemical reactions. It should be noted that entropy of solids other than 
crystalline solids cannot be assigned zero at absolute zero temperature as these carry certain molecular 
uncertainty. 

As heat transfers from a hot body to a cold body, it is a carrier of entropy as well. Therefore, entropy of 
the hot body decreases and the entropy of the cold body increases during a heat transfer process. 
Combining both hot and cold objects, one can say that net entropy change is balanced, however, this is 
not the case because irreversibilities during the heat transfer process generates entropy. Therefore, the 
entropy of a combined system including hot and cold objects increases. This concludes that processes 
always occur in the direction of increased universal entropy. Thus the entropy of the universe, hence the 
molecular randomness, is getting increased every instant. 
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UNIT SUMMARY 

This chapter introduces the Clausius inequality and shows its applicability for different cyclic devices. 
Further, it is used to define the entropy change equation for a reversible and internally reversible process. 
Entropy change of a pure substance is elucidated for the different regions such as compressible liquid, 
superheated vapour and saturated liquid-vapour mixture on property diagrams. Then the entropy change 
for a reversible process is used to derive the thermodynamic property relations. These property relations 
are further used to define the entropy change equations for solids, liquids and ideal gases. The property 
diagrams involving entropy as one of the coordinates are also shown for different polytropic processes. 
It was found that entropy change is contributed due to heat transfer and entropy generation for 
irreversible processes, whereas entropy generation term is zero for reversible processes. 

Different modes of entropy transfer and generation are then used to define the entropy balance equations 
for closed system and open system. It was observed that in the case of an open system, the entropy 
exchange across the boundary of the control volume also takes place with inflow and outflow of mass 
along with heat exchange. For adiabatic steady flow devices, the entropy of the outflowing stream will 
always be greater than the entropy of the inflowing stream whereas it will be equal for both streams if 
the process is reversible, hence, isentropic. The shaft work in case of reversible steady flow process 

becomes െ׬ 𝑣𝑑𝑃 when the changes in kinetic and potential energies of the working fluid are 
neglected. The reversible adiabatic (isentropic) process is used as reference for comparing the 
performance of different steady flow devices such as turbine, compressor and nozzle. The deviation 
between the actual and the ideal process for such devices is defined in terms of isentropic efficiency of 
the device. Finally, the physical understanding of entropy is presented in terms of molecular randomness 
possessed by a system. 

Solved Examples 
Example 6.1: Consider a steam power plant operates between pressure limits of 5 𝑏𝑎𝑟 and 20 𝑘𝑃𝑎. The 
inlet state of the working fluid at the boiler is saturated liquid and its outlet is saturated vapour. The 
working fluid leaves the turbine at 95% quality and enters the pump with 10% quality. Demonstrate the 
Clausius inequality for this cycle. 

Solution: Determine the heat added to the working fluid in the boiler and heat rejected from the working 

fluid in the condenser. Use this information to calculate ∮
ఋொ

்
. 

Assumptions: The state of the working fluid at the outlet of one steady flow device is identical to its 
state at the inlet of consecutive steady flow device that forms the cycle. Let us consider the state of 
working fluid changes from 1 to 2 during the constant temperature heat addition process inside the 
boiler. Similarly, working fluid changes from state 3 (turbine outlet) to state 4 (pump inlet) in the 
condenser. 

Analysis: Using saturated pressure steam table B.1, we get 

𝑇ଵ ൌ 𝑇ଶ ൌ 𝑇ு ൌ 𝑇௦௔௧@ହ଴଴ ௞௉௔ ൌ 151.83℃, 

ℎଵ ൌ ℎ௙@ହ଴଴ ௞௉௔ ൌ 640.09 𝑘𝐽/𝑘𝑔, ℎଶ ൌ ℎ௚@ହ଴଴ ௞௉௔ ൌ 2748.1 𝑘𝐽/𝑘𝑔. 

At 20 𝑘𝑃𝑎, 𝑇ଷ ൌ 𝑇ସ ൌ 𝑇௅ ൌ 𝑇௦௔௧@ଶ଴ ௞௉௔ ൌ 60.06℃, 

ℎ௙@ଶ଴ ௞௉௔ ൌ 251.42 𝑘𝐽/𝑘𝑔, ℎ௙௚@ଶ଴ ௞௉௔ ൌ 2357.5 𝑘𝐽/𝑘𝑔, 𝑥ଷ ൌ 0.1 and 𝑥ସ ൌ 0.95. 
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⇒ ℎଷ ൌ ℎ௙ ൅ 𝑥ଷℎ௙௚ ൌ 487.17 𝑘𝐽/𝑘𝑔 and ℎସ ൌ ℎ௙ ൅ 𝑥ସℎ௙௚ ൌ 2491.045 𝑘𝐽/𝑘𝑔. 

The heat added to working fluid on per unit mass basis is 

𝑞ு ൌ ℎଶ െ ℎଵ ൌ 2108.01 𝑘𝐽/𝑘𝑔. 

The heat loss from working fluid on per unit mass basis is 

𝑞௅ ൌ ℎସ െ ℎଷ ൌ 2003.875 𝑘𝐽/𝑘𝑔. 

The Clausius inequality for the cycle results in ∮
ఋொ

்
ൌ

௤ಹ

ಹ்
െ

௤ಽ

ಽ்
ൌ

ଶଵ଴଼.଴ଵ

ସଶସ.ଽ଼
െ

ଶ଴଴ଷ.଼଻ହ

ଷଷଷ.ଶଵ
 𝑘𝐽/𝑘𝑔 𝐾. 

⇒ ∮
ఋொ

்
ൌ െ1.054 𝑘𝐽/𝑘𝑔 െ 𝐾. This shows that the given steam power cycle does not violate the 

second law of thermodynamics and is of irreversible nature. 

Example 6.2: A constant pressure piston-cylinder system contains saturated water at 200 𝑘𝑃𝑎. Heat is 
now added to the water till it reaches saturated vapour state. Determine the change in entropy per unit 
mass of water during this process. 

Solution: The change in entropy of water is to be determined during a constant pressure heat addition 
process. 

Assumptions: Consider the initial state of the system is 1 and its final state is 2.  

Analysis: Using steam table B.2, we get 𝑠ଵ ൌ 𝑠௙@ଶ଴଴ ௞௉௔ ൌ 1.5302 𝑘𝐽/𝑘𝑔 െ 𝐾, 

𝑠ଶ ൌ 𝑠௚@ଶ଴଴ ௞௉௔ ൌ 7.1270 𝑘𝐽/𝑘𝑔 െ 𝐾. Thus entropy change of water during heat addition process is 
𝛥𝑠 ൌ 𝑠ଶ െ 𝑠ଵ ൌ 5.5968 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Alternative approach: Let us find first heat added during the process, i.e. 𝑞 ൌ ℎଶ െ ℎଵ. Using table 
B.2, we get ℎଵ ൌ ℎ௙@ଶ଴଴ ௞௉௔ ൌ 504.71 𝑘𝐽/𝑘𝑔, 

ℎଶ ൌ ℎ௚@ଶ଴଴ ௞௉௔ ൌ 2706.3 𝑘𝐽/𝑘𝑔 ⇒ 𝑞 ൌ ℎଶ െ ℎଵ ൌ ℎ௙௚@ଶ଴଴ ௞௉௔ ൌ 2201.6 𝑘𝐽/𝑘𝑔. 

As the state of substance changes from saturated liquid to saturated vapour, therefore, temperature is 
constant during the heat addition process. 

Thus 𝑇 ൌ 𝑇௦௔௧@ଶ଴଴ ௞௉௔ ൌ 120.21℃. Therefore, entropy change for this internally reversible process is 

given as 𝑠ଶ െ 𝑠ଵ ൌ
௤

்
ൌ

௛೑೒
்
ൌ

ଶଶ଴ଵ.଺

ଷଽଷ.ଷ଺
ൌ 5.5969 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Discussion: It is to be noted that entropy calculated using alternate approach matches with the direct 
estimation of entropy obtained from the property tables. This it is important to highlight that the 

relationship 𝑠௙௚ ൌ
௛೑೒
்

 is used to construct the entropy tables in the saturated liquid-vapour regime as it 

can be measured directly using experiments. 

 

Example 6.3: Illustrate the principle of increase of entropy using control volume approach. 

Solution: Principle of increase of entropy is to be demonstrated for control volumes. 

Assumptions: Consider the universe is divided into two control volumes as shown in Fig. E-6.3. 

Discussion: Control volume CV1 involves mass, heat and work interactions with its surroundings CV2. 
The 𝑚ሶ ௜ is the mass entering CV1 from CV2 and 𝑚ሶ ௢ is the mass leaving CV1 and entering CV2. 𝑊ሶ  is 
the work done by the control volume CV1 and 𝑄ሶ  is the rate of heat added to CV1. This heat is added at 
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temperature 𝑇௦. The temperature of surroundings (CV2) can be different than 𝑇௦ away from the location 
of heat transfer. The rate of entropy change for control volume CV1 is 
ௗௌ಴ೇభ
ௗ௧

ൌ
ொሶ

ೞ்
൅ 𝑚ሶ ௜𝑠௜ െ 𝑚ሶ ௢𝑠௢ ൅ 𝑆ሶ௚௘௡,஼௏ଵ. Similarly, rate of entropy change for control volume CV2 is 

ௗௌ಴ೇమ
ௗ௧

ൌ െ
ொሶ

ೞ்
െ 𝑚ሶ ௜𝑠௜ ൅ 𝑚ሶ ௢𝑠௢ ൅ 𝑆ሶ௚௘௡,஼௏ଶ. Thus rate change of total entropy of universe is 

ௗௌೠ೙೔ೡ೐ೝೞ೐
ௗ௧

ൌ
ௗௌ಴ೇభ
ௗ௧

൅
ௗௌ಴ೇమ
ௗ௧

ൌ 𝑆ሶ௚௘௡,஼௏ଵ ൅ 𝑆ሶ௚௘௡,஼௏ଶ ൒ 0. 

Therefore, the rate of change of entropy of the universe is equal to the rate of entropy generation due to 
irreversibilities that will be always positive except for a special case of reversible processes for which 
it will be zero. 

 
Fig. E-6.3 

 

Example 6.4: Show that multistage polytropic compression with intercooling takes less work input than 
a single stage polytropic compression process between the same pressure limits. 

Solution: We need to compare work of compression between single stage polytropic compression and 
multistage polytropic compression with intercooling for the same pressure limits. 

Assumptions: Consider a fluid to be compressed from pressure 𝑃ଵ to 𝑃ଶ ൐ 𝑃ଵ in a polytropic process. 

 
Fig. E-6.4 

Discussion: In the first case, the compression from pressure 𝑃ଵ to 𝑃ଶ is achieved in a single polytropic 
process and is represented by process 1-2 on 𝑃 െ 𝑣 and 𝑇 െ 𝑠 diagram in Fig. E-6.4. In the second 
situation, a first stage compressor is used to increase pressure from 𝑃ଵ to 𝑃௜ where 𝑃ଵ ൏ 𝑃௜ ൏ 𝑃ଶ as 
represented by process 1-3 on 𝑃 െ 𝑣 and 𝑇 െ 𝑠 diagram in Fig. E-6.4. Then at pressure 𝑃௜ fluid is passed 
through a heat exchanger to cool it. The heat exchanger used is known as an intercooler. In an ideal 
intercooler, the fluid is cooled to its initial temperature 𝑇ଵ as shown by process 3-4 in Fig. E-6.4. Further, 
the fluid obtained at the exit of intercooler is passed through second stage compressor to increase its 
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pressure from 𝑃௜ to desired pressure 𝑃ଶ. The process 4-5 represents second stage compression in Fig. E-
6.4. Therefore, in case of multistage compression with intercooling the desired pressure increase is 

achieved through processes 1-3-4-5. As the reversible work for a steady flow device is െ׬ 𝑣𝑑𝑃, 
therefore, single stage compression process 1-2 has the highest work requirement as it encloses 
maximum area on its left on 𝑃 െ 𝑣 diagram. The area enclosed on 𝑃 െ 𝑣 diagram by process 1-3-4-5 on 
its left is less. Moreover, the shaded area 2-3-4-5-2 on 𝑃 െ 𝑣 diagram shows the amount of work saved 
upon using the multistage compression with intercooling. 

It must be emphasized that multistage compression with intercooling is an effective method to reduce 
the work requirement of the compressor particularly for high pressure ratios. The use of this technique 
at low pressure ratios may not justify the cost involved in installation and operation of the additional 
components involved. 

 

Example 6.5: Prove that slope of constant volume process is greater than slope of constant pressure 
process involving ideal gas as working fluid on 𝑇 െ 𝑠 diagram. 

Solution: We need to determine 
ௗ்

ௗ௦
 for constant volume and constant pressure processes. 

Assumptions: We will use the thermodynamic property relations to determine the slope 
ௗ்

ௗ௦
 considering 

ideal gas as the working fluid. For ideal gas, 𝑑𝑢 ൌ 𝐶௩଴𝑑𝑇 and 𝑑ℎ ൌ 𝐶௣଴𝑑𝑇. 

Discussion: From first thermodynamic property relation, we get 

𝑇𝑑𝑠 ൌ 𝑑𝑢 ൅ 𝑃𝑑𝑣 ⇒ 𝑇𝑑𝑠 ൌ 𝐶௩଴𝑑𝑇 ൅ 𝑃𝑑𝑣. For constant volume process, 𝑑𝑣 ൌ 0. Thus, 

ቀ
ௗ்

ௗ௦
ቁ
௩ୀ௖௢௡௦௧.

ൌ
்

஼ೡబ
. 

Similarly, from second thermodynamic property relation, we get 

𝑇𝑑𝑠 ൌ 𝑑ℎ െ 𝑣𝑑𝑝 ⇒ 𝑇𝑑𝑠 ൌ 𝐶௣଴𝑑𝑇 െ 𝑣𝑑𝑝. For constant pressure process, 𝑑𝑝 ൌ 0. Thus, 

ቀ
ௗ்

ௗ௦
ቁ
௣ୀ௖௢௡௦௧.

ൌ
்

஼೛బ
. 

Since, 𝐶௣଴ ൐ 𝐶௩଴, therefore, ቀ
ௗ்

ௗ௦
ቁ
௩ୀ௖௢௡௦௧.

൐ ቀ
ௗ்

ௗ௦
ቁ
௣ୀ௖௢௡௦௧.

. Hence, slope of constant volume process is 

greater than slope of constant pressure process on 𝑇 െ 𝑠 diagram. This is represented graphically on 
𝑇 െ 𝑠 diagram in Fig. E-6.5. 

 
Fig. E-6.5 
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Example 6.6: A thermal reservoir at 1300𝐾 supplies 3500 𝑘𝐽 of heat to another thermal reservoir at 
800𝐾. Determine the entropy generation during this heat transfer process. If the temperature of heat sink 
is increased from 800𝐾 to 1100𝐾, what happens to irreversibilities associated with the process? 

Solution: The entropy generated due to the heat transfer process is to be estimated as it quantifies the 
amount of irreversibilities. 

Assumptions: The two thermal reservoirs cannot have direct contact between them as it will result in 
temperature discontinuity at the contact surface. Therefore, for this heat transfer to take place between 
two thermal reservoirs, an imaginary partition can be assumed as shown in Fig. E-6.6. This partition 
acts only as a communicator of heat between two reservoirs and does not go through any change in its 
energy. Thus entropy change for this can be assumed to zero. Also, the heat transfer across a thermal 
reservoir does not change its temperature, therefore, it can be considered an internally reversible process 
for the thermal reservoir. 

 
Fig. E-6.6 

Analysis: Using above assumptions the entropy change for thermal reservoir at 1300𝐾 is 

𝛥𝑆௛௘௔௧ ௦௢௨௥௖௘ ൌ
ொ

்೓೐ೌ೟ ೞ೚ೠೝ೎೐
ൌ

ିଷହ଴଴

ଵଷ଴଴
ൌ െ2.69 𝑘𝐽/𝐾. 

Similarly, the entropy change for heat sink at 800𝐾 can be given as 

𝛥𝑆௛௘௔௧ ௦௜௡௞ ൌ
ொ

்೓೐ೌ೟ ೞ೔೙ೖ
ൌ

ଷହ଴଴

଼଴଴
ൌ 4.375 𝑘𝐽/𝐾. 

When the two reservoirs are combined to form an universe, the entropy generation is expressed as 
𝑆௚௘௡ ൌ 𝛥𝑆௧௢௧௔௟ ൌ 𝛥𝑆௛௘௔௧ ௦௢௨௥௖௘ ൅ 𝛥𝑆௛௘௔௧ ௦௜௡௞ ൌ 1.685 𝑘𝐽/𝐾. 

This entropy is generated due to irreversibilities caused by the heat transfer associated with finite 
temperature difference. 

If the heat sink at 800𝐾 is replaced with another heat sink at 1100𝐾, then 

𝛥𝑆௛௘௔௧ ௦௜௡௞ ൌ
ொ

்೓೐ೌ೟ ೞ೔೙ೖ
ൌ

ଷହ଴଴

ଵଵ଴଴
ൌ 3.182 𝑘𝐽/𝐾. 

Thus, 𝑆௚௘௡ ൌ 𝛥𝑆௧௢௧௔௟ ൌ 𝛥𝑆௛௘௔௧ ௦௢௨௥௖௘ ൅ 𝛥𝑆௛௘௔௧ ௦௜௡௞ ൌ 0.492 𝑘𝐽/𝐾. 

Upon decreasing the temperature difference between two thermal reservoirs during the heat transfer, the 
amount of entropy generation has decreased. This signifies the presence of less irreversibilities for a 
heat transfer occurring at a smaller temperature difference between two objects. 
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EXERCISES 

Multiple Choice Questions 

 

6.1 Clausius inequality states that 

 A. ∮
ఋொ

்
൐ 0 B. ∮

ఋொ

்
൒ 0  C. ∮

ఋொ

்
൑ 0 D. ∮

ఋொ

்
൏ 0 

6.2 For a heat engine that undergoes a cyclic process whether reversible or irreversible 

 A. ∮ 𝛿𝑄 ൐ 0 B. ∮ 𝛿𝑄 ൒ 0 C.  ∮ 𝛿𝑄 ൏ 0 D. ∮ 𝛿𝑄 ൑ 0  

6.3 For a reversible refrigerator 

 A. ∮ 𝛿𝑄 ൐ 0 B. ∮ 𝛿𝑄 ൒ 0 C. ∮ 𝛿𝑄 ൏ 0  D. ∮ 𝛿𝑄 ൑ 0 

6.4 For an irreversible refrigerator 

 A. ∮ 𝛿𝑄 ൐ 0 B. ∮ 𝛿𝑄 ൒ 0 C. ∮ 𝛿𝑄 ൏ 0  D. ∮ 𝛿𝑄 ൑ 0 

6.5 Choose the correct expression for the entropy change of a process. 

 A. 𝑑𝑆 ൌ
ఋொ

்
 B. 𝑑𝑆 ൏

ఋொ

்
 C. 𝑑𝑆 ൒

ఋொ

்
  D. 𝑑𝑆 ൐

ఋொ

்
 

6.6 The property relation 𝑇𝑑𝑠 ൌ 𝑑ℎ െ 𝑣𝑑𝑃 is not applicable for a/an  

  A. reversible 
process 

B. irreversible 
process 

C. internally 
reversible process 

D.  none of these 

6.7 The integration of property relation 𝑇𝑑𝑠 ൌ 𝑑ℎ െ 𝑣𝑑𝑃 is not possible along a/an   

 A. reversible 
process 

B. irreversible 
process 

C. internally 
reversible process 

D.  externally 
irreversible process 
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6.8 The entropy generation for a process cannot be 

 A. zero B. positive C. negative D. both A and C 

6.9 The isentropic pumping of an incompressible liquid is also an 

 A. isobaric process B. isothermal 
process 

C. isochoric process D. isenthalpic 
process 

6.10 The pump of a steam thermal power plant consumes very less work due to the 
low__________________________of working fluid. 

 A. specific volume B. specific internal 
energy 

C. specific enthalpy D. specific entropy 

6.11 A process involving ideal gas as the working fluid is reversible adiabatic in nature. The 
polytropic index for such a process will be 

 A. 𝑛 ൌ 0 B. 𝑛 ൌ 1 C. 𝑛 ൌ 𝑘 D. 𝑛 ൌ ∞ 

6.12 The work loss ൫𝑇𝑆௚௘௡൯ caused due to irreversibilities in a process is always 

 A. zero B. positive C. negative D. both A and B 

 

Answers of Multiple Choice Questions 

 

6.1 C, 6.2 B, 6.3 D, 6.4 C, 6.5 C, 6.6 D, 6.7 B, 6.8 C, 6.9 B, 6.10 A, 6.11 C, 6.12 D 

 

Short and Long Answer Type Questions 

6.1 Can ∮ 𝛿𝑄 ൐ 0 exist for a cycle without violating the Clausius inequality? Explain. 

6.2 Is ∮ 𝛿𝑄 ൌ 0 a necessary condition for a cyclic process to occur? Elaborate. 

6.3 Two processes occur between the same end states, one in reversible manner and other in 
irreversible manner. Which of the two processes will have larger entropy change? Explain. 

6.4 Comment on the value of ׬
ଶ
ଵ

ఋொ

்
 for all the reversible and irreversible processes that occur 

between states 1 and 2. Elucidate with necessary examples. 
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6.5 Can the entropy change for a process be negative? Explain with examples. 

6.6 What are the modes of entropy transfer across the boundary of a closed system? 

6.7 What are the modes of entropy transfer across the boundary of a control volume? 

6.8 Can the entropy of a closed system and its surroundings increase simultaneously? Elucidate. 

6.9 How the entropy produced in a single inlet and single outlet steady flow process is reflected? 
Explain. 

6.10 Can entropy be destroyed during a process? Elucidate. 

6.11 Do all reversible adiabatic processes are isentropic? Explain. 

6.12 Do all isentropic processes are reversible adiabatic? Explain. 

6.13 How do fins and water jackets are used for a compressor? Elaborate. 

6.14 What happens to entropy of an isolated system during a process? 

6.15 Prove that an irreversible heat pump consumes more work to produce the same amount of heating 
in comparison to a reversible heat pump operating between the same temperature limits. 

 

Numerical Problems 

6.1 A finned air compressor is used to increase the pressure of air at constant temperature conditions 
of 35℃ which is maintained by transferring heat to the surroundings at 15℃. The compressor 
has rated power of 22 𝑘𝑊. Determine the rate of change in entropy of the air. 

6.2 Water is used as a working fluid in a Carnot cycle whose quality changes from 0.8 to 0.2 during 
the heat rejection process in a condenser at 25℃. Determine the change in entropy of the working 
fluid. Also, estimate the change in entropy of the heat sink and total change of entropy for the 
process. 

6.3 The change in entropy of the working fluid of a Carnot cycle during the heat addition process is 
0.05 𝑘𝑊/𝑘. Determine the amount of heat added if the heat addition process takes place at 400℃. 
Also, find the entropy change for the heat source and total change in entropy for the process. 

6.4 A rigid vessel of 25 𝐿 volume contains water at 220 𝑘𝑃𝑎 and 180℃. The water exchanges heat 
with the surroundings till its temperature drops to 45℃. Calculate the change in entropy of the 
water. 

6.5 2 𝑘𝑔 water having 80% quality is contained in a piston cylinder system at a constant pressure of 
120 𝑘𝑃𝑎. Heat is transferred to the system from a constant temperature source at 500℃ till its 
temperature reaches 350℃. Calculate the entropy change of the water. Also, find the entropy 
change for the heat source and total entropy change during the process. 

6.6 A 45 𝑘𝑔 copper block is at 90℃ and is quenched in 100 𝐿 of water at 22℃ that is contained in 
an insulated tank. Determine the change in entropy of the process considering specific heat of 
copper is 0.38 𝑘𝐽/𝑘𝑔 െ 𝐾. 

6.7 Two blocks, one of iron and the other of aluminium, are dropped into a water pond at 20℃. The 
initial temperature of both the blocks is 75℃. The mass of iron block is 45 𝑘𝑔 and mass of 
aluminium block is 10 𝑘𝑔. The specific heats of iron and aluminium are 0.44 𝑘𝐽/𝑘𝑔 െ 𝐾 and 
0.90 𝑘𝐽/𝑘𝑔 െ 𝐾, respectively. Determine the change in entropy of the process once the thermal 
equilibrium is established between blocks and water as the result of heat transfer. 
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6.8 2 𝑘𝑔 air is contained in a piston-cylinder system at 100 𝑘𝑃𝑎 and 22℃. The air is then compressed 
in a polytropic process having 𝑛 ൌ 1.25 till its volume reduces to one fourth of the initial volume. 
Calculate the change in entropy of air during this compression process. 

6.9 Air is compressed isothermally in a piston-cylinder device from 100 𝑘𝑃𝑎 and 25℃ to 620 𝑘𝑃𝑎. 
Estimate the change in entropy of air and the amount of work done during this process. 

6.10 Air is compressed from 120 𝑘𝑃𝑎 and 22℃ to 620 𝑘𝑃𝑎 and 170℃ in a steady flow compressor at 
the rate of 72 𝑘𝑔/ℎ𝑟. The power consumption of the compressor is 4.5 𝑘𝑊 and it transfers 
some heat to the surroundings at 20℃ during the compression process. Determine the 
change in entropy of air and total change of entropy during this process. Changes in 
kinetic and potential energies of air across the compressor can be neglected. 

6.11 A rigid vessel contains 5 𝑘𝑔 of air at 500 𝑘𝑃𝑎 and 35℃. The vessel is insulated and a valve is 
opened till air pressure drops to 120 𝑘𝑃𝑎 within the tank. Determine the final air mass in the tank 
if air is assumed to undergo a reversible adiabatic expansion. 

6.12 A steam power plant operates between the pressure limits of 20 𝑀𝑃𝑎 and 30 𝑘𝑃𝑎. Water enters 
the pump as saturated liquid and leaves the turbine as saturated vapour. Determine the work done 
by the turbine and the work consumed by the pump if the expansion and pumping processes are 
reversible adiabatic. 

6.13 An adiabatic turbine receives steam at 10 𝑀𝑃𝑎 and 550℃, discharges at 20 𝑘𝑃𝑎. Determine the 
temperature of steam at turbine exit if its isentropic efficiency is 85%. Also, calculate the power 
produced by the turbine if the mass flow rate of steam is 5 𝑘𝑔/𝑠. Estimate the change in entropy 
of steam during this process. 

6.14 Combustion gases enters the nozzle of a jet engine at 300 𝑘𝑃𝑎 and 800℃ and leaves at 80 𝑘𝑃𝑎. 
Consider the combustion gases as air and isentropic efficiency of nozzle as 90%. Determine the 
exit temperature and exit velocity of gases. Also, estimate the change in entropy of gases during 
this process. 

6.15 A geyser installed at IIT Mandi is configured to enter the cold water at 10℃ into a well-insulated, 
double-pipe heat exchanger at the rate of 0.22 𝑘𝑔/𝑠 and is heated to 50℃ by the hot saturated 
water (liquid) that enters at 100℃. Find the exit temperature of the hot medium if its flow rate is 
2.8 𝑘𝑔/𝑠 and the rate of heat transfer between the hot and cold mediums. Also, calculate the rate 
of entropy generation in the heat exchanger. 

6.16 Superheated steam at 250 𝑘𝑃𝑎 and 180℃ is mixed with with compressed liquid having 250 𝑘𝑃𝑎 
pressure and 35℃ temperature. The mixture leaves the mixing chamber at 250 𝑘𝑃𝑎 and 80℃ 
when the compressed liquid enters the mixing chamber at mass flow rate of 2.2 𝑘𝑔/𝑠. Calculate 
the mass flow rate of the superheated steam if the mixing chamber transfers heat to surroundings 
at 20℃ at the rate of 15 𝑘𝑊. Also, find the rate of entropy generation during this process. 

6.17 250 𝑘𝐽 of heat transfers from a thermal reservoir at 1200 𝐾 to an iron vessel at 850 𝐾. This vessel 
transfers the same amount of heat to another thermal reservoir at 490 𝐾. Determine the total 
entropy generation during this process. 

6.18 1.2 𝑘𝑔 air is contained in a rigid vessel at 120 𝑘𝑃𝑎 and 300 𝐾. The vessel is provided with an 
electric resistance heater which supplies energy at the rate of 500 W. Determine the temperature 
of the air if its pressure measured after one hour is 215 𝑘𝑃𝑎. The vessel transfers heat to the 
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surroundings at 300 𝐾 during the process. Calculate the amount of heat transferred from the vessel 
to the surroundings and entropy generation during the process. 

6.19 Air is compressed in first stage of a compressor from 100 𝑘𝑃𝑎 and 25℃ to 2.5 𝑀𝑃𝑎. Then an 
intercooler cools it at constant pressure to 70℃. Air coming from intercooler is again compressed 
to a pressure of 12 𝑀𝑃𝑎. Determine the total specific work and the amount of heat transfer in the 
intercooler if both the compression stages are reversible adiabatic. Also, find the percentage 
increase in the specific work if the compression process is achieved in a single state without any 
intercooling. 

6.20 A pump delivers water at the rate of 100 𝐿/𝑠 through a vertical distance of 15 𝑚 and velocity of 
15 𝑚/𝑠 at ambient conditions. Determine the work input to the pump if the isentropic efficiency 
of the combined system is 65%. Also, find the entropy generation during the process. 

PRACTICAL 

Activity 1: List the causes of irreversibilities associated with the operation of different devices you 
encounter at your home and workplace. Also, make efforts to quantify the entropy generation in some 
of these devices if possible. 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

● Introduction to the concept of exergy;  
● Exergy transfer associated with various modes of energy transfer;  
● Exergy potential of closed systems;  
● Exergy potential of flowing streams; 
● Exergy balance equation; 
● Second law efficiency. 

 

Till now you have understood the basic concepts of energy and entropy and associated laws 
defining the energy conservation and entropy accounting. The concept of entropy was used for 
predicting the spontaneity of any thermodynamic process. Through the second law of 
thermodynamics we also know the limit of the conversion efficiency of one type of energy in transit 
(heat) into another named work. The concept of exergy defines the limiting amount of energy 
content that can be converted into work in specified ambient conditions where the thermodynamic 
system is placed. 

RATIONALE  

The understanding of exergy makes the concepts of thermodynamics closer to reality by 
simultaneous consideration of system and environment in which the system is expected to produce 
work. The exergy balance of open and closed systems enables us to estimate the flow of energy into 
the system which has feasibility for being transferred into work. This concept is practically 
expressed in terms of  second law efficiency of thermodynamic systems. 

PRE‐REQUISITES  

First law of thermodynamics; second law of thermodynamics; entropy 

 

7 

 Exergy 
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UNIT OUTCOMES  

List of outcomes of this unit is as follows: 

U7-O1: Appreciation of concept of exergy 

U7-O2:  Understating the relationship between exergy transfer and energy transfer 

U7-O3:  Understand the concept of exergy potential 

U7-O4: Estimation of exergy potentials of closed and open systems 

U7-O5:  Understanding the applications of exergy balance equation 

 

Unit-7 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U7‐O1  3 2 2 3 3 2 

U7‐O2  3 2 2 3 3 2 

U7‐O3  3 2 2 3 3 2 

U7‐O4  2 2 2 3 3 2 

U7‐O5  2 2 2 3 3 2 
 

+ 

7.1 Introduction to Exergy 
We established in the previous chapters that only the amount of energy is 
not sufficient to know its work potential. Such an argument is specifically 
discussed for a few devices involving heat and work transformations. 
Here, we will attempt to generalize this concept for different situations 
involving energy interactions. Let us first understand the work potential 
associated with the same amount of heat at different temperatures. 
Consider 𝑄 amount of heat at the surface of the sun that typically has 
temperature ≃ 5800𝐾. The work potential or maximum useful work from 
this heat can be extracted by operating a Carnot heat engine between this 
heat source and atmosphere as a heat sink (Fig. 7.1-a). An estimate 
involving Carnot efficiency suggests that about 95% of this heat can be 
converted to work. When the same amount of heat reaches the earth 
surface, it is available at the ambient temperature (Fig. 7.1-b). Now the 
work potential of this heat is zero. The amount of energy that earth 
receives from the sun is significantly larger than the global energy 
demand and it can really solve the global energy crisis if available at 
higher temperatures. However, when its temperature reaches to the 
ambient conditions it is simply regarded as the waste heat because it 
cannot be used to extract energy. This is the reason we attempt to 

 

 

 

 
For more details on exergy. 
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concentrate the solar radiations on solar collectors and other solar energy 
based devices to obtain the heat at temperatures above than atmospheric 
temperature so that it can be used to extract some useful work. 

In the previous illustration, we specifically talked about only one form of 
energy, i.e. heat, however, for a generic source of energy it can be 
available in different forms such as high pressure gas which can be used 
to obtain boundary work, chemical energy stored in a fuel that can give 
heat at very high temperatures and even the combination of many forms. 
Therefore, a generic property that represents the maximum work potential 
or maximum useful work that the energy contained in a system can have 
at a specified state is called exergy or availability or available energy. 
It is well established in previous chapters that work done by a system 
during a process depends upon the initial and final states of the system 
and the process path as indicated in Fig. 7.2 for the boundary work 
obtained from a closed system between states 1 and 2. Firstly, to obtain 
the maximum work potential, the process should be reversible, therefore, 
the irreversibilities are not accounted for in the estimate of exergy. 
Secondly, the system should not have any potential left to do more work 
at the end state. For instance, in Fig. 7.2 if end pressure of the system 
𝑃ଶ ൐ 𝑃଴ where 𝑃଴ is the pressure of its surroundings. Then, we still have 
the opportunity to expand the system boundary till it reaches the 
surrounding conditions. The additional work performed by system from 
𝑃ଶ to 𝑃଴ is shown in Fig. 7.2. Thus, it is quite evident that the end state of 
the system should be in thermodynamic equilibrium with its surroundings 
to extract the maximum work from it during a process and such a state of 
the system is known as dead state. A system in dead state is represented 
in Fig. 7.3. It has chemically inert fluid which is at atmospheric pressure 
and temperature, thus in chemical, mechanical and thermal equilibrium. 
Also, the velocity and elevation of the system are zero relative to its 
surroundings. Any external effects such as surface tension, electrical and 
magnetic, etc. should also be balanced between the system and 
surroundings at the dead state of the system if these are of importance. 
The exergy of a system at its dead state is zero as it cannot undergo a 
process. The properties at the dead state of a system are usually 
represented by subscript “0”. 

When a system undergoes a process, it influences its immediate vicinity 
of surroundings and the region of surroundings far away from the system 
remains uninfluenced. Thus, irreversibilities if any are associated with the 
surroundings in the immediate vicinity of the system. Therefore, the 
portion of the surroundings in the vicinity of the system that is influenced 
by a process occurring in the system is known as immediate 
surroundings. The region of surroundings other than immediate 
surroundings of a system is known as the environment. Typically, the 
environment does not experience any effect of a process occurring in a 
system. For a typical situation of cooling of a hot water bucket in open 

 

 

Fig. 7.1: A heat engine 
operating between: (a) sun 

and atmosphere and (b) two 
reservoirs at ambient 

temperature. 

 
Fig. 7.2: Representation of 
boundary work on 𝑃 െ 𝑣 

diagram during an expansion 
process. 
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air, its immediate surroundings and environment are shown in Fig. 7.4. It 
can be observed from Fig. 7.4 that temperature varies between 
environment temperature and system temperature in the immediate 
surroundings whereas the environment remains at a fixed temperature of 
25℃ and is not influenced by the system. 

 
Fig. 7.3: Depiction of the 

dead state of a system. 

 
Fig. 7.4: Depiction of the 

immediate surroundings and 
environment of a system. 

It is important to highlight if system temperature is either greater or smaller than the temperature of the 
environment then it has potential to produce work by operating a heat engine between the two 
temperature limits. Similarly the deviation in system pressure from the pressure of the environment has 
potential to do boundary work till pressure is not equalized. The velocity of the system relative to the 
environment can be used to displace an object or a turbine to extract mechanical work. Only a system 
in dead state has no potential to do work. The atmosphere around us is in a dead state, that's why it has 
no potential to do work despite the huge amount of energy it has. A system produces maximum possible 
work when it undergoes a reversible process from its given initial state to dead state. This maximum 
possible limit of useful work that a system can deliver without violating the laws of thermodynamics is 
called exergy and the actual work delivered by a system is always less than its exergy. As the final state 
in determining exergy is controlled by the environment conditions, therefore, exergy can be regarded as 
the combined property of the system and environment. The amount of exergy associated with the given 
state of a system changes with change in conditions of the environment. For example, the exergy of a 
heat source can be slightly larger in winters than in summers. 

7.2 Exergy Associated with Different Modes of Energy Transfer 
We established in Chapter 2 that energy is stored in a system in different forms such as internal energy, 
kinetic energy and potential energy, etc. The kinetic and potential energies are the mechanical form of 
energy whereas the internal energy is associated with the thermodynamic state of a system. The kinetic 
energy of a system, being the mechanical form of energy, can be fully utilized as useful work 
irrespective of the thermodynamic state of the system. For example, the velocity of fluid at the exit of a 
nozzle can be utilized to rotate a turbine and obtain the shaft work. Under the reversible conditions (no 
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losses due to friction and fluid viscosity, etc.), the work produced by the turbine will be equal to the 
kinetic energy of the fluid. Similarly, the potential energy possessed by a system can be fully utilized to 
obtain work. For instance, a mass, 𝑚 lowered through height, 𝑧 is used to stir a fluid does 𝑚𝑔𝑧 amount 
of work on the fluid under reversible conditions. Thus, it can be concluded that the exergy of kinetic 
energy and potential energy of a system are equal to themselves irrespective of the pressure and 
temperature of the environment. 

The internal energy, which is specified by the thermodynamic state of the system, can change via heat 
transfer, work transfer and mass transfer where mass transfer is applicable only for control volumes. It 
is to be noted that the nuclear and chemical reactions are also the other possible ways to change the 
internal energy of a system, however, we restrict ourselves to thermo-mechanical exergy in the present 
discussion, therefore, do not consider these effects. We will now establish the amount of exergy 
associated with heat and work transfer between system and surroundings, whereas the exergy associated 
with flowing stream is discussed in Section 7.4. 

7.2.1 Exergy Transfer by Heat 

Heat transfer ሺ𝑄ሻ from a constant temperature source at temperature 𝑇 to its environment at 𝑇଴ can be 
achieved reversibly only by employing a Carnot heat engine between the two thermal reservoirs. The 
maximum work that can be extracted during this heat transfer process is the exergy associated with heat 
transfer and is expressed as 

𝜒௛௘௔௧ ൌ 𝑊௥௘௩ ൌ ቀ1 െ బ்

்
ቁ𝑄                                                                                          (7.1) 

When the temperature of the heat source changes during the heat transfer process then Eqn. (7.1) can be 
expressed in integral form as 

𝜒௛௘௔௧ ൌ 𝑊௥௘௩ ൌ ׬ ቀ1 െ బ்

்
ቁ 𝛿𝑄                                                                                      (7.2) 

It is to be noted from Eqns. (7.1) and (7.2) that for 𝑇 ൐ 𝑇଴ the exergy of the system increases when the 
heat is added to the system and it decreases when heat is leaving from the system. This can be understood 
with ease for a variable temperature heat source. If you add heat to such a source its temperature 
increases and deviates more from the environment temperature, therefore, increases its exergy. 
Contrary, the removal of heat from such a source will decrease its temperature and bring it more closer 
to environment temperature, therefore, its exergy decreases. Hence, for a heat source having 𝑇 ൐ 𝑇଴, 
direction of heat transfer and exergy transfer are the same. This is schematically shown in Fig. 7.5-a,b. 

It will be interesting to know that how a system having temperature 𝑇 ൏ 𝑇଴ possesses exergy. For such 
a system, the environment acts as the heat source and the system acts as a heat sink for a Carnot heat 
engine. Now, adding heat to such a system will bring its temperature closer to the environment, 
therefore, decreasing its exergy. While removing heat from such a cold medium will increase its exergy 
due to more deviation from the environment. Therefore, heat transfer and exergy transfer take place in 
opposite direction for a system having 𝑇 ൏ 𝑇଴. It is schematically shown in Fig. 7.5-c,d. The exergy 
associated with heat transfer becomes zero when the temperature of the system reaches environment 
temperature. 

It should also be emphasized that the heat transfer through a finite temperature difference results in 
entropy generation, hence, the exergy is destructed with such a process. To understand this, consider 𝑄 
amount of heat is transferred from temperature 𝑇ଵ to 𝑇ଶ ൏ 𝑇ଵ. The associated amount of exergy at 
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temperature 𝑇ଵ is 𝜒௛௘௔௧, భ்
ൌ ቀ1 െ బ்

భ்
ቁ 𝑄 and exergy at temperature 𝑇ଶ with same amount of heat transfer 

is 𝜒௛௘௔௧, మ்
ൌ ቀ1 െ బ்

మ்
ቁ 𝑄. Since 𝑇ଵ ൐ 𝑇ଶ, thus 𝜒௛௘௔௧, భ்

൐ 𝜒௛௘௔௧, మ்
. Therefore, the difference between 

𝜒௛௘௔௧, భ்
 and 𝜒௛௘௔௧, మ்

 is the amount of exergy destroyed during this heat transfer process due to 
irreversibilities. 

7.2.2 Exergy Transfer by Work 

Work being a high grade or organized form of energy itself represents the 
maximum potential of a system, however, it becomes essential at this 
stage to know the exact quantity of useful work that can be extracted from 
a system. To understand this, lets us consider a piston-cylinder system 
that produces 𝑊௥௘௩ amount of boundary work while expanding from 
volume 𝑉ଵ to 𝑉ଶ as shown in Fig. 7.6. During this expansion, the piston 
has pushed surroundings air that is at atmospheric pressure and the 
volume of its immediate surroundings has decreased by the amount 𝑉ଶ െ
𝑉ଵ. The work associated with changes in immediate surroundings of the 
system is known as surroundings work and is expressed as 

𝑊௦௨ ൌ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻ                                                          (7.3) 

This is waste work which cannot be utilized for useful purposes. 
Therefore, maximum useful work that is associated with this expansion 
process is 

𝑊௨ ൌ 𝑊௥௘௩ െ𝑊௦௨ ൌ 𝑊௥௘௩ െ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻ                        (7.4) 

It must be noted that the surroundings supply an equivalent amount of 
work to a system during its compression, thus, reducing the input work 
required for the compression process. Further, the lost potential of work 
in terms of surroundings work is applicable only for the boundary work 
whereas the other forms of work such as shaft work in control volumes 
and electric work, etc. are completely available in useful form as the 
boundary of the system remains unchanged for such interactions. 

The above discussion explains that exergy associated with work transfer 
can be given as 

𝜒௪௢௥௞ ൌ ௐೝ೐ೡ                  ሺ௙௢௥ ௢௧௛௘௥ ௙௢௥௠௦ ௢௙ ௪௢௥௞ሻ
ௐೝ೐ೡିௐೞೠ       ሺ௙௢௥ ௕௢௨௡ௗ௔௥௬ ௪௢௥௞ሻ                             (7.5) 

7.3 Exergy Potential of a Closed System 
Energy is stored in a closed system in the form of internal energy. The 
only possible modes for changes in internal energy of a closed system are 
heat transfer and work transfer in the absence of nuclear and chemical 
reactions. It is established in the previous section that exergy associated 
with heat transfer is less than the amount of heat exchanged and hence,  
only a fraction of internal energy of a system can be extracted in the form 

 

 

 

 

 
Fig. 7.5: Direction of heat 

and exergy transfer for (a-b) a 
system at 𝑇 ൐ 𝑇଴ and (c-d) a 

system at 𝑇 ൏ 𝑇଴. 

 

 

 

 
Fig. 7.6: Decrease in volume 

of the immediate 
surroundings of a system 

during the expansion of its 
boundary. 
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of useful work when it changes via heat transfer. Contrary, the internal 
energy change by work transfer can be fully extracted, except for a small 
waste energy in the form of surroundings work particularly for boundary 
work done by the system. 

To estimate the exergy of a closed system at its given thermodynamic 
state, consider a piston-cylinder system that contains a fluid at pressure 𝑃 
and temperature 𝑇. Let 𝑚 is the mass of the fluid and the pressure and 
temperature of the environment are 𝑃଴ and 𝑇଴, respectively. To transfer 
the heat from temperature 𝑇 of the fluid to the environment in reversible 
manner, a Carnot heat engine is to be connected as shown in Fig. 7.7. 
Also, due to the pressure difference, the fluid will expand and will do 
boundary work. Assume that during a differential change in volume, 𝑑𝑉 
of the system 𝛿𝑄 amount of heat is transferred from the fluid and it does 

 
Fig. 7.7: A closed system 
undergoing reversible heat 

and work interactions. 
 

𝛿𝑊 amount of boundary work. As per the first law of thermodynamics, we getെ𝛿𝑄 െ 𝛿𝑊 ൌ 𝑑𝑈                  
(7.6) 

Here, 𝛿𝑊 ൌ 𝑃𝑑𝑉 ൌ ሺ𝑃 െ 𝑃଴ሻ𝑑𝑉 ൅ 𝑃଴𝑑𝑉 ൌ 𝛿𝑊௨ ൅ 𝑃଴𝑑𝑉 where 𝛿𝑊௨ is useful boundary work. Using 
Eqn. (7.6), we obtain 

𝛿𝑊௨ ൌ െ𝛿𝑄 െ 𝑑𝑈 െ 𝑃଴𝑑𝑉                                                                                        (7.7) 

The work done by the Carnot heat engine associated with heat transfer 𝛿𝑄 from the fluid is given as 

𝛿𝑊ுா ൌ ቀ1 െ బ்

்
ቁ 𝛿𝑄                                                                                                  (7.8) 

The total useful work obtained from the system is expressed as 

𝛿𝑊் ൌ 𝛿𝑊௨ ൅ 𝛿𝑊ுா ൌ െ𝛿𝑄 െ 𝑑𝑈 െ 𝑃଴𝑑𝑉 ൅ ቀ1 െ బ்

்
ቁ 𝛿𝑄. Using the entropy relation, we obtain 

𝑑𝑆 ൌ െ
ఋொ

்
. ⇒ 𝛿𝑄 ൌ െ𝑇𝑑𝑆. Thus 𝛿𝑊் ൌ െ𝑑𝑈 െ 𝑃଴𝑑𝑉 ൅ 𝑇଴𝑑𝑆. As to extract maximum work from the 

system, it should reach the dead state. Therefore, integration of 𝛿𝑊் from initial state to dead state 
results in 

𝑊் ൌ ሺ𝑈 െ 𝑈଴ሻ ൅ 𝑃଴ሺ𝑉 െ 𝑉଴ሻ െ 𝑇଴ሺ𝑆 െ 𝑆଴ሻ                                                               (7.9) 

The maximum possible total useful work given by Eqn. (7.9) is the exergy possessed by a closed system 
at the given thermodynamic state. If the system possesses kinetic and potential energies also, then these 
are directly added to total useful work obtained in Eqn. (7.9) because the kinetic and potential energies 
are forms of exergy itself. Thus, the exergy of a closed system having mass 𝑚 becomes 

𝜒 ൌ ሺ𝑈 െ 𝑈଴ሻ ൅ 𝑃଴ሺ𝑉 െ 𝑉଴ሻ െ 𝑇଴ሺ𝑆 െ 𝑆଴ሻ ൅ 𝑚
௏మ

ଶ
൅ 𝑚𝑔𝑧                                       (7.10) 

The exergy of a closed system on per unit mass basis ሺ𝜙ሻ is given as 

𝜙 ൌ ሺ𝑢 െ 𝑢଴ሻ ൅ 𝑃଴ሺ𝑣 െ 𝑣଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧                                               (7.11) 
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All the properties designated by subscript “0” are corresponding to the dead state of the system. Using 

energy formulation 𝑒 ൌ 𝑢 ൅
௏మ

ଶ
൅ 𝑔𝑧, Eqn. (7.11) becomes 

𝜙 ൌ ሺ𝑒 െ 𝑒଴ሻ ൅ 𝑃଴ሺ𝑣 െ 𝑣଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ                                                                 (7.12) 

The exergy of a system is zero at its dead state. The change in exergy of a system during a process is 
equal to the difference of final and initial exergies of the system and is expressed as 

𝛥𝜒 ൌ 𝜒ଶ െ 𝜒ଵ ൌ 𝑚ሺ𝜙ଶ െ 𝜙ଵሻ 

ൌ 𝑚ሺ𝑢ଶ െ 𝑢ଵሻ ൅ 𝑚 𝑃଴ሺ𝑣ଶ െ 𝑣ଵሻ െ 𝑚 𝑇଴ሺ𝑠ଶ െ 𝑠ଵሻ ൅ 𝑚 ቀ
௏మ
మି௏భ

మ

ଶ
ቁ ൅ 𝑚𝑔ሺ𝑧ଶ െ 𝑧ଵሻ           (7.13) 

For a closed system involving non-uniform properties, the exergy of the system can be obtained by 

integration as given here 𝜒 ൌ ௠׬ 𝜙 𝑑𝑚 ൌ ௏׬ 𝜌𝜙 𝑑𝑉. Here, 𝜌 and 𝑉 are density and volume of the 
system, respectively. As exergy is a property, therefore, it does not change unless the state of the system 
and environment is changed during a process. The exergy of a closed system can be either positive or 
zero and it cannot be negative. A closed system having 𝑃 ൏ 𝑃଴ can produce boundary work by allowing 
atmospheric air to move a piston to do useful boundary work. Similarly, a system at 𝑇 ൏ 𝑇଴ can allow 
operating a heat engine with atmosphere as heat source and produce useful work. Thus, a system having 
property values less than its dead state also possesses exergy. 

7.4 Exergy Potential of a Flowing Stream 
It is established in Chapter 4 that a flowing stream carries an additional energy, called the flow energy, 
to maintain its flow in a pipe or duct. The flow energy is given as 𝑤௙௟௢௪ ൌ 𝑃𝑣 where 𝑃 is pressure and 
𝑣 is the specific volume of the fluid stream. Flow work fundamentally involves the boundary work done 
by the fluid on its downstream fluid parcels, therefore, the exergy associated with flowing stream is 
equivalent to exergy associated with boundary work. The exergy with boundary work includes the 
amount of work in excess of the surroundings work that is the work needed to push atmospheric air at 
pressure 𝑃଴. Thus, the exergy associated with a fluid stream due to flow energy can be expressed as 
ሺ𝑃 െ 𝑃଴ሻ𝑣. Therefore, the total exergy of a flow stream is the sum of exergy due to flow and the exergy 
that it possesses due to its thermodynamic state, kinetic and potential energies (Eqn. 7.11). This is 
mathematically given as 

𝜓 ൌ ሺ𝑢 െ 𝑢଴ሻ ൅ 𝑃଴ሺ𝑣 െ 𝑣଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧 ൅ ሺ𝑃 െ 𝑃଴ሻ𝑣. 

 ⇒ 𝜓 ൌ ሺ𝑢 ൅ 𝑃𝑣ሻ െ ሺ𝑢଴ ൅ 𝑃଴𝑣଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧. 

⇒ 𝜓 ൌ ሺℎ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧                                                                (7.14) 

Equation (7.14) represents the exergy possessed by a flowing fluid stream and is typically called flow 
exergy. Unlike exergy of a closed system, flow exergy can be negative for fluid stream pressure less 
than the environment pressure ሺ𝑃଴ሻ. The change in exergy of a fluid stream when it goes through a 
process from state 1 to state 2 is given as 

𝛥𝜓 ൌ 𝜓ଶ െ 𝜓ଵ ൌ ሺℎଶ െ ℎଵሻ െ 𝑇଴ሺ𝑠ଶ െ 𝑠ଵሻ ൅ ቀ
௏మ
మି௏భ

మ

ଶ
ቁ ൅ 𝑔ሺ𝑧ଶ െ 𝑧ଵሻ                           (7.15) 
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7.5 Decrease of Exergy Principle 
In Chapter 6, we established the principle of increase of entropy which 
states that entropy can be created but it cannot be destroyed. Another 
variant of the second law of thermodynamics is discussed here which is 
called the decrease of exergy principle. To demonstrate this, consider an 
isolated system that has no mass, heat and work interactions (Fig. 7.8). 
The energy and entropy balance for a process occurring between states 1 
and 2 of the isolated system can be expressed as 

0 ൌ 𝛥𝐸௦௬௦௧௘௠ ൌ 𝐸ଶ െ 𝐸ଵ                                                 (7.16) 

0 ൅ 𝑆௚௘௡ ൌ 𝛥𝑆௦௬௦௧௘௠ ൌ 𝑆ଶ െ 𝑆ଵ                                       (7.17) 

Upon multiplying Eqn. (7.17) by 𝑇଴ and subtracting from Eqn. (7.16), we 
get 

െ𝑇଴𝑆௚௘௡ ൌ 𝐸ଶ െ 𝐸ଵ െ 𝑇଴ሺ𝑆ଶ െ 𝑆ଵሻ                                 (7.18) 

 
Fig. 7.8: Representation of an 

isolated system. 

Using Eqn. (7.13), we know 

𝜒ଶ െ 𝜒ଵ ൌ ሺ𝑈ଶ െ 𝑈ଵሻ ൅ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻ െ 𝑇଴ሺ𝑆ଶ െ 𝑆ଵሻ ൅ 𝑚 ቀ
௏మ
మି௏భ

మ

ଶ
ቁ ൅ 𝑚𝑔ሺ𝑧ଶ െ 𝑧ଵሻ. 

For an isolated system, boundary work will be zero. Thus, 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻ ൌ 0. Therefore, 

𝜒ଶ െ 𝜒ଵ ൌ 𝐸ଶ െ 𝐸ଵ െ 𝑇଴ሺ𝑆ଶ െ 𝑆ଵሻ                                                                              (7.19) 

where 𝐸 ൌ 𝑈 ൅𝑚
௏మ

ଶ
൅ 𝑚𝑔𝑧. 

Using Eqns. (7.18) and (7.19), we get 

𝜒ଶ െ 𝜒ଵ ൌ െ𝑇଴𝑆௚௘௡                                                                                                    (7.20) 

As 𝑇଴ is the absolute temperature of the environment which will always be greater than or equal to zero. 
Similarly, 𝑆௚௘௡ ൒ 0. Therefore, change in exergy of an isolated system during a process will always be 
negative except for a special case of reversible process for which it becomes zero. This states that exergy 
always decreases during an actual process, this statement is known as decrease of exergy principle. 
For an isolated system, the exergy change during a process is equal to exergy destroyed due to 
irreversibilities. 

Irreversibilities always cause entropy generation, hence, the exergy destruction. The amount of exergy 
destroyed during a process is directly proportional to the entropy generated during the process and can 
be expressed as 

𝜒ௗ௘௦௧௥௢௬௘ௗ ൌ 𝑇଴𝑆௚௘௡ ൒ 0                                                                                              (7.21) 

Exergy destroyed is always positive for actual processes and it is zero for reversible processes. It 
represents the lost potential of a system to produce useful work and is also called lost work or 
irreversibility. All the systems and surroundings can be put together inside an universe that is an 
isolated system. Therefore, the decrease of exergy principle and exergy destruction equations are 
applicable for all the systems of the universe. As no actual process can occur without entropy generation, 
therefore, the exergy of the universe is decreasing continuously. The decrease of exergy principle should 
not be confused with the change in exergy of a non-isolated system which can increase when a system 
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moves away from its environment whereas it specifically deals with exergy destruction during a process 
which cannot be negative. 

It is also to be noted that the maximum useful work potential ൫𝑊௨,௜ௗ௘௔௟൯ of a process represents its 
exergy and in an actual process the useful work ൫𝑊௨,௔௖௧௨௔௟൯ produced is less than the maximum useful 
work potential. Therefore, the difference of the two also specifies the irreversibility or lost work 
potential. Thus, the actual useful work can also be written as 

𝑊௨,௔௖௧௨௔௟ ൌ 𝑊௨,௜ௗ௘௔௟ െ 𝑇଴𝑆௚௘௡                                                                                    (7.22) 

Equation (7.22) shows that magnitude of actual work will be smaller than ideal work for work producing 
devices. For work consuming devices such as a compressor, 𝑊௨,௜ௗ௘௔௟ is negative and 𝑊௨,௔௖௧௨௔௟ becomes 
more negative, therefore, having more magnitude. 

7.6 Exergy Balance Equation 
It is well established in the previous section that unlike entropy, the exergy gets destroyed during a 
process due to irreversibilities within the system. Therefore, the change in exergy of a system during a 
process is equal to the difference between net exergy transfer across the boundary of the system and 
exergy destruction within the system boundary due to irreversibilities. Mathematically, it can be 
expressed as 

𝜒௜௡ െ 𝜒௢௨௧ െ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝛥𝜒௦௬௦௧௘௠ ൌ 𝜒ଶ െ 𝜒ଵ                                                             (7.23) 

The exergy can enter and leave the system by heat, work and mass transfer across its boundaries. For a 
closed system, there is no mass transfer across the system boundary, thus, exergy is associated with only 
heat and work transfer. Therefore, exergy balance is given as 

𝜒௛௘௔௧ െ 𝜒௪௢௥௞ െ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝛥𝜒௦௬௦௧௘௠ ൌ 𝜒ଶ െ 𝜒ଵ, which can be further expressed as 

ቀ1 െ బ்

்
ቁ𝑄 െ ሾ𝑊 െ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻሿ െ 𝑇଴𝑆௚௘௡ ൌ 𝜒ଶ െ 𝜒ଵ                                               (7.24) 

In case, there are multiple heat interactions at different temperatures 𝑇௜ across the boundaries of the 
system, then 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄௜ െ ሾ𝑊 െ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻሿ െ 𝑇଴𝑆௚௘௡ ൌ 𝜒ଶ െ 𝜒ଵ                                            (7.25) 

Dividing Eqn. (7.25) by 𝛥𝑡 and considering a limit of 𝛥𝑡 → 0, Eqn. (7.25) can be expressed in rate form 
as 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄ሶ ௜ െ ቂ𝑊ሶ െ 𝑃଴

ௗ௏

ௗ௧
ቃ െ 𝑇଴

ௗௌ೒೐೙
ௗ௧

ൌ
ௗఞ

ௗ௧
                                                           (7.26) 

Equations (7.24) to (7.26) are obtained by considering heat transfer to the system and work done by the 
system as positive quantities. In case of heat transfer from the system and work done on the system, the 
negative sign should be considered with commensurate terms. Further, the maximum possible reversible 
work can be obtained from Eqns. (7.24) to (7.26) by considering exergy destruction to be zero. The 
exergy destruction here is caused due to irreversibilities present within the boundary of the system and 
does not include the contribution of external irreversibilities present outside the system. Therefore, after 
subjecting exergy destruction equal to zero, the exergy balance equation holds for an internally 
reversible process and not always for totally reversible process as there can be unaccounted 
irreversibilities outside the system boundary. Therefore, the total exergy destroyed during a process can 
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be obtained by together applying the exergy balance for the system and its immediate surroundings 
where external irreversibilities can be present. It should also be made clear that unlike energy which 
always remains conserved, the exergy decreases and remains conserved only for a special case of 
reversible process. This simply means that quality of energy decreases during an actual process due to 
increase in entropy and decrease of exergy. 

The exergy balance for a control volume includes one additional contribution of exergy associated with 
mass transfer across the boundary of the control volume. Therefore, for a control volume exergy balance 
can be written as 

𝜒௛௘௔௧ െ 𝜒௪௢௥௞ ൅ 𝜒௠௔௦௦,௜௡ െ 𝜒௠௔௦௦,௢௨௧ െ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝛥𝜒௖௩ ൌ 𝜒ଶ െ 𝜒ଵ                            (7.27) 

Considering heat added to the control volume and work done by the control volume as positive and 
fixed boundary of the control volume, we can write exergy balance as 

ቀ1 െ బ்

்
ቁ𝑄 െ𝑊 ൅𝑚௜௡𝜓௜௡ െ 𝑚௢௨௧𝜓௢௨௧ െ 𝑇଴𝑆௚௘௡ ൌ 𝜒ଶ െ 𝜒ଵ                                       (7.28) 

Here, the control volume has only one heat interaction, one inlet and one outlet. For a control volume 
with multiple heat interactions and multiple inlets and outlets, the exergy balance is given as 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄௜ െ𝑊 ൅∑ 𝑚௜௡𝜓௜௡ െ ∑ 𝑚௢௨௧𝜓௢௨௧ െ 𝑇଴𝑆௚௘௡ ൌ 𝜒ଶ െ 𝜒ଵ                             (7.29) 

Equation (7.29) in rate form for a control volume becomes 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄ሶ ௜ െ 𝑊ሶ ൅ ∑ 𝑚ሶ ௜௡𝜓௜௡ െ ∑ 𝑚ሶ ௢௨௧𝜓௢௨௧ െ 𝑇଴𝑆ሶ௚௘௡ ൌ

ௗఞ೎ೡ
ௗ௧

                                   (7.30) 

For a steady flow control volume, the change in property of the control volume with time is zero, i.e. 
ௗఞ೎ೡ
ௗ௧

ൌ 0, therefore, exergy balance becomes 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄ሶ ௜ െ 𝑊ሶ ൅ ∑ 𝑚ሶ ௜௡𝜓௜௡ െ ∑ 𝑚ሶ ௢௨௧𝜓௢௨௧ െ 𝑇଴𝑆ሶ௚௘௡ ൌ 0                                       (7.31) 

A steady flow control volume with single inlet and single outlet has 𝑚ሶ ௜௡ ൌ 𝑚ሶ ௢௨௧ ൌ 𝑚ሶ , thus, exergy 
balance is 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄ሶ ௜ െ 𝑊ሶ ൅ 𝑚ሶ ሺ𝜓௜௡ െ 𝜓௢௨௧ሻ െ 𝑇଴𝑆ሶ௚௘௡ ൌ 0                                                    (7.32) 

Here, 𝜓௜௡ െ 𝜓௢௨௧ ൌ ሺℎ௜௡ െ ℎ௢௨௧ሻ െ 𝑇଴ሺ𝑠௜௡ െ 𝑠௢௨௧ሻ ൅ ቀ
௏೔೙
మ ି௏೚ೠ೟

మ

ଶ
ቁ ൅ 𝑔ሺ𝑧௜௡ െ 𝑧௢௨௧ሻ. Equation (7.32) on 

per unit mass ሺ𝑚ሶ ሻ basis is given as 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑞௜ െ 𝑤 ൅ ሺ𝜓௜௡ െ 𝜓௢௨௧ሻ െ 𝑇଴𝑆௚௘௡ ൌ 0                                                       (7.33) 

Here, 𝑞௜ ൌ 𝑄ሶ௜/𝑚ሶ  and 𝑤 ൌ 𝑊ሶ /𝑚ሶ . For an adiabatic steady flow device without any work interaction, we 
get 𝑇଴𝑆௚௘௡ ൌ 𝜓௜௡ െ 𝜓௢௨௧ ⇒ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝜓௜௡ െ 𝜓௢௨௧. This shows that exergy of the flowing stream 
must decrease as it passes through an adiabatic work free steady flow device and should remain 
unaltered for a special case of reversible process. 
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7.7 Second Law Efficiency 
We defined the performance of different cyclic and non-cyclic devices in 
previous chapters in terms of their efficiencies and coefficients of 
performance. These performance parameters were fully derived based on 
the arguments of energy conservation and hence, the first law of 
thermodynamics. Thus the thermal efficiency of a heat engine, isentropic 
efficiency of different steady flow devices is usually termed as the first 
law efficiency also. In many situations, the first law efficiency of a device 
may not be the true representative of its performance. To understand this 
concept, consider two heat engines that have 40% first law efficiency and 
both receive the same amount of heat from the heat source. Consider that 
first heat engine operates between temperature limits of 1200𝐾 and 300𝐾 
whereas second one operates between 800𝐾 and 300𝐾 (Fig. 7.9). Despite 
their different operating temperatures, both will produce the same amount 
of work output as both have the same first law efficiency and get the same 
amount of heat input. Now, if we attempt to determine the maximum 
possible efficiency of a reversible heat engine between the given 
temperature limits using the concepts of the second law of 
thermodynamics, then we obtain that 

𝜂௥௘௩,௉ ൌ ቀ1 െ ಽ்

ಹ்
ቁ
௉
ൌ 1 െ

ଷ଴଴

ଵଶ଴଴
ൌ 75% and 

𝜂௥௘௩,ொ ൌ ቀ1 െ ಽ்

ಹ்
ቁ
ொ
ൌ 1 െ

ଷ଴଴

଼଴଴
ൌ 62.5%. 

This shows that the first heat engine has the potential to convert 75% of 
supplied heat into useful work, whereas the second heat engine can 
convert a maximum of 62.5% of supplied heat into work. It clearly 
explains that the performance of the first heat engine is poor in 
comparison to the second one despite their equal first law efficiencies. To 
overcome this limitation of the first law efficiency, we define the second 
law efficiency as the ratio of actual efficiency of a device to its maximum 
possible thermal efficiency under the given conditions. It is 
mathematically expressed as 

𝜂ூூ ൌ
ఎೌ೎೟ೠೌ೗
ఎೝ೐ೡ

                                                                     (7.34) 

Using this definition, the second law efficiency of above mentioned heat 
engines is calculated as 

𝜂ூூ,௉ ൌ
଴.ସ଴

଴.଻ହ
ൌ 0.53 and 𝜂ூூ,ொ ൌ

଴.ସ଴

଴.଺ଶହ
ൌ 0.64. It is clearly evident from the 

second law efficiency that the second heat engine has converted 64% of 
available potential into work whereas the first heat engine is only able to 
convert 53% of its available potential. Thus, the second law efficiency is 
a real indicator of the performance of a device. This further can be written 
in the form of work as 

𝜂ூூ ൌ
ఎೌ೎೟ೠೌ೗
ఎೝ೐ೡ

ൌ
ௐೠ/ொ

ௐೝ೐ೡ/ொ
ൌ

ௐೠ

ௐೝ೐ೡ
 (work producing devices) (7.35) 

 

 
Fig. 7.9: Two heat engines P 

(a) and Q (b) operating 
between different temperature 

limits. 
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Equation (7.35) shows that second law efficiency is also defined as the 
ratio of actual useful work output to the maximum possible work output 
that can be obtained in a reversible manner. The value of second law 
efficiency of a device cannot be more than 100% as the actual device can 
at most meet the performance of a reversible device under the given 
conditions if all the irreversibilities are neglected. Equation (7.35) is a 
more generic definition of the second law of efficiency and it can be 
applied for non-cyclic devices such as turbines, etc. 

The second law efficiency for work consuming cyclic and non-cyclic 
devices such as refrigerators, pumps and compressors is defined as the 
ratio of reversible work input to the useful work input of the device. This 
is given as 

𝜂ூூ ൌ
ௐೝ೐ೡ

ௐೠ
              (work consuming devices)               (7.36) 

The second law efficiency for work consuming cyclic devices such as 
refrigerator and heat pump can also be expressed in terms of their COP as 

𝜂ூூ ൌ
஼ை௉

஼ை௉ೝ೐ೡ
            (refrigerator and heat pumps)         (7.37) 

The definitions of second law efficiency described above, involve work 
interactions. However, the exergy analysis can also be applied to devices 
(such as heat exchangers, nozzles, mixing chambers, etc.) that involve no 
work interactions. Therefore, the second law efficiency is required to be 
presented in more generic form so that it can be applied for all kinds of 
thermodynamic devices. A general definition of the second law efficiency 
includes the ratio of exergy recovered to the exergy supplied during a 
process. It is given as 

𝜂ூூ ൌ
ா௫௘௥௚௬ ௥௘௖௢௩௘௥௘ௗ

ா௫௘௥௚௬ ௦௨௣௣௟௜௘ௗ
ൌ 1 െ

ா௫௘௥௚௬ ௗ௘௦௧௥௨௖௧௜௢௡

ா௫௘௥௚௬ ௦௨௣௣௟௜௘ௗ
                  (7.38) 

Let us illustrate Eqn. (7.38) with the help of the exergy balance equation 
(Eqn. 7.33) for an adiabatic turbine. Using Eqn. (7.33), we get 𝑤 ൌ
ሺ𝜓௜௡ െ 𝜓௢௨௧ሻ െ 𝑇଴𝑆௚௘௡. The maximum possible work from a turbine will 
be obtained during a reversible process, hence, 𝑤௥௘௩ ൌ ሺ𝜓௜௡ െ 𝜓௢௨௧ሻ. 
The actual work done by the turbine can be obtained from energy 
conservation. The energy conservation for an adiabatic turbine with 
negligible changes in kinetic and potential energies gives 𝑤௨ ൌ ℎ௜௡ െ
ℎ௢௨௧. Also, 𝜓௜௡ െ 𝜓௢௨௧ ൌ ሺℎ௜௡ െ ℎ௢௨௧ሻ െ 𝑇଴ሺ𝑠௜௡ െ 𝑠௢௨௧ሻ when changes 
in kinetic and potential energies are neglected. Further, for an adiabatic 
turbine 𝑠௢௨௧ െ 𝑠௜௡ ൌ 𝑠௚௘௡, thus, 

𝑤௨ ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ 𝜓௜௡ െ 𝜓௢௨௧ െ 𝑇଴𝑠௚௘௡. Using Eqn. (7.35), we get 

𝜂ூூ,௧௨௥௕௜௡௘ ൌ
௛೔೙ି௛೚ೠ೟
ట೔೙ିట೚ೠ೟

ൌ
ట೔೙ିట೚ೠ೟ି బ்௦೒೐೙

ట೔೙ିట೚ೠ೟
ൌ 1 െ బ்௦೒೐೙

ట೔೙ିట೚ೠ೟
       (7.39) 

Equation (7.39) is consistent with the generic definition of the second law 
efficiency as given in Eqn. (7.38). For a typical adiabatic compressor with 
negligible kinetic and potential energies, the reversible work becomes 
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𝑤௥௘௩ ൌ ሺ𝜓௢௨௧ െ 𝜓௜௡ሻ. The actual work supplied is 𝑤௨ ൌ ℎ௢௨௧ െ ℎ௜௡. 
Also, 

𝜓௢௨௧ െ 𝜓௜௡ ൌ ሺℎ௢௨௧ െ ℎ௜௡ሻ െ 𝑇଴ሺ𝑠௢௨௧ െ 𝑠௜௡ሻ and 𝑠௢௨௧ െ 𝑠௜௡ ൌ 𝑠௚௘௡. 
Thus, 𝑤௥௘௩ ൌ 𝜓௢௨௧ െ 𝜓௜௡ ൌ ሺℎ௢௨௧ െ ℎ௜௡ሻ െ 𝑇଴𝑠௚௘௡. Therefore, second 
law efficiency is given as 

𝜂ூூ,௖௢௠௣௥௘௦௦௢௥ ൌ
ట೚ೠ೟ିట೔೙

௛೚ೠ೟ି௛೔೙
ൌ

௛೚ೠ೟ି௛೔೙ି బ்௦೒೐೙
௛೚ೠ೟ି௛೔೙

ൌ 1 െ బ்௦೒೐೙
௛೚ೠ೟ି௛೔೙

     7.40) 

Let us now define the second law efficiency for devices that involve no 
work interaction. Heat exchanger is one such device that involves transfer 
of heat from a hot stream to a cold stream without their physical mixing 
as shown in Fig. 7.10. In a heat exchanger hot stream supplies the exergy 
to a cold stream by the process of heat transfer. Thus, the exergy supplied 
is the decrease in exergy of the hot stream and exergy recovered is the 
increase in exergy of the cold medium, considering cold stream is at 
higher temperature than the temperature of the environment. Thus, using 
Eqn. (7.38), we obtain 

𝜂ூூ,௛௘௔௧ ௘௫௖௛. ൌ
௠ሶ ೎ሺట೎೚ିట೎೔ሻ

௠ሶ ೓ሺట೓೔ିట೓೚ሻ
                                                 (7.41) 

The exergy balance for a heat exchanger results in 𝑚ሶ ௛ሺ𝜓௛௜ െ 𝜓௛௢ሻ ൅
𝑚ሶ ௖ሺ𝜓௖௜ െ 𝜓௖௢ሻ െ 𝑇଴𝑆ሶ௚௘௡ ൌ 0. Therefore, 

𝑚ሶ ௖ሺ𝜓௖௢ െ 𝜓௖௜ሻ ൌ 𝑚ሶ ௛ሺ𝜓௛௜ െ 𝜓௛௢ሻ െ 𝑇଴𝑆ሶ௚௘௡. Substituting this in Eqn. 
(7.41), we get 

𝜂ூூ,௛௘௔௧ ௘௫௖௛. ൌ
௠ሶ ೓ሺట೓೔ିట೓೚ሻି బ்ௌሶ೒೐೙

௠ሶ ೓ሺట೓೔ିట೓೚ሻ
ൌ 1 െ బ்ௌሶ೒೐೙

௠ሶ ೓ሺట೓೔ିట೓೚ሻ
           (7.42) 

In Eqn. (7.42), 𝑆ሶ௚௘௡ can be obtained by applying entropy balance for the 
heat exchanger as illustrated in Chapter 6. If the temperature of cold 
stream in a heat exchanger is less than the environment temperature 𝑇଴, 
then exergy of the cold stream decreases due to the heat transfer from hot 
to cold medium. For such a situation, exergy recovered cannot be equated 
to change in exergy of the cold stream. Therefore, second law efficiency 
for such a situation can be defined as the ratio of sum of exergies of the 
outflowing streams to the sum of exergies of the inflowing streams. For a 
two stream heat exchanger (Fig. 7.10), this becomes 

𝜂ூூ,௛௘௔௧ ௘௫௖௛. ൌ
௠ሶ ೓ట೓೚ା௠ሶ ೎ట೎೚

௠ሶ ೓ట೓೔ା௠ሶ ೎ట೎೔
  ሺ𝑓𝑜𝑟 𝑇௖௢௟ௗ ௦௧௥௘௔௠ ൏ 𝑇଴ሻ            (7.43) 

In case the heat exchanger is not adiabatic and involves exchange of heat 
with surroundings, a control volume including the heat exchanger and 
immediate surroundings should be considered to estimate the second law 
efficiency of the combined system. 

Mixing chamber is another device that involves no work interaction. 
Consider an adiabatic mixing chamber that involves mixing of hot and 
cold streams and produces a mixture as the outflowing stream as shown 
in Fig. 7.11. For such a device, exergy supplied is the addition of exergies 

 
Fig. 7.10: Heat exchange 

between two streams inside a 
heat exchanger. 
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of hot and cold streams at their inlet and the exergy recovered is the 
exergy of the outflowing mixture stream. Thus, the second law efficiency 
can be expressed as 

𝜂ூூ,௠௜௫௜௡௚ ௖௛௔௠௕௘௥ ൌ
௠ሶ యటయ

௠ሶ భటభା௠ሶ మటమ
                                          (7.44) 

The exergy balance for mixing chamber results in 

𝑚ሶ ଵ𝜓ଵ ൅ 𝑚ሶ ଶ𝜓ଶ െ 𝑚ሶ ଷ𝜓ଷ െ 𝑇଴𝑆ሶ௚௘௡ ൌ 0. 

⇒ 𝑚ሶ ଷ𝜓ଷ ൌ 𝑚ሶ ଵ𝜓ଵ ൅ 𝑚ሶ ଶ𝜓ଶ െ 𝑇଴𝑆ሶ௚௘௡. Thus, Eqn. (7.44) becomes 

𝜂ூூ,௠௜௫௜௡௚ ௖௛௔௠௕௘௥ ൌ
௠ሶ భటభା௠ሶ మటమି బ்ௌሶ೒೐೙

௠ሶ భటభା௠ሶ మటమ
ൌ 1 െ బ்ௌሶ೒೐೙

௠ሶ భటభା௠ሶ మటమ
     (7.45) 

Here, 𝑆ሶ௚௘௡ can be obtained by applying entropy balance for the mixing 
chamber. 

 

 

 
Fig. 7.11: Mixing of two 
streams inside a mixing 

chamber. 

UNIT SUMMARY 

This chapter introduces a new property called exergy that represents the maximum useful work potential 
of a system at the given state of the system. The understanding of exergy requires splitting of 
surroundings of a system into two regions, known as immediate surroundings and the environment. 
Environment is the portion of surroundings that remains uninfluenced by the process occurring in a 
system. A system that is in thermodynamic equilibrium with its environment is known to be in dead 
state. The system produces maximum useful work when it changes from a given state to its dead state 
in a reversible process. This maximum useful work produced by the system is known as its exergy. As 
exergy is dependent on the initial state of the system and final dead state as the conditions of the 
environment, therefore, it is called a combined property of system and environment. A process can 
involve heat, work and mass interactions between system and surroundings, therefore, exergy exchange 
with each of these energy transfer modes is determined. 

Further, the principle of decrease of exergy is demonstrated for an isolated system that states that exergy 
of an isolated system during a process always decreases or remains constant for the special case of a 
reversible process. This illustrates that exergy gets destroyed during a process due to irreversibilities. 
Thus, all the spontaneous processes occurring in nature, result in destruction of exergy. Exergy balance 
equation is presented for closed system and control volume. Moreover, the implication of the exergy 
balance equation for different steady flow devices is demonstrated. The second law efficiency is 
obtained as the true representative parameter to assess the performance of different cyclic and non-
cyclic devices. Also, the usage of second law efficiency is demonstrated for heat engines and different 
steady flow devices. 

Solved Examples 
Example 7.1: Consider a heat engine receives heat at the rate of 800 𝑘𝑊 from a heat source at 1200𝐾. 
It rejects a portion of this heat to a heat sink at 300𝐾 and produces a work output of 280 𝑘𝑊. Determine 
the maximum power that a heat engine can produce and the rate of irreversibility associated with the 
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process. Also, estimate the waste heat associated with the process that does not have any work potential 
if surroundings are at 300𝐾. 

Solution: Reversible power, rate of irreversibility and waste heat are to be determined. 

Assumptions: The operation of the heat engine is to be considered reversible between the given 
temperature limits to find its maximum power. 

Analysis: For a reversible heat engine 𝑊ሶ௠௔௫,௥௘௩ ൌ ቀ1 െ
்ೞ೔೙ೖ

ೞ்೚ೠೝ೎೐
ቁ 𝑄ప௡ሶ ൌ 600 𝑘𝑊. The useful work 

delivered by the heat engine is 𝑊ሶ௨ ൌ 280 𝑘𝑊. 

The irreversibility associated with the heat engine is equal to the difference between reversible work 
and the actual useful work delivered by the heat engine. Thus, rate of irreversibility is 𝐼ሶ ൌ 𝑊ሶ௠௔௫,௥௘௩ െ
𝑊ሶ௨ ൌ 600 െ 280 ൌ  320 𝑘𝑊. 

The heat rejected by the reversible heat engine to heat sink is 𝑄ሶ௢௨௧ ൌ 𝑄ప௡ሶ െ 𝑊ሶ௠௔௫,௥௘௩. 

⇒ 𝑄ሶ௢௨௧ ൌ 800 െ 600 ൌ 200 𝑘𝑊. 

Since, the heat sink and the surroundings both are at the same temperature, therefore, heat available at 
the heat sink does not have any potential to produce work. Thus, it can be regarded as the waste heat. 

Therefore, 𝑄ሶ௪௔௦௧௘ ൌ 𝑄ሶ
௢௨௧ ൌ 200 𝑘𝑊. 

Discussion: It must be emphasized that the waste heat (200 𝑘𝑊) does not have any potential to produce 
work. Therefore, it is not the part of irreversibility. However, 320 𝑘𝑊 energy is wasted due to 
irreversibilities associated with the operation of the heat engine. 

 

Example 7.2: A 100 𝑘𝑔 copper block transfers heat to surroundings at 25℃. During this heat transfer 
process its temperature changes from 150℃ to 25℃. Determine the reversible work and the 
irreversibility associated with the heat transfer process. Assume the average specific heat of copper is 
0.38 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Solution: The reversible work and irreversibility associated with the heat transfer process through a 
finite temperature difference are to be estimated. 

Assumptions: In order to estimate the reversible work, a reversible heat engine should be used to 
transfer heat from the copper block to the surroundings.  

Analysis: The reversible produced by the assumed heat engine can be given as 

𝑊௥௘௩ ൌ ׬
்೑
்೔

൬1 െ ೞ்ೠೝೝ

೎்೚೛೛೐ೝ
൰ 𝛿𝑄. Since the temperature of heat source is variable during the heat transfer 

process, therefore, integral form is used. To perform this integration, a relationship between heat transfer 
and temperature is required. This relationship can be obtained using energy balance equation applied 
for the copper block as 

െ𝛿𝑄 െ 𝛿𝑊 ൌ 𝑑𝐸. The heat transfer is given a negative sign because the copper block is losing the heat. 
𝛿𝑊 ൌ 0 because it does not involve any boundary work interactions. Further, the kinetic and potential 
energies of the copper block are zero. Thus, 𝑑𝐸 ൌ 𝑑𝑈. 

⇒ െ𝛿𝑄 ൌ 𝑑𝑈 ൌ 𝑚𝐶௔௩௚𝑑𝑇 ⇒ 𝛿𝑄 ൌ െ𝑚𝐶௔௩௚𝑑𝑇. Substituting this relation in integral equation of 
reversible work gives 
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𝑊௥௘௩ ൌ න
்೑

்೔

ቆ1 െ
𝑇௦௨௥௥
𝑇௖௢௣௣௘௥

ቇ 𝛿𝑄 ൌ න
்೑

்೔

ቆ1 െ
𝑇௦௨௥௥
𝑇௖௢௣௣௘௥

ቇ ൫െ𝑚𝐶௔௩௚𝑑𝑇൯

ൌ െ𝑚𝐶௔௩௚൫𝑇௙ െ 𝑇௜൯ ൅ 𝑚𝐶௔௩௚𝑙𝑛
𝑇௙
𝑇௜

 

GIven, 𝑚 ൌ 100 𝑘𝑔, 𝐶௔௩௚ ൌ 0.38 𝑘𝐽/𝑘𝑔 െ 𝐾, 𝑇௙ ൌ 25 ൅ 273 ൌ 298𝐾 and 𝑇௜ ൌ 150 ൅ 273 ൌ 423𝐾. 

Thus 𝑊௥௘௩ ൌ 100 ൈ 0.38 ቂሺ423 െ 298ሻ െ 𝑙𝑛
ଶଽ଼

ସଶଷ
ቃ ൌ 4755.78 𝑘𝐽. 

If a reversible heat engine is connected between the copper block and the surroundings during the heat 
transfer process, it can produce 4755.78 𝑘𝐽 of maximum useful work. 

As in reality the heat transfer process is spontaneous and no arrangement is employed to obtain work. 
Thus, the useful work obtained by this heat transfer process is zero, i.e. 𝑊௨ ൌ 0 𝑘𝐽. 

Hence, the irreversibility associated with heat transfer process is 

𝐼 ൌ 𝑊௥௘௩ െ𝑊௨ ൌ 4755.75 𝑘𝐽. 

Discussion: Hence, the entire work potential is lost in this heat transfer process and the cause of this 
irreversibility is heat transfer through finite temperature difference. 

 

Example 7.3: During the expansion process in a piston-cylinder device, 0.02 𝑘𝑔 of steam changes its 
state from 1.2 𝑀𝑃𝑎 and 350℃ to 300 𝑘𝑃𝑎 and 150℃. The steam supplies 1.5 𝑘𝐽 of heat to surroundings 
during the expansion process which are at at 100 𝑘𝑃𝑎 and 25℃. Determine the change in exergy and 
exergy destruction during the expansion process. Also, calculate the second law efficiency of the 
process. 

Solution: The exergy change, exergy destruction and second law efficiency are to be determined for the 
expansion of steam inside a closed system. 

Assumptions: There is no mass transfer across the system boundary because the given system is a 
closed system.  

Analysis: For a closed system the change in exergy during a process can be estimated as 

𝜒ଶ െ 𝜒ଵ ൌ 𝑚ሺ𝑢ଶ െ 𝑢ଵሻ ൅ 𝑚 𝑃଴ሺ𝑣ଶ െ 𝑣ଵሻ െ 𝑚 𝑇଴ሺ𝑠ଶ െ 𝑠ଵሻ ൅ 𝑚 ቀ
௏మ
మି௏భ

మ

ଶ
ቁ ൅ 𝑚𝑔ሺ𝑧ଶ െ 𝑧ଵሻ. Using the 

superheated steam table B.3, we get, 

At 𝑃ଵ ൌ 1.2 𝑀𝑃𝑎 and 𝑇ଵ ൌ 350℃: 

𝑣ଵ ൌ 0.23455 𝑚ଷ/𝑘𝑔, 𝑢ଵ ൌ 2872.7 𝑘𝐽/𝑘𝑔, ℎଵ ൌ 3154.2 𝑘𝐽/𝑘𝑔, 𝑠ଵ ൌ 7.2139 𝑘𝐽/𝑘𝑔 െ 𝐾. 

At 𝑃ଶ ൌ 0.3 𝑀𝑃𝑎 and 𝑇ଵ ൌ 150℃: 

𝑣ଶ ൌ 0.63402 𝑚ଷ/𝑘𝑔, 𝑢ଶ ൌ 2571.0 𝑘𝐽/𝑘𝑔, ℎଶ ൌ 2761.2 𝑘𝐽/𝑘𝑔, 𝑠ଶ ൌ 7.0792 𝑘𝐽/𝑘𝑔 െ 𝐾. 

The kinetic energy and potential energies are negligible. Thus, 

𝜒ଶ െ 𝜒ଵ ൌ 0.02ሾሺ2571 െ 2872.7ሻ ൅ 100ሺ0.63402 െ 0.23455ሻ െ 298ሺ7.0792 െ 7.2139ሻሿ 

⇒ 𝜒ଶ െ 𝜒ଵ ൌ െ4.43 𝑘𝐽. 

This means that a reversible process between the given initial and final states can produce 4.43 𝑘𝐽 of 
useful work. 
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The exergy destruction during the process is 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝑇଴𝑆௚௘௡, therefore, using entropy balance for 

system, 𝑆ଶ െ 𝑆ଵ ൌ 𝑚ሺ𝑠ଶ െ 𝑠ଵሻ ൌ
ିொ

்
൅ 𝑆௚௘௡. Consider that the boundary of the system through which 

heat is transferred to surroundings is at the temperature of surroundings. Hence, 𝑇 ൌ 𝑇଴ ൌ 298𝐾. 

⇒ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝑇଴ ൤𝑚ሺ𝑠ଶ െ 𝑠ଵሻ ൅
𝑄
𝑇଴
൨ ൌ 298 ൤0.02ሺ7.0792 െ 7.2139ሻ ൅

1.5
298

൨ ൌ 0.6972 𝑘𝐽 

Therefore, 0.6972 𝑘𝐽 useful work could have been extracted if the process would have occurred in a 
reversible manner. 

The second law efficiency of the process can be defined as 

𝜂ூூ ൌ 1 െ బ்ௌ೒೐೙
ఞభିఞమ

ൌ 1 െ
଴.଺ଽ଻ଶ

ସ.ସଷ
ൌ 84.26%. 

This means that 84.26% of exergy available is obtained in the form of useful work during the process. 

Alternate approach: The exergy destruction during the process can also be obtained by applying the 
exergy balance equation for the closed system. This gives, 

ቀ1 െ బ்

்
ቁ𝑄 െ ሾ𝑊 െ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻሿ െ 𝑇଴𝑆௚௘௡ ൌ 𝜒ଶ െ 𝜒ଵ. Since, the boundary of the system which 

transfers heat to surroundings is assumed at the temperature of surroundings. Thus, 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ
𝑇଴𝑆௚௘௡ ൌ 𝜒ଵ െ 𝜒ଶ െ ሾ𝑊 െ 𝑃଴ሺ𝑉ଶ െ 𝑉ଵሻሿ. To find the work done by the system, the first law of 
thermodynamics gives 

െ𝑄 െ𝑊 ൌ 𝛥𝐸 ൌ 𝛥𝑈 ൌ 𝑚ሺ𝑢ଶ െ 𝑢ଵሻ ⇒ 𝑊 ൌ െ1.5 ൅ 0.02ሺ2872.7 െ 2571ሻ ൌ 4.534 𝑘𝐽 

⇒ 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 4.43 െ ሾ4.534 െ 100 ൈ 0.02ሺ0.63402 െ 0.23455ሻሿ ൌ 0.6949 𝑘𝐽. 

Similarly, second law efficiency can be given as 

𝜂ூூ ൌ
ௐೠ

ఞభିఞమ
ൌ

ௐି௉బሺ௏మି௏భሻ

ఞభିఞమ
ൌ

ସ.ହଷସିଵ଴଴ൈ଴.଴ଶሺ଴.଺ଷସ଴ଶି଴.ଶଷସହହሻ

ସ.ସଷ
ൌ 84.31%. 

Here, two different approaches are explained to determine the exergy destruction and the second law 
efficiency. The small differences between the values obtained using different approaches are due to the 
truncation and round-off errors involved with calculations. 

 

Example 7.4: An adiabatic steam turbine receives 25 𝑘𝑔/𝑠 of steam at 1.2 𝑀𝑃𝑎 and 350℃. A portion 
of steam at the mass flow rate of 8 𝑘𝑔/𝑠 is taken out of the turbine at 0.4 𝑀𝑃𝑎 and 150℃ and the 
remaining steam is allowed to expand till its exit from the turbine at 30 𝑘𝑃𝑎 and 95% quality. Determine 
the actual work output of the turbine and its second law efficiency when the surroundings are at 100 
𝑘𝑃𝑎 and 25℃. 

Solution: The actual work output and the second law efficiency of the turbine are to be calculated. 

Assumptions: The kinetic and potential energies of all streams are negligible. 

Analysis: Using the superheated steam table B.3, we get, 

At 𝑃ଵ ൌ 1.2 𝑀𝑃𝑎 and 𝑇ଵ ൌ 350℃: 

ℎଵ ൌ 3154.2 𝑘𝐽/𝑘𝑔, 𝑠ଵ ൌ 7.2139 𝑘𝐽/𝑘𝑔 െ 𝐾. 

At 𝑃ଶ ൌ 0.4 𝑀𝑃𝑎 and 𝑇ଵ ൌ 150℃: 

ℎଶ ൌ 2752.8 𝑘𝐽/𝑘𝑔, 𝑠ଶ ൌ 6.9306 𝑘𝐽/𝑘𝑔 െ 𝐾. 
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Using saturation pressure steam table B.2, we get, 

At 𝑃ଷ ൌ 30 𝑘𝑃𝑎 and 𝑥ଷ ൌ 95%: 

ℎ௙ ൌ 289.27 𝑘𝐽/𝑘𝑔, ℎ௙௚ ൌ 2335.3 𝑘𝐽/𝑘𝑔, ℎଷ ൌ ℎ௙ ൅ 𝑥ଷℎ௙௚ ൌ 2507.805 𝑘𝐽/𝑘𝑔 

𝑠௙ ൌ 0.9441 𝑘𝐽/𝑘𝑔 െ 𝐾, 𝑠௙௚ ൌ 6.8234 𝑘𝐽/𝑘𝑔 െ 𝐾, 𝑠ଷ ൌ 𝑠௙ ൅ 𝑥ଷ𝑠௙௚ ൌ 7.426 𝑘𝐽/𝑘𝑔 െ 𝐾 

Using saturation temperature steam table B.1, we get, 

At 𝑃଴ ൌ 100 𝑘𝑃𝑎 and 𝑇଴ ൌ 25℃: 

ℎ଴ ≃ ℎ௙@ଶହ℃ ൌ 104.83 𝑘𝐽/𝑘𝑔 and 𝑠଴ ≃ 𝑠௙@ଶହ℃ ൌ 0.3672 𝑘𝐽/𝑘𝑔 െ 𝐾. 

The exergy associated with a flowing steam is given as 

𝜓 ൌ ሺℎ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧. Since, 

௏మ

ଶ
ൌ 𝑔𝑧 ≃ 0. Thus, 

𝜓ଵ ൌ ሺℎଵ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠ଵ െ 𝑠଴ሻ ൌ 1009.05 𝑘𝐽/𝑘𝑔 

𝜓ଶ ൌ ሺℎଶ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠ଶ െ 𝑠଴ሻ ൌ 692.08 𝑘𝐽/𝑘𝑔 

𝜓ଷ ൌ ሺℎଷ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠ଷ െ 𝑠଴ሻ ൌ 299.45 𝑘𝐽/𝑘𝑔 

Consider that actual useful work done by the turbine is 𝑊௨. Using the steady flow energy equation 
െ𝑊ሶ௨ ൅ 𝑚ሶ ଵℎଵ െ 𝑚ሶ ଶℎଶ െ 𝑚ሶ ଷℎଷ ൌ 0. Using mass conservation 𝑚ሶ ଷ ൌ 𝑚ሶ ଵ െ 𝑚ሶ ଶ. 

⇒ 𝑚ሶ ଷ ൌ 17 𝑘𝑔/𝑠. Now energy balance gives 

𝑊ሶ௨ ൌ 𝑚ሶ ଵℎଵ െ 𝑚ሶ ଶℎଶ െ 𝑚ሶ ଷℎଷ ൌ 14199.92 𝑘𝑊. 

The maximum reversible work associated with the turbine can be obtained using exergy balance which 
is given as 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑄ሶ ௜ െ 𝑊ሶ ൅ ∑ 𝑚ሶ ௜௡𝜓௜௡ െ ∑ 𝑚ሶ ௢௨௧𝜓௢௨௧ െ 𝑇଴𝑆ሶ௚௘௡ ൌ 0. For the present situation 

𝑄ሶ௜ ൌ 0 and to extract maximum reversible work 𝑆ሶ௚௘௡ ൌ 0. Thus, 

𝑊ሶ௠௔௫,௥௘௩ ൌ 𝑚ሶ ଵ𝜓ଵ െ 𝑚ሶ ଶ𝜓ଶ െ 𝑚ሶ ଷ𝜓ଷ ൌ 14598.96 𝑘𝑊. 

Therefore, the second law efficiency of the turbine is 𝜂ூூ ൌ
ௐሶ ೠ

ௐሶ೘ೌೣ,ೝ೐ೡ
ൌ

ଵସଵଽଽ.ଽଶ

ଵସହଽ଼.ଽ଺
ൌ 97.27%. 

 

Example 7.5: Steam enters a throttling device at 4 𝑀𝑃𝑎 and 450℃ and leaves at 2 𝑀𝑃𝑎. Determine the 
exergy destruction during the throttling process when the surroundings are at 25℃. 

Solution: Exergy destruction is to be calculated during a throttling process. 

Assumptions: Consider the throttling process is adiabatic and changes in kinetic and potential energies 
of the stream is negligible.  

Analysis: Using the superheated steam table B.3, we get, 

At 𝑃ଵ ൌ 4 𝑀𝑃𝑎 and 𝑇ଵ ൌ 450℃: 

ℎଵ ൌ 3331.2 𝑘𝐽/𝑘𝑔, 𝑠ଵ ൌ 6.9386 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Since the process in a throttling device is isenthalpic. Thus, ℎଶ ≃ ℎଵ ൌ 3331.2 𝑘𝐽/𝑘𝑔. 

At 𝑃ଶ ൌ 2 𝑀𝑃𝑎 and ℎଶ ൌ 3331.2 𝑘𝐽/𝑘𝑔: 

𝑠ଶ ൌ 7.2438 𝑘𝐽/𝑘𝑔 െ 𝐾 (using interpolation). 
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Using saturation temperature steam table B.1, we get, 

At 𝑇଴ ൌ 25℃: 

ℎ଴ ≃ ℎ௙@ଶହ℃ ൌ 104.83 𝑘𝐽/𝑘𝑔 and 𝑠଴ ≃ 𝑠௙@ଶହ℃ ൌ 0.3672 𝑘𝐽/𝑘𝑔 െ 𝐾. 

The exergy associated with a flowing steam is given as 

𝜓 ൌ ሺℎ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠 െ 𝑠଴ሻ ൅
௏మ

ଶ
൅ 𝑔𝑧. Since, 

௏మ

ଶ
ൌ 𝑔𝑧 ≃ 0. Thus, 

𝜓ଵ ൌ ሺℎଵ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠ଵ െ 𝑠଴ሻ ൌ 1268.09 𝑘𝐽/𝑘𝑔 

𝜓ଶ ൌ ሺℎଶ െ ℎ଴ሻ െ 𝑇଴ሺ𝑠ଶ െ 𝑠଴ሻ ൌ 1177.14 𝑘𝐽/𝑘𝑔 

The exergy balance for a steady flow device is given as 

∑௜ ቀ1 െ బ்

்೔
ቁ 𝑞௜ െ 𝑤 ൅ ሺ𝜓௜௡ െ 𝜓௢௨௧ሻ െ 𝑇଴𝑆௚௘௡ ൌ 0. 

Thus, exergy destruction is 𝜒ௗ௘௦௧௥௨௖௧௜௢௡ ൌ 𝑇଴𝑆௚௘௡ ൌ 𝜓ଵ െ 𝜓ଶ ൌ 90.95 𝑘𝐽/𝑘𝑔. 

 

Example 7.6: An engineer is given the task to design a heating system for a room that is to be maintained 
at 23℃ in a surroundings of 5℃. At a first glance, the engineer proposes to use an electric resistance 
heater which will supply one unit of heat for a unit of electric work it will consume. Assess the 
effectiveness of the proposed heating arrangement. 

Solution: The effectiveness of an electric heater to heat a room is to be assessed. 

Assumptions: As the heater provides one unit of heat (output) to each unit of work it consumes (input), 
therefore, its first law efficiency is 100%. 

Analysis: An alternate approach can be considered to supply this electric work input to a heat pump and 
use it to heat the room. Let us now assess the performance of this reversible heat pump. The COP of the 
reversible heat pump operating between given temperature limits is 

𝛽′௥௘௩ ൌ
ಹ்

ಹ்ି ಽ்
ൌ

ଶଽ଺

ଶଽ଺ିଶ଻଼
ൌ 16.44 ൌ

ொಹ
ௐ

. 

Thus, a reversible heat pump can supply 16.44 units of heat for each unit of electric work it consumes. 

Further, the second law efficiency of the electric resistance heater can be estimated as 

𝜂ூூ ൌ
ఉᇱ೐೗೐೎೟ೝ೔೎ష೓೐ೌ೟೐ೝ

ఉᇱೝ೐ೡ
ൌ

ଵ

ଵ଺.ସସ
ൌ 6.083%. 

As the second law efficiency of the proposed heater is very less, therefore, it is recommended to use a 
heat pump instead of using an electric resistance heater for heating the room. 
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EXERCISES 

Multiple Choice Questions 

 

7.1 Exergy is a property of 

 A. system B. surroundings  C. system and its 
immediate 
surroundings 

D. system and 
environment 

7.2 A region that is influenced by a process occurring within a system is called 

 A. surroundings B. immediate 
surroundings 

C. environment D. subsystem 

7.3 In order to extract the maximum useful potential of a system during a process, the system 
must finally reach to the state of its 

 A. surroundings B. immediate 
surroundings 

C. environment D. subsystem 

7.4 The maximum work potential is obtained from a system when it changes from its given 
initial state to dead state through an 

 A. internally 
reversible process 

B. externally 
reversible process 

C. irreversible 
process  

D. internally 
irreversible process 

7.5 The exergy associated with heat transfer 𝛿𝑄 from a system at temperature 𝑇 in the 
environment having temperature 𝑇଴ is 

 A. ׬ ቀ బ்

்
ቁ 𝛿𝑄 B. ׬ 𝑇଴𝛿𝑄 C. ׬ ቀ1 െ బ்

்
ቁ 𝛿𝑄  D. ׬ ቀ1 െ

்

బ்
ቁ 𝛿𝑄 

7.6 The exergy associated with boundary work in an environment having pressure �0 is  

  A. ׬ 𝑃𝑑𝑉 B. ׬ 𝑃଴𝑑𝑉 C. ׬ 𝑉𝑑𝑃 D.  ׬ ሺ𝑃 െ
𝑃଴ሻ𝑑𝑉 

7.7 Spontaneous process always occurs in the direction of 
i. decreasing exergy 
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ii. decreasing energy 
iii. decreasing entropy 
iv. increasing entropy  

 A. i and ii B. i and iii C. i and iv D.  ii and iv 

7.8 The irreversibility or exergy destruction ൫𝑇଴𝑆௚௘௡൯ during a process is always 

 A. ൏ 0 B. ൐ 0 C. ൒ 0 D. ൑ 0 

7.9 The second law efficiency of a work consuming device is 

 A. 𝜂ூூ ൌ
௪ೠ

௪ೝ೐ೡ
 B. 𝜂ூூ ൌ

௪ೝ೐ೡ

௪ೠ
 C. 𝜂ூூ ൌ

ఎೌ೎೟ೠೌ೗
ఎೝ೐ೡ

 D. 𝜂ூூ ൌ
௪ೝ೐ೡ

௪೔ೞ೐೙೟ೝ೚೛೔೎
 

7.10 The exergy of a fluid stream passing through an adiabatic, work free, single inlet, single 
outlet, steady flow device during an irreversible process 

 A. increases B. remains constant C. decreases D. becomes infinite 

7.11 The exergy of a system having temperature less than environment temperature 
____________________upon addition of heat to the system. 

 A. increases B. decreases C. remains 
unchanged 

D. becomes infinite 

7.12 The transfer of heat through a finite temperature difference results in 

 A. energy 
destruction 

B. heat destruction C. entropy 
destruction 

D. exergy 
destruction 

 

Answers of Multiple Choice Questions 

7.1 D, 7.2 B, 7.3 C, 7.4 A, 7.5 C, 7.6 D, 7.7 C, 7.8 C, 7.9 B, 7.10 C, 7.11 B, 7.12 D 

 

Short and Long Answer Type Questions 

7.1 What should be the final state of a system during a process to produce maximum useful work? 

7.2 What is useful work? Explain. How is it different from reversible work? 
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7.3 Differentiate between actual work and useful work. 

7.4 Can the exergy of a system change during a process if no work is involved? 

7.5 Two geothermal sites are located in different regions having the same energy content. Comment 
on their exergy content. 

7.6 Does the amount of internal energy stored in a system equal to the amount of exergy associated 
with it? Explain. 

7.7 A flowing stream includes exergy due to its thermodynamic state, kinetic energy and potential 
energy. Can all these components of exergy be negative? 

7.8 Does the exergy equation for a system show any dependence on its energy and entropy equations? 
Elucidate. 

7.9 What happens to the exergy of a system having temperature less than the temperature of the 
environment when heat is added to it? 

7.10 Explain the differences between first and second law efficiencies. 

7.11 Can a refrigerator having higher COP always have higher second law efficiency? Explain. 

7.12 Define the second law efficiency for a nozzle. 

7.13 Do a process with no entropy generation is always reversible? Elaborate. 

7.14 Can the second law efficiency of a system be greater than its first law efficiency? Explain. 

7.15 Can a process with no entropy generation have 100% second law efficiency? 

 

Numerical Problems 

7.1 A heat engine gets 2 𝑘𝑊 heat from a source at 1300𝐾 and 5 𝑘𝑊 heat from another source at 
850𝐾. It operates in a reversible manner and rejects heat to a heat sink at 400𝐾. Determine the 
power produced by the heat engine. Also, estimate the exergy associated with the given heat 
sources if the environment temperature is 300𝐾. 

7.2 The freezer of a household refrigerator is maintained at -10℃ and the cold space beneath the 
freezer is at 10℃. The refrigerator removes heat from the freezer and the cold space at the rate 
of 2 𝑘𝑊 and 1.5 𝑘𝑊, respectively. Determine the minimum power input to the refrigerator if the 
environment is at 25℃. 

7.3 Atmospheric air at 100 𝑘𝑃𝑎 and 27℃ is passed through a compressor which gives pressurized 
air at 670 𝑘𝑃𝑎 and 350℃. Determine the minimum work input for unit mass of air to the 
compressor. 

7.4 0.02 𝑘𝑔 air at its dead state of 100 𝑘𝑃𝑎 pressure and 27℃ temperature is contained in a piston 
cylinder system. It is compressed to 450 𝑘𝑃𝑎 and 170℃ and the useful work involved in the 
process is 15 𝑘𝐽. Determine the exergy of the compressed air at its final state and the minimum 
work required for the compression process. Also calculate the second law efficiency of the 
compression process. 

7.5 A rigid tank of 25 𝐿 volume contains superheated steam at 220 𝑘𝑃𝑎 and 250℃. The steam 
supplies heat to a room maintained at 23℃ till its temperature drops to 130℃. Determine the 
amount of heat transferred to the room. Now, consider a heat engine that operates between the 
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rigid tank and the surroundings at 8℃ which supplies its work output to operate a heat pump 
between the surroundings and the room. Calculate the maximum amount of heat supplied  by the 
heat pump to the room. 

7.6 A 50 𝐿 vessel is divided into two halves using a partition such that one portion contains 
superheated vapour at 250 𝑘𝑃𝑎 and 400℃ and the other portion is evacuated. The partition 
ruptures and the steam fills the entire volume with a final pressure of 120 𝑘𝑃𝑎. Determine the 
exergy destruction during the process if the environment is at 100 𝑘𝑃𝑎 and 27℃. 

7.7 A well insulated tank of 120 𝐿 volume contains water at 27℃. An iron block of specific heat 0.44 
𝑘𝐽/𝑘𝑔 െ 𝐾 is dropped into the water. The water is stirred to have uniform temperature and 
reaches to thermal equilibrium with iron at 35℃. 500 𝑘𝐽 work is done on the water by the stirrer. 
Determine the mass of the iron block. Also calculate the exergy destruction during the process if 
the surroundings temperature is 22℃. 

7.8 Air flows through a steady flow nozzle where its velocity is increased from 45 𝑚/𝑠 to 280 𝑚/𝑠. 
The pressure and temperature of air at the inlet of nozzle is 260 𝑘𝑃𝑎 and 95℃, respectively. The 
pressure of air at nozzle exit is 100 𝑘𝑃𝑎. Determine the temperature of air at nozzle exit if a heat 
loss of 5 𝑘𝐽/𝑘𝑔 takes place from the nozzle. Also calculate the exergy destruction in the process 
if the surroundings temperature is 22℃. 

7.9 Steam expands in a 2.5 𝑀𝑊 adiabatic turbine from 5 𝑀𝑃𝑎, 550℃ to 80 𝑘𝑃𝑎 and 120℃. The 
changes in kinetic energy of steam across the turbine can be neglected. Determine the maximum 
power output and the second law efficiency of the turbine. 

7.10 Compressed water enters a mixing chamber at the rate of 2 𝑘𝑔/𝑠 and at a pressure and 
temperature of 250 𝑘𝑃𝑎 and 25℃. It is heated using superheated steam entering mixing 
chamber at 250 𝑘𝑃𝑎 and 350℃. The mixing chamber loses heat at the rate of 15 𝑘𝐽/𝑠 to 
surroundings at 25℃ during the mixing process. The mixture leaves the mixing chamber at 250 
𝑘𝑃𝑎 and 80℃. Determine the required mass flow rate of the steam, exergy destruction during the 
mixing process and the second law efficiency of the mixing chamber. 

7.11 Air flowing through a heat exchanger at the rate of 0.1 𝑘𝑔/𝑠 changes its temperature from 1300℃ 
to 300℃ at a constant pressure of 200 𝑘𝑃𝑎. The heat exchanger is connected to a heat engine that 
receives the heat from the air being cooled in the heat exchanger. Determine the amount of heat 
delivered to the heat engine and the maximum work that the heat engine can produce in a 
surroundings of 100 𝑘𝑃𝑎 and 25℃. 

7.12 Air enters the compressor of a turbocharged automotive engine at 100 𝑘𝑃𝑎 and 25℃ and leaves 
at 300 𝑘𝑃𝑎. It is then cooled in an intercooler by 65℃ before it is allowed to enter the engine. 
Determine the temperature of air entering the engine if the isentropic efficiency of the compressor 
is 80%. Also calculate the irreversibility associated with the combined compression and 
intercooling process. 

7.13 Hot water is extracted from a geothermal source at the rate of 25 𝑘𝑔/𝑠 at 650 𝑘𝑃𝑎 and 160℃. 
Then it is throttled to a pressure of 220 𝑘𝑃𝑎 in a flash chamber. The saturated liquid and saturated 
vapour are taken out separately from the flash chamber. Determine the rate of irreversibility 
associated with the process.  

7.14 A pressure cooker of 5 𝐿 volume operates at a pressure of 200 𝑘𝑃𝑎. The cooker initially contains 
equal volumes of saturated liquid and saturated vapour at its operating pressure. Then it is placed 
on an electric heater of 1 𝑘𝑊 capacity that is kept on for 10 minutes. Determine the amount of 



Basics of Thermodynamics | 197 

 

water in the cooker at the end of heating. Also calculate the irreversibility associated with the 
entire process if the surroundings are at 100 𝑘𝑃𝑎 and 25℃. 

7.15 A room is maintained at 35℃ using a heat pump that consumes 4 𝑘𝑊 power. The room loses 12 
𝑘𝑊 of heat to the colder surroundings at 12℃. Determine the COP of the heat pump. Also 
calculate the rate of exergy destruction within the heat pump and rate of exergy destruction 
associated with the heat loss process. 

PRACTICAL 

Activity 1: Find the maximum work potential of different energy conversion devices that you see in 
your surroundings. Compare it with their actual useful work, estimate the irreversibility and the second 
law efficiency. 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

● Introduction of realistic power cycles for enabling students for estimating power 
production;  

● Analysis of Rankine cycle based steam power plants;  
● Analysis of Brayton cycle based gas turbine powerplants;  
● Analysis of Vapour compression refrigeration cycles;  
● Introduction to Otto and Diesel cycles for representing the power production in 

reciprocating engines.  

After completing the discussion on the fundamentals of thermodynamics in the initial chapters of 
this book, this chapter applies those concepts to the thermodynamic cycle based representation of 
various real world systems such as power plants, refrigerators, automobile engines, etc. 

RATIONALE  

Contents of this chapter are applied in nature and it will help the students to appreciate the 
application of thermodynamic concepts in estimating the operating efficiencies of various real 
world systems. For providing continuous power, the systems need to ensure repeatable cyclic 
operation. For the analysis of various cycles representing power generating systems, individual 
processes are represented with best matching basic thermodynamic processes and the entire cycle 
is analysed through the combined analysis of various constituent processes. 

PRE‐REQUISITES  

Thermodynamic processes, First law of thermodynamics 

 

8 

 Basic Power and 
Refrigeration Cycles 
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UNIT OUTCOMES 

List of outcomes of this unit is as follows: 

U8-O1: Appreciation of requirement of representing the systems as thermodynamic cycles 

U8-O2:  Developing capability to analyse steam power plants by using Rankine cycle 

U8-O3:  Developing capability to analyse gas turbine power plants by using Brayton cycle 

U8-O4: Developing capability to analyse vapor compression refrigeration cycle based 
refrigeration systems  

U8-O5:  Developing capability to analyse reciprocating engines by using Otto and diesel cycles 

Unit-8 

Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 CO-6 

U8‐O1  2 2 1 2 2 3 

U8‐O2  2 2 1 2 2 3 

U8‐O3  2 2 1 1 2 3 

U8‐O4  2 2 1 1 2 3 

U8‐O5  2 2 1 1 2 3 
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8.1 Introduction to Power Cycles 

The term power cycles refers to a series of energy conversion devices that produce power. For instance, 
a steam thermal power plant provides mechanical power to rotate an electric generator that produces 
electricity. A jet propulsion engine produces sufficient thrust to propel the aircraft. A diesel locomotive 
engine produces power to pull a train. A car or bus engine develops mechanical power to make its wheel 
rotate. All these examples include a list of engineering devices that produce mechanical power. 
Considering mechanical power as the common outcome in all devices, the human body can also be 
considered a power producing device that develops sufficient mechanical power to walk, lift different 
objects and carry out different routine activities that need mechanical power. It must be emphasized that 
the human body is a superior power producing device that provides instant power with precise variation 
as per the requirement of the task. For example, to lift a cup of tea and a bucket of water, hand 
automatically and instantly meters the efforts required. However, to perform the same task engineering 
devices require complicated control systems and still cannot be as efficient as the human body. We leave 
it to the readers to understand the principle of power generation and mechanism of actuation to precisely 
and instantly provide the required power by the human body. Here, we will mainly attempt to introduce 
the basic power cycles that convert heat into mechanical power and the methods to analyze their 
performance. 

A steam power plant uses water as the working fluid which passes through a series of steady flow 
devices in a cyclic loop and completes a closed cycle (Fig. 8.1-a). Contrary, a gas turbine engine (Fig. 
8.1-b) uses gaseous working fluid and takes atmospheric air at the inlet and discharges products of 
combustion to the ambient at its outlet. In such a power producing device the inlet and exit states of the 
working fluid are different and it always takes ambient air as intake. Such devices are often called open 
cycles. However, when we analyze a power producing device it is always convenient to idealize it to a 
closed cycle that closely approximates it and then present the thermodynamic analysis for the same. The 
operation of actual power cycles includes a lot of complexities such as friction, chemical reactions, heat 
transfer through finite temperature difference and the speed of expansion and compression processes 
such that equilibrium cannot be established during the intermediate states. To make the thermodynamic 
analysis of actual cycles feasible, the irreversibilities within them are usually avoided which makes all 
the processes that form the cycle internally reversible. A cycle that is represented by all internally 
reversible processes is known as an ideal cycle and it can be analyzed thermodynamically. An actual 
cycle with its corresponding ideal cycle is shown on 𝑃 െ 𝑣 diagram in Fig. 8.2. The analysis of ideal 
cycles helps the engineers to know the influence of different parameters on the performance of the cycle 
without much complications. In reality, the efficiency of actual cycles will always be less than the ideal 
cycles, however, the general characteristics of their performance remains the same. For example, the 
analysis of the ideal steam power plant cycle shows that its efficiency increases with increase of boiler 
pressure. This effect is typically observed in actual operation of steam power plants as well. 
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Fig. 8.1: Representation of: (a) steam power plant as a closed cycle and (b) a gas turbine engine as an open cycle. 

In this chapter, we will mainly discuss the power cycles that 
fundamentally utilizes conversion of heat into work. We know from 
Chapter 5 that such a device is typically called a heat engine and the 
idealized heat engine that includes all totally reversible processes is 
Carnot cycle. The Carnot cycle has the maximum efficiency among all 
heat engines operating between the same temperature limits. A question 
may arise that why we are studying different ideal cycles when the most 
idealized version, the Carnot cycle, is already available for a heat engine. 
The answer to this question is that achieving a totally reversible cycle in 
practice is not feasible, that's why a practical work producing device 
cannot be made to completely follow the Carnot processes. An actual 
work producing device can be made to work in different ways and some 
of which are far from the Carnot processes. Thus, a more closer internally 
reversible version of these real work producing devices form ideal cycles 
that can have significant differences from the Carnot cycle. Thus, it is 
realistic to approximate each work producing device to its commensurate 
idealized version and perform its thermodynamic analysis. Note that the 
efficiency of the Carnot cycle is higher than the efficiency of an ideal 
cycle that is internally reversible and operating under the similar 
conditions. The ideal cycle takes care of external irreversibilities. 
Moreover, the efficiency of the actual cycle is less than the efficiency of 
the ideal cycle. An ideal cycle that is formed by all internally reversible 
processes is based on the following main assumptions: 

 

 

 

 
Fig. 8.2: Representation of an 

ideal cycle for an actual 
cyclic process. 
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● The friction is negligible for the cycle. Thus, there is no pressure 
drop due to flow of working fluid through different components 
and pipes connecting the subsequent components. 

● The expansion and compression processes are quasi-equilibrium. 
● The heat transfer through the pipes connecting different 

components is negligible. This means that pipes are well 
insulated and the thermodynamic state of the working fluid at the 
exit of one component is equal to the thermodynamic state of the 
working fluid at the intake of the next adjacent component in the 
cycle. 

 
Fig. 8.3: Representation of a 
Carnot vapour cycle on 𝑇 െ 𝑠 

diagram. 

8.2 Limitations of Carnot Vapour Cycle 
The vapour power cycles mainly operate in the two-phase regime and involve conversion of liquid to 
vapour and vice-versa in different components that form the cycle. Water is the most common working 
fluid for most vapour power cycles. We will now first consider the Carnot vapour cycle as the ideal 
cycle for steam power plants and then see why it cannot be used in reality. Consider a Carnot vapour 
cycle involving an isotherm heat addition process (1-2), isentropic expansion in turbine (2-3), isothermal 
heat rejection (3-4) and isentropic compression (4-1) as shown in Fig. 8.3. 

It is to note that having an isothermal process of heat transfer is not challenging for working fluids that 
involve phase change during the heat addition or removal. If we maintain a boiler at the constant pressure 
conditions during the heat addition process 1-2, isothermal conditions will automatically prevail within 
the liquid-vapour dome which maintains the process isothermal as well. Whereas the addition of heat in 
the single phase regime above the critical point of the working fluid again brings the difficulty of 
maintaining isothermal conditions. The expansion of steam in a turbine can also be maintained with 
sufficient accuracy as an isentropic process. However, the expansion process results in formation of a 
significant amount of liquid within the turbine in process 2-3. The liquid formation in the form of high 
speed drops impacting the surface of the turbine blades causes erosion. As this becomes a major source 
of wear in the turbine, thus a turbine cannot operate with steam quality less than about 88% at its exit in 
steam power plants. This problem can be avoided for working fluids having steeper saturated vapour 
curve. The process 4-1 involves the compression of saturated liquid-vapour mixture to saturated liquid 
state. Practically, separate devices are available for compressing pure liquids and pure gaseous 
substances. However, it is not possible for a compressor to compress the mixture of liquid and vapour. 
Another issue with process 4-1 is that precisely controlling state 4 is not possible in practical scenarios 
within a condenser due to the complex interfacial dynamics of the liquid-vapour mixture involved 
during the heat transfer process. Thus, the Carnot cycle cannot be considered an ideal cycle for vapour 
power cycles. 
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8.3 Rankine Cycle as an Ideal Cycle for Steam Power Plants 
The problems associated with the Carnot cycle can be mainly avoided by doing two modifications. 
Firstly, the steam in the boiler can be superheated before it is expanded in a turbine. Secondly, the 
working fluid can be condensed in the turbine till it becomes saturated liquid. An ideal cycle including 
these modifications is known as Rankine cycle. It consists of all internally reversible processes as 
shown on 𝑇 െ 𝑠 diagram in Fig. 8.4. The Rankine cycle is an ideal cycle for vapour power plants and 
consist mainly of following four processes: 

 

1-2: Isentropic compression in a pump 

2-3: Isobaric heat addition in a boiler 

3-4: Isentropic expansion in a turbine 

4-1: Isobaric heat rejection in a condenser 

 

The working fluid in a steam power plant is typically water. Water enters the pump as saturated liquid 
and is isentropically compressed from condenser pressure to boiler pressure. The temperature of water 
increases slightly during this compression process due to a small decrease in its specific volume. This 
isentropic compression of water is shown on 𝑇 െ 𝑠 diagram using process 1-2. States 1 and 2 are very 
close for process 1-2 that is why a zoomed in inset view is shown in Fig. 8.4 to clearly represent process 
1-2. 
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Water at state 2 is passed through a boiler where it is heated under the 
constant pressure condition. Water is in subcooled regime at state 2, 
therefore, first it goes through a sensible heating process till it reaches the 
saturation liquid state. Further heating at this point results in a change of 
its phase from saturation liquid to saturation vapour state and hence a 
latent heating process. The saturated vapour is further heated to reach the 
superheated state at the exit of the boiler. The process 2-3 on 𝑇 െ 𝑠 
diagram in Fig. 8.4 depicts the constant pressure heating inside the boiler. 
The water receives the necessary heat inside the boiler from the burning 
of fuels in thermal power plants whereas this heat is supplied by nuclear 
fission reactions in a nuclear reactor. The boiler is typically known as a 
steam generator as well. 

The superheated steam exiting boiler is passed through the turbine where 
it is isentropically expanded and rotates the turbine shaft. This turbine 
shaft is further connected to an electric generator which supplies 
electricity as an output from a steam power plant. The expansion of 
superheated steam in the turbine helps in maintaining the required quality 
at its exit. Process 3-4 represents the isentropic expansion in a turbine on 
𝑇 െ 𝑠 diagram. 

Steam at state 4 is passed through a condenser where it is cooled at 
constant pressure conditions and is obtained as a saturated liquid at its 
outlet to complete the cycle. Typically atmospheric water is used as a 
cooling medium in a condenser. However, in water scarce areas, air 
cooled condensers can be used. Usually an air cooled condenser has a 
considerably larger size than a water cooled condenser. The four 
processes that form the ideal Rankine cycle are performed in different 
steady flow devices as schematically shown in Fig. 8.5. It is to be noted 
that the changes in kinetic and potential energies across each steady flow 
device are very small as compared to the changes in enthalpy of the 
working fluid. Therefore, these can be neglected during the 
thermodynamic analysis. 

 
Fig. 8.5: Schematic of an ideal Rankine cycle based steam power plant. 

For a steady flow device with single inlet and single outlet streams, the 
energy conservation can be written as 

𝑞௜௡ െ 𝑞௢௨௧ െ ሺ𝑤௢௨௧െ𝑤௜௡ሻ ൅ ℎ௜௡ െ ℎ௢௨௧ ൌ 0                       (8.1) 

 
Fig. 8.4: Representation of an 
ideal Rankine cycle on 𝑇 െ 𝑠 

diagram. 
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Using Eqn. (8.1) for different steady flow devices involved in an ideal 
Rankine cycle results in 

Boiler: 𝑞௜௡ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଷ െ ℎଶ                                    (8.2) 

Turbine: 𝑤௧௨௥௕௜௡௘ ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ ℎଷ െ ℎସ                          (8.3) 

Condenser: 𝑞௢௨௧ ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ ℎସ െ ℎଵ                          (8.4) 

Pump: 𝑤௣௨௠௣ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଶ െ ℎଵ                               (8.5) 

State 2 is a compressed liquid state. When the compressed property tables 
are not provided, pump work can also be expressed as 

𝑤௣௨௠௣ ൌ െ׬
ଶ
ଵ 𝑣𝑑𝑃. The specific volume of water can be considered 

almost constant due to the incompressible nature of water. Thus, 𝑣ଶ ≃
𝑣ଵ ൌ 𝑣௙@௉భ. This gives 

𝑤௣௨௠௣ ൌ െ𝑣௙@௉భ ׬
ଶ
ଵ 𝑑𝑃 ൌ െ𝑣௙@௉భሺ𝑃ଶ െ 𝑃ଵሻ                        (8.6) 

Here, a negative sign represents that work is done on the system. If we 
compare the magnitude of pump work using Eqns. (8.5) and (8.6), we get 

ℎଶ ൌ ℎଵ ൅ 𝑣௙@௉భሺ𝑃ଶ െ 𝑃ଵሻ                                                (8.7) 

Equation (8.7) is very useful in absence of compressed steam tables. The 
net work output produced by the ideal Rankine cycle can be expressed as 

𝑤௡௘௧ ൌ 𝑤௧௨௥௕௜௡௘ െ 𝑤௣௨௠௣                                                    (8.8) 

It must be noted that the work produced by the turbine is considerably 
larger than the work input to the pump operating between the same 
pressure limits. This is because the working fluid in the turbine is in 
vapour state having high specific volume whereas the specific volume of 
working fluid in the pump is very small being it in liquid state. As the 
work done in a steady flow device is proportional to specific volume, 
therefore, pump work can even be neglected in comparison to the turbine 

work. Since for a cyclic process, ∮ 𝛿𝑞 ൌ ∮ 𝛿𝑤, thus, 𝑞௡௘௧ ൌ
𝑤௡௘௧. Therefore, Eqn. (8.8) can also be given as 

𝑤௡௘௧ ൌ 𝑞௡௘௧ ൌ 𝑞௜௡ െ 𝑞௢௨௧                                                   (8.9) 

The thermal efficiency of the ideal Rankine cycle can be expressed as 

𝜂ோ௔௡௞௜௡௘ ൌ
௪೙೐೟

௤೔೙
ൌ 1 െ

௤೚ೠ೟
௤೔೘

                                             (8.10) 

As the area under an internally reversible process on 𝑇 െ 𝑠 diagram 
represents the heat transfer, thus thermal efficiency can also be interpreted 
as the ratio of area enclosed by the cycle to the area under the heat addition 
process on 𝑇 െ 𝑠 diagram. 

The thermal efficiency of an ideal Rankine cycle can also be compared 
with efficiency of a Carnot cycle. To do so, we need to first know the 
concept of mean temperature of addition during a process. Consider the 
heat addition process of an ideal Rankine cycle as shown in Fig. 8.6-a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.6: Representation of 
(a) an isobaric heat addition 

process and (b) 
commensurate mean 

temperature of heat addition 
for isobaric heat addition 

process. 
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The area under this process between states 𝑖 and 𝑜 represents the amount 
of heat added ሺ𝑞௜௡ሻ. Now if we fix the end states and draw a horizontal 
line on 𝑇 െ 𝑠 diagram such that the area enclosed is equal to the amount 
of heat added during the actual process (Fig. 8.6-b), then the temperature 
indicated by the horizontal process line in Fig. 8.6-b is known as mean 
temperature of heat addition. Thus, it is the hypothetical average 
temperature during a heat transfer process. It can be expressed 
mathematically as 

𝑞௜௡ ൌ 𝑇௠ሺ𝑠௢ െ 𝑠௜ሻ ⇒ 𝑇௠ ൌ
௤೔೙
௦೚ି௦೔

                                      (8.11) 

Now let us use this concept to compare the thermal efficiency of a Carnot 
cycle and an Ideal Rankine cycle. An ideal Rankine cycle is shown on 
𝑇 െ 𝑠 diagram in Fig. 8.7 by the process loop 1-2-3-4-1. A commensurate 
Carnot cycle for on the same 𝑇 െ 𝑠 diagram is shown by processes 𝑎 െ
𝑏 െ 𝑐 െ 𝑑 െ 𝑎. The mean temperature of heat addition for the ideal 
Rankine cycle is shown by dashed line 𝑖 െ 𝑗 in Fig. 8.7. The mean 
temperature of heat addition for Rankine cycle is less than the temperature 
of heat addition for the commensurate Carnot cycle whereas both the 
cycles have same temperature of heat rejection. The mean temperature of 
addition for Rankine cycle has decreased due to the low temperatures 
during the heating of liquid in the subcooled region. As the efficiency of 

the Carnot cycle is expressed as 𝜂஼௔௥௡௢௧ ൌ 1 െ
்೓೐ೌ೟ ೝ೐ೕ೐೎೟೔೚೙

்೓೐ೌ೟ ೌ೏೏೔೟೔೚೙
, it can be 

written for ideal Rankine cycle using the concept of mean temperature of 
heat addition as 

𝜂ோ௔௡௞௜௡௘ ൌ 1 െ
்೎೚೙೏೐೙ೞ೐ೝ

೘்
                                                   (8.12) 

This clearly explains that efficiency of an ideal Rankine cycle is less than 
the efficiency of corresponding Carnot cycle operating between similar 
conditions. 

 
Fig. 8.7: Comparison 

between a Carnot vapour 
cycle and an ideal Rankine 

cycle. 

8.4 Factors Influencing the Efficiency of Rankine Cycle 
Steam power plants are the major source of electricity production across the globe. Due to this reason, 
a slight improvement in their efficiency can result in huge savings in cost of fuels and controlling the 
environmental pollution. The fundamental idea to improve the efficiency of an ideal Rankine cycle is 
to devise ways to increase its mean temperature of heat addition and decrease the temperature of heat 
rejection. Doing so poses several practical constraints which also should be tackled while modifying the 
cycle parameters. We demonstrate below the effect of different cycle parameters on its thermal 
efficiency and associated practical limitations. 
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8.4.1  Effect  of  increasing  boiler  pressure  (or  mean 
temperature of heat addition) 
An ideal Rankine cycle operating between pressures 𝑃ଵ and 𝑃ଶ is shown 
in Fig. 8.8. When the pressure of the boiler is increased from 𝑃ଶ to 𝑃ଶᇱ ൐
𝑃ଶ, the state at the exit of the boiler changes from 3 to 3′. Note that 3′ is 
selected in such a way that its temperature is equal to temperature of state 
3. This is because the highest temperature of the steam in the boiler is 
limited by the metallurgical limits of its materials and the materials of 
the turbine. The temperatures close to 600℃ are presently tolerated by 
the turbine and the recent advancements in materials technology can 
further increase this value. The new cycle 1 െ 2′ െ 3′ െ 4′ obtained by 
increasing boiler pressure results in a decrease of some amount of work 
due to shift of expansion process in turbine toward left (Fig. 8.8). 
However, it also results in an increase in some work enclosed between 
the earlier boiler pressure and modified boiler pressure. The overall 
effect is an increase in net work output which increases the efficiency of 
the cycle. The main reason for increase in efficiency of the cycle is 
increase in mean temperature of heat addition upon increasing the boiler 
pressure. The shifting of expansion process towards the left also results 
in increasing moisture content at the exit of the turbine which decreases 
its efficiency and leads to erosion of its surface. Thus increasing boiler 
pressure is good for efficiency of the cycle, however, detrimental for the 
operation of the turbine. Reheat Rankine cycle is a modified version of 
ideal Rankine cycle that makes it possible to add heat at higher boiler 
pressure, hence, at high mean temperature of heat addition without 
causing any harm to the turbine. The readers are directed to refer to books 
on applied thermodynamics to read details on reheat Rankine cycle as it 
is not in the scope of the present book. 

8.4.2  Effect  of  decreasing  condenser  pressure  (or 
temperature of heat rejection) 
The working fluid in a condenser mostly stays in the saturated liquid-
vapour dome. Thus, decreasing condenser pressure also results in 
decrease of its temperature. Decreasing condenser pressure from 𝑃ସ to 
𝑃ସᇱ ൏ 𝑃ସ results in an increase in net work output as shown in Fig. 8.9. 
Though it also increases the amount of heat added as indicated by the 
increase in area under the heat addition process from state 2′ to state 2. 
However, the increase in net work output is more in comparison to 
increase of heat addition, thus the efficiency of the cycle increases. This 
can also be seen in terms of considerable decrease in temperature of heat 
rejection which in turn increases the cycle efficiency. Moreover, 
decreasing condenser pressure also decreases the quality of steam at 
turbine exit, hence, it is not good for its operation. Since the working 

 

 

 
Fig. 8.8: Effect of increasing 

boiler pressure on an ideal 
Rankine cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.9: Effect of decreasing 

condenser pressure on an ideal 
Rankine cycle. 
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fluid in the condenser transfers heat to water or air at ambient conditions. 
Thus its temperature is limited by the temperature of the surrounding 
atmosphere. Since, the saturation pressure corresponding to atmospheric 
temperature is less than the atmospheric pressure for water, therefore, the 
condenser of a typical steam power plant is operated below the 
atmospheric pressure. It can be easily operated due to the closed loop 
nature of the cycle, however, it poses a difficulty of air leakages into the 
condenser. 

8.4.3  Increasing  mean  temperature  of  heat  addition  by 
superheating steam 
Increasing the temperature of the steam at the boiler exit even at fixed 
boiler pressure also increases the mean temperature of heat addition. 
Increasing the temperature of working fluid from state 3 to 3′ shifts the 
expansion process towards right on 𝑇 െ 𝑠 diagram as shown in Fig. 8.10 
and increases the net work output of the cycle. Though heat addition 
indicated by area under process 3 െ 3′ also increases, overall effect 
produces more increase in net work output than increase of heat addition, 
hence efficiency of the cycle increases. The increase in mean 
temperature of heat addition upon increasing the temperature of 
superheat is the reason for increase in efficiency of the cycle. 
Superheating steam to higher temperature is also beneficial in terms of 
improvement of steam quality at the exit of the turbine, however, its 
highest value is limited by the metallurgical limits. Moreover, a very 
high value of superheat temperature can also lead to turbine exit at the 
superheated state which in turn will increase the average temperature of 
heat rejection and hence decrease in cycle efficiency. 

It must be noted from the above discussion that variation in each cycle 
parameter has some positive and some negative effects on the cycle. 
Therefore, using this fundamental understanding the combination of 
different parameters is used to improve the cycle efficiency in practical 
scenarios. The reheat and regenerative Rankine cycles are used in 
practice for power production using steam power plants and have better 
efficiency than the ideal Rankine cycle. The idea of the present book is 
to introduce the readers to practical applications of the fundamentals of 
thermodynamics. Thus, we discussed only the basic power cycles in this 
book and readers are suggested to refer to the books of applied 
thermodynamics to know more about advanced power cycles. 

 

 

 

8.5 Ideal Vapour Compression Refrigeration Cycle 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8.10: Effect of 

superheating on an ideal 
Rankine cycle. 

 

 

 

 

 
For more details on reheat and 
regenerative Rankine cycles. 
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We established in Chapter 5 that the reverse of a heat engine which 
facilitates the transfer of heat from low temperature heat source to a high 
temperature heat sink by consuming work is known as a refrigerator or a 
heat pump. The idea of using a refrigerator is to maintain the temperature 
of a space below the atmospheric temperature. 

This is usually achieved by transferring heat from the desired space to 
the atmosphere. A Carnot heat engine that consists of all reversible 
processes can be reversed completely to make it work as a refrigerator. 
The 𝑇 െ 𝑠 diagram for a reverse Carnot refrigerator using a working fluid 
in the two-phase regime is shown in Fig. 8.11. It consists of four 
internally reversible processes: 

1-2: Isentropic compression in a compressor 

2-3: Isothermal heat rejection in a condenser 

3-4: Isentropic expansion in a turbine 

4-1: Isothermal heat addition in an evaporator 

The liquid-vapour mixture of working fluid at state 1 enters a compressor 
and is isentropically compressed to state 2 which is a saturated vapour 
state. The temperature of working fluid increases during the compression 
process. Then working fluid rejects heat to high temperature sink at 
temperature 𝑇ு and it changes from saturated vapour to saturated liquid 
in a condenser. This isothermal heat rejection process is represented by 
process 2-3 in Fig. 8.11. Further saturated liquid at state 3 is passed 
through a turbine where it is isentropically expanded to state 4 and its 
temperature decreases during the expansion process. The low 
temperature refrigerant at state 4 then passes through an evaporator 
where heat is added under isothermal conditions and its quality increases. 
The heat addition process in the evaporator is continued till the working 
fluid reaches state 1 to complete the cycle. 

It is to be mentioned that isothermal heat addition and heat rejection 
processes are possible within the saturated liquid-vapor regime whereas 
the compression of saturated liquid-vapour mixture at state 1 is not 
practically possible in a compressor. Moreover, the expansion process in 
the turbine involves handling of high moisture content working fluid. 
Due to these reasons, the actual refrigerator cannot be approximated as a 
reversible Carnot cycle. 

The two modifications are done to the reverse Carnot cycle that make it 
an ideal cycle for the refrigerating devices. Firstly, the working fluid is 
heated to saturated vapour state in the evaporator and then pure vapour 
is compressed in a compressor. Secondly, the expansion of saturated 
liquid in a turbine is replaced with a throttling process that is performed 
in an expansion valve or a capillary tube. The cycle including these 
modifications is termed as an ideal vapour compression refrigeration 
cycle and the processes involved in such a cycle are as follows: 

 
Fig. 8.11: Representation of a 
reverse Carnot refrigeration 

cycle on 𝑇 െ 𝑠 diagram. 
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1-2: Isentropic compression in a compressor 

2-3: Isobaric heat rejection in a condenser 

3-4: Isenthalpic expansion in a throttling device 

4-1: Isobaric heat addition in an evaporator 

The 𝑇 െ 𝑠 diagram involving four processes of ideal vapour compression 
refrigeration cycle is shown in Fig. 8.12. The working fluid in saturated 
vapour state 1 enters a compressor where it is isentropically compressed 
to a superheated state 2. The temperature of the working fluid at the exit 
of the compressor is greater than the ambient temperature. The working 
fluid then passes through a condenser where it rejects heat to the 
atmosphere under the constant pressure conditions till it becomes 
saturated liquid. Generally air cooled condensers are used in 
refrigerators. Then working fluid is passed through a throttling device 
where it is expanded in an isenthalpic process from saturated liquid state 
3 to state 4. The pressure and temperature of the working fluid decreases 
in a throttle. Typically the temperature of working fluid becomes less 
than the temperature of the refrigerated space. Further working fluid is 
passed through an evaporator where it is heated in a constant pressure 
process and comes out of the evaporator as an saturated vapour to 
complete the cycle. It must be stated that ideal vapour compression 
refrigeration cycle is not an internally reversible cycle because 
isenthalpic expansion process in a throttling device is not internally 
reversible. Thus, it is represented by dashed line on 𝑇 െ 𝑠 diagram in 
Fig. 8.12. A schematic representation of different components of an ideal 
vapour compression refrigeration cycle is shown in Fig. 8.13. 

 
Fig. 8.12: Representation of an 

ideal vapour compression 
refrigeration cycle on 𝑇 െ 𝑠 

diagram. 

 

 
Fig. 8.13: Schematic 

representation of an ideal 
vapour compression 

refrigeration cycle based 
refrigerator. 

It is interesting to note that if a turbine is used in place of a throttling device for the expansion process 
then the cycle becomes internally reversible. The isentropic expansion of working fluid is shown by 
process  

3 െ 4′ in Fig. 8.12. It is evident from Fig. 8.12 that expansion in the turbine increases the refrigerating 
effect by an amount shown with shaded area in Fig. 8.12 for the same amount of compressor work. 
Moreover, the turbine can also produce some work output during the expansion process. Despite these 
benefits the turbine is not used in vapour compression refrigeration systems because of complexities in 
its operation and high cost that does not justify the added benefits. Contrary the throttling device is very 
simple and cheap. 

The thermodynamic analysis of vapour compression refrigeration systems is also based on the steady 
flow energy equation (Eqn. 8.1) considering changes in kinetic and potential energies negligible 
compared to corresponding enthalpy changes. Thus, using Eqn. (8.1), we get 

Compressor: 𝑤௜௡ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଶ െ ℎଵ                                                                  (8.13) 

Condenser: 𝑞ு ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ ℎଶ െ ℎଷ                                                                     (8.14) 

Throttling device: ℎ௜௡ ≃ ℎ௢௨௧ ⇒ ℎଷ ≃ ℎସ                                                                     (8.15) 

Evaporator: 𝑞௅ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଵ െ ℎସ                                                                      (8.16) 
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The COP of a refrigerator can be defined as 

𝛽 ൌ
௤ಽ
௪೔೙

ൌ
௛భି௛ర
௛మି௛భ

                                                                                                       (8.17) 

The same cycle can be used as a heat pump by just changing the heat source and heat sink. Thus, COP 
of a heat pump operating based on ideal vapour compression refrigeration cycle is given as 

𝛽′ ൌ
௤ಹ
௪೔೙

ൌ
௛మି௛య
௛మି௛భ

                                                                                                      (8.18) 

The home refrigerators and air conditioning systems work on the basis of an ideal vapour compression 
refrigeration cycle. The tubes passing through the freezer of a home refrigerator acts as an evaporator 
and the tubes on its back work as a condenser. This is the reason the back portion of a home refrigerator 
is typically warmer than the ambient. The working fluid used in a refrigerator is known as refrigerant. 
A large number of refrigerants can be used in refrigeration systems depending upon the system 
requirements and environmental constraints. 

8.6 Limitations of Carnot Gas Cycle 
In the previous sections, we discussed power cycles that use working fluid in the saturated liquid-vapour 
regime. There are a number of power cycles that use working fluid throughout the cycle in complete gas 
phase. The most idealized Carnot cycle for power producing devices that use gaseous working fluid 
includes isothermal heat addition, isentropic expansion, isothermal heat rejection and isentropic 
compression processes to complete the thermodynamic cycle. The Carnot gas cycle is shown on 𝑃 െ 𝑣 
and 𝑇 െ 𝑠 diagrams in Fig. 8.14. The liquid-vapour dome in Fig. 8.14 is shown to highlight the operating 
zone of gas power cycles on property diagrams. Using gaseous working substance, the Carnot cycle can 
be achieved either in a piston-cylinder device as demonstrated in Chapter 5 or using a number of steady 
flow devices in a closed loop. Here, we present steady flow devices based Carnot gas cycle that uses 
two turbines and two compressors as shown in Fig. 8.15. The first turbine allows isothermal heat 
addition and simultaneous expansion of the gas. Further gas is expanded isentropically in the second 
turbine. After this an isothermal heat rejection and compression of gaseous working fluid is performed 
in a compressor and finally the working fluid is compressed isentropically to complete the cycle. This 
cycle is not practically possible because the isothermal heat addition and heat rejection processes are 
extremely slow and require very large surface area to exchange a finite amount of heat. Contrary, the 
isentropic expansion and compression processes should be rapid to avoid any heat exchange with the 
surroundings. That is why operating different steady flow devices at different speeds in a closed loop 
thermodynamic cycle is not feasible. Thus, Carnot gas cycle cannot be used to closely approximate the 
gas power cycles and used as a standard to compare the performance of actual devices. 
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Fig. 8.14: Representation of Carnot gas cycle on (a) 𝑃 െ 𝑣 diagram and (b) 𝑇 െ 𝑠 diagram. 

 
Fig. 8.15: Schematic of a Carnot gas cycle. 

8.7 Air Standard Assumptions 
The gas turbine engines and the reciprocating engines are the main power producing devices that use 
gas as the working fluid. In all these engines, air taken from the atmosphere is mixed with fuel and 
combustion is performed within the system boundaries to produce energy. This is the reason these are 
also called internal combustion engines. Contrary, a device in which the combustion takes place 
outside the system boundary and products of combustion are used as input energy is called an external 
combustion engine. A steam power plant uses the heat from hot gases to produce steam that are 
obtained from combustion of fuel in an external furnace, hence, it can be regarded as an external 
combustion engine. The composition of gaseous medium changes in a gas turbine and a reciprocating 
engine throughout the cycle, therefore, these are difficult to analyze. Considering the fact that air 
contains a significant amount of nitrogen and it is not participating in the chemical reactions, it can be 
said that the products of combustion will also be nitrogen dominant. Thus, the working fluid remains 
closer to air like substance throughout the cycle. Another difficulty with these engines is that these 
operate in an open cycle as air taken as intake leaves in the form of products of combustion. The 
characteristic of operating in an open cycle is shown by all the internal combustion engines. 

The easiest approach to thermodynamically analyze the internal combustion engines is to use an 
approximate closed cycle that resembles closest to the actual open cycle operation. Such an 
approximated closed cycle is called air standard cycle and is based on following assumptions: 

1. A fixed mass of air is considered as the working fluid that operates in a closed loop without 
any intake and exhaust. The air also behaves as an ideal gas throughout the cycle. 

2. The combustion process is replaced with a heat addition process from an external source. 
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3. The exhaust of products of combustion in an actual engine is replaced by a heat rejection 
process to the surroundings that brings the working fluid to its initial state. 

4. All the processes that form the cycle are internally reversible. 

These assumptions are called air standard assumptions. One additional assumption of considering 
constant specific heats of air at room temperature is also introduced many times. When this assumption 
is used, the air standard assumptions are called cold air standard assumptions. An ideal gas with 
constant specific heats is known as calorically perfect gas. Typically calorically perfect behaviour is 
shown by gases up to 1000𝐾 temperature and above this temperature the specific heats become 
temperature dependent. Under such conditions an ideal gas with temperature dependent specific heats 
is known as thermally perfect gas. For a thermally perfect gas, the property tables should be used to 
find internal energy, enthalpy and entropy values. If the temperature of a gas becomes higher than 
≃4000𝐾, then dissociation of gas molecules may start and air standard assumptions may not be 
applicable with sufficient accuracy. Air standard cycles provide simplified thermodynamic analysis 
without deviating much from the actual cycle within their limit of applicability and help in qualitative 
investigation of the effect of different parameters on the performance of actual cycles. 

8.8 Brayton Cycle as an Ideal Cycle for Gas Turbine Engines 
Brayton cycle is used as an ideal cycle for gas turbine engines. A typical gas turbine engine consists of 
a compressor, a combustion chamber and a turbine as shown in Fig. 8.16. The compressor takes in the 
atmospheric air and increases its pressure and temperature. The high pressure and high temperature gas 
then mixes with fuel in the combustion chamber where combustion of fuel takes place. The heat released 
by the fuel further increases the pressure and temperature of the products of combustion which are then 
expanded in the turbine to obtain the shaft work. The products of combustion after their expansion in 
the turbine are exhausted to the atmosphere. Thus, the actual operation of a gas turbine forms an open 
cycle. To thermodynamically analyze a gas turbine engine, we impose the air standard assumptions 
which gives a closed cycle as shown in Fig. 8.17. The expansion and the compression processes in the 
closed loop cycle remain the same. The changes occur in the combustion process which is replaced by 
a heat addition process from the external source. Also, the working fluid at the exit of the turbine is 
passed through another heat exchanger where it gives heat to surroundings in order to reach the initial 
state to complete a closed loop cycle. Such a closed loop thermodynamic cycle is known as ideal 
Brayton cycle which includes the following ideal processes: 

1-2: Isentropic compression in a compressor 

2-3: Isobaric heat addition in a heat exchanger 

3-4: Isentropic expansion in a turbine 

4-1: Isobaric heat rejection in a heat exchanger 
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Fig. 8.16: Schematic representation of a gas turbine engine as an open cycle. 

 
Fig. 8.17: Schematic representation of an ideal Brayton cycle for a gas turbine engine. 

The 𝑃 െ 𝑣 and 𝑇 െ 𝑠 diagrams for an ideal Brayton cycle are shown in Fig. 8.18. The thermodynamic 
analysis of such a cycle can be performed by analyzing the individual steady flow devices by considering 
the negligible changes in kinetic and potential energies of the working fluid across each device. Thus, 
using Eqn. (8.1) and considering cold air standard assumption, we get 

Compression: 𝑤௖௢௠௣ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଶ െ ℎଵ ൌ 𝐶௣ሺ𝑇ଶ െ 𝑇ଵሻ                                     (8.19) 

Heat addition: 𝑞௜௡ ൌ ℎ௢௨௧ െ ℎ௜௡ ൌ ℎଷ െ ℎଶ ൌ 𝐶௣ሺ𝑇ଷ െ 𝑇ଶሻ                                          (8.20) 

Expansion: 𝑤௧௨௥௕௜௡௘ ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ ℎଷ െ ℎସ ൌ 𝐶௣ሺ𝑇ଷ െ 𝑇ସሻ                                       (8.21) 

Heat rejection: 𝑞௢௨௧ ൌ ℎ௜௡ െ ℎ௢௨௧ ൌ ℎସ െ ℎଵ ൌ 𝐶௣ሺ𝑇ସ െ 𝑇ଵሻ                                        (8.22) 

The efficiency of an ideal Brayton cycle is given as 

𝜂஻௥௔௬௧௢௡ ൌ
௪೙೐೟

௤೔೙
ൌ 1 െ

௤೚ೠ೟
௤೔೙

ൌ 1 െ
஼೛ሺ ర்ି భ்ሻ

஼೛ሺ య்ି మ்ሻ
ൌ 1 െ భ்

మ்

ሺ ర்/ భ்ିଵሻ

ሺ య்/ మ்ିଵሻ
                                (8.23) 

Processes 2-3 and 4-1 are isobaric, thus, 𝑃ଶ ൌ 𝑃ଷ and 𝑃ସ ൌ 𝑃ଵ, hence, 
௉మ
௉భ
ൌ

௉య
௉ర
ൌ 𝑟௣ where 𝑟௣ is known 

as pressure ratio. For isentropic compression and expansion processes, we obtain మ்

భ்
ൌ ቀ

௉మ
௉భ
ቁ
ೖషభ
ೖ ൌ 𝑟௣

ೖషభ
ೖ  

and య்

ర்
ൌ ቀ

௉య
௉ర
ቁ
ೖషభ
ೖ , where 𝑘 is the ratio of specific heats. Thus, we get మ்

భ்
ൌ య்

ర்
 ⇒ ర்

భ்
ൌ య்

మ்
. Therefore, Eqn. 

(8.23) can be expressed as 
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𝜂஻௥௔௬௧௢௡ ൌ 1 െ
ଵ

௥೛
ሺೖషభሻ/ೖ                                                    (8.24) 

Using the cold air standard assumptions, the thermal efficiency of an ideal 
Brayton cycle is a function of pressure ratio and ratio of specific heats. A 
plot of thermal efficiency based on Eqn. (8.24) is shown in Fig. 8.19 for 
different pressure ratios and specific heat ratios. It is evident from Fig. 
8.19 that efficiency of a Brayton cycle increases with increase in both 
pressure ratio and ratio of specific heats. The value of 𝑘 ൌ 1.667 is for 
monoatomic gases such as helium, argon, etc. and shows the highest 
thermal efficiency at all the pressure ratios. The value of specific heat 
ratio at cold air standard conditions is 1.2 for ethane, 1.3 for carbon 
dioxide and 1.4 for air. The actual gas turbine engine also shows an 
increase in its efficiency with an increase of pressure ratio. 

The maximum temperature in the Brayton cycle is obtained at the end of 
the heat addition process (state 3) and is typically limited by the 
metallurgical limits of the materials. Thus, the maximum pressure ratio is 
limited by this temperature limit. When the pressure ratio is increased 
from very low values, gradually by keeping the maximum temperature 
ሺ𝑇ଷሻ fixed, the net work done by the cycle first increases, reaches a 
maximum value and then starts decreasing. This is represented in Fig. 
8.20 for three different pressure ratios where the area enclosed by the 
cycle represents its net work output. In order to achieve the high net work 
output at high pressure ratios (high thermal efficiency) the mass flow rate 
of air should be large. This increases the size of the equipment which 
causes difficulties in handling the system and the high capital cost. Thus, 
this approach is not economical and a compromise between pressure ratio 
and net work output is established which gives a typical pressure ratio 
range of 10 to 18 for operating a gas turbine engine. It is also important 
to mention that the compressor work in a gas turbine is comparable to the 
work output of the turbine. This is because the working fluid remains in 
gaseous phase in both the compressor and the turbine, therefore, has 
comparable specific volume in both devices. Thus, a large portion of 
turbine work is utilized to drive the compressor and the remaining portion 
is obtained as net work output. This is the reason for having a larger size 
turbine in a gas turbine engine in comparison to the turbine of a steam 
power plant where the power required by the pump is very small. The 
ratio of compressor work to turbine work is known as back work ratio 
and it can be even more than 0.5 when the isentropic efficiencies of the 
compressor and the turbine are low. 

It is interesting to note that air in a gas turbine is used for two purposes, 
first to burn the fuel and second to cool the turbine and other components 
to avoid their overheating. The mass of air supplied for combustion of 
unit mass of fuel is known as air-fuel ratio. Due to the large amount of 
air used for cooling in a gas turbine engine, its air-fuel ratio typically 
ranges from 50 to 120. The gas turbine engines are mainly used for 

 
(a) 

 
(b) 

Fig. 8.18: Representation of 
an ideal Brayton cycle on (a) 
𝑃 െ 𝑣 diagram and (b) 𝑇 െ 𝑠 

diagram. 

 

 
Fig. 8.19: Thermal efficiency 
of an ideal Brayton cycle as 

function of pressure ratio and 
ratio of specific heats. 
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electricity production and aircraft propulsion. In case of electricity 
generation, the turbine shaft is connected to an electric generator to 
produce electricity. The gas turbine power plants can be used 
independently for electricity generation, however, many times these are 
used in conjunction with steam power plants where the exhaust gases 
from the gas turbine are used to produce steam. This is because the 
exhaust of a gas turbine takes place at a higher temperature than the 
maximum temperature of a steam power plant. Such plants are based on 
the combined gas-vapour power cycle. The use of gas turbines for 
aircraft propulsion involves partial expansion of gases in the turbine that 
is sufficient to run the compressor and provide power for running 
auxiliary equipment. The gases then are expanded through a nozzle to 
produce the required thrust. The thermodynamic cycle used for aircraft 
propulsion is also known as the ideal jet propulsion cycle.  

 
Fig. 8.20: Representation of 

Brayton cycle for fixed 
minimum and maximum 

temperatures at three different 
pressure ratios. 

 

 
For more details on 

reciprocating engines. 

8.9 Fundamentals of Reciprocating Engines 
The reciprocating engines powering the majority of cars, two wheelers, railway locomotives, etc. are 
thermodynamically analysed by considering them closed systems unlike the steady flow systems 
discussed in this chapter till now. The system volume keeps on changing based on piston  motion that 
enables the intake of  fresh air/air-fuel mixture (Fig 8.21-a), compression of charge (air and fuel mixture) 
(Fig. 8.21-b), combustion of charge followed expansion (Fig. 8.21-c), and exhaust of burned gases from 
the cylinder (Fig. 8.21-d) with proper synchronization of piston motion and valves opening and closing 
timings. Process represented in Fig. 8.21(a-d) is the representation of typical four stroke engines. In one 
cycle of the reciprocating engines, a fixed mass of charge is inducted inside the system and it undergoes 
compression, combustion, expansion and exhaust of the system. Hence, during analysis of one cycle the 
mass remains constant and inflow and outflow from the thermodynamic system is not allowed. For 
proper combustion of the fuel, mixing of the fuel and air is a critical parameter. Depending upon the 
evaporation and diffusion properties of the fuels suitable air fuel mixing mechanisms are used in 
different types of the engines. After the large-scale popularisation of petroleum based liquid fuels for 
the automobile engines, based on the distillation characteristics of petroleum diesel and petrol (gasoline) 
are two most popular fuels for reciprocating engines. It is easier to evaporate petrol than diesel, hence 
generally petrol is injected in low pressure air outside the cylinder by deploying low pressure (∼5 𝑏𝑎𝑟) 
fuel injectors or other mechanisms named as carburettors. The intake and compression strokes provide 
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sufficient time for mixing of fuel and air. This homogeneously mixed mixture rapidly burns. This 
quicker combustion is represented as constant volume combustion on a thermodynamic cycle. In case 
of diesel, it is difficult to evaporate the diesel. Hence, diesel is injected at high pressure (∼1000 𝑏𝑎𝑟) in 
high temperature and high pressure gases after the completion of the compression process. Combustion 
starts along with the diesel injection process. Due to difficulty in the evaporation and diffusion of the 
diesel along with lesser time available for the mixing of diesel and air, the mixture condition of diesel-
air during the combustion of the diesel is heterogeneous. Hence, it is called heterogeneous combustion. 
Also, the duration of the combustion (heat addition) process is longer and the cylinder volume undergoes 
some change during this heat addition process. Hence, the heat addition process of the diesel engines is 
represented as a constant pressure process in the thermodynamic cycles. 

Due to homogeneous  mixing of gasoline and air generally spark plugs are used for igniting the gasoline 
air mixtures. Hence, gasoline engines are also referred to as spark ignition (SI) engines. The autoignition 
temperature of diesel-air mixture is lower than gasoline-air mixture. For taking advantage of this 
property of fuel-air mixture along with certain other parameters affecting the combustion (not in the 
scope of this book), in diesel fuelled engines the combustion starts by raising the temperature though 
compression. Hence, diesel engines are also referred to as compression ignition (CI) engines.  

 Similar to the description of open and closed cycles earlier in section 8.8, the real world cycles occurring 
in the reciprocating engines are also open cycles but for analytical simplicity they are approximated as 
closed cycles. In most of the modern automobile engines, turbochargers are deployed for increasing the 
output power of the engines by increasing the intake air pressure during induction (8.21-a) so that more 
fuel can be burned inside the cylinder that increases the amount of power produced by the engine. 
Turbocharges are a combination of turbine and compressor. Turbines are powered by hot exhaust gases 
coming out from the exhaust valve of the reciprocating engine cylinder. Other details of these 
turbochargers are similar to descriptions of turbines and compressors used in Brayton cycle based gas 
turbines as described in section 8.8. Based on the time taken by the heat addition process which in turn 
depends on the properties of the air and fuel used for producing this heat, the heat addition process can 
be approximated as constant volume heat addition, constant pressure heat addition or combination of 
these processes. The next section describes two popular thermodynamic cycles applicable for 
reciprocating engines named as Otto and Diesel cycles. 

8.10 Otto and Diesel Cycles as Ideal Cycles for reciprocating engines 

Otto and Diesel cycles  are used as the ideal cycles for reciprocating spark ignited and compression 
ignited  engines, respectively.  
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The actual operation of a reciprocating engine forms an open cycle. To 
thermodynamically analyze a reciprocating engine, we impose the air 
standard assumptions which gives a closed cycle 1-2-3(3’)-4 as shown in 
Fig. 8.22. Such a closed loop thermodynamic cycle is known as ideal 
Otto (Diesel) cycle which includes the following ideal processes: 

1-2: Isentropic compression through the piston 

2-3(3’): Isochoric (Isobaric) heat addition 

3(3’)-4: Isentropic expansion of the piston 

4-1: Isochoric heat rejection through the sudden opening of the exhaust 
valve 

The 𝑃 െ 𝑣 diagram for the ideal Otto (Diesel) cycle shows the same 
compression ratios for both Otto as well as Diesel cycles. But in actual 
practice the compression ratio of petrol engines (about 12) is much lower 
than the compression ratio of diesel engines (about 20). The 
thermodynamic analysis of such a cycle can be performed by analyzing 
the individual energy changes for individual processes during these 
cycles. Thus, using first law of thermodynamics for a closed system and 
considering cold air standard assumption, we get 

Compression process: 

𝑤௖௢௠௣ ൌ 𝑢ଶ െ 𝑢ଵ ൌ 𝐶௩ሺ𝑇ଶ െ 𝑇ଵሻ                                     (8.25) 

Heat addition for Otto Cycle:  

𝑞௜௡ ൌ 𝑢ଷ െ 𝑢ଶ ൌ 𝐶௩ሺ𝑇ଷ െ 𝑇ଶሻ                                          (8.26) 

Heat addition for Diesel Cycle: 

𝑞௜௡ ൌ ℎଷᇱ െ ℎଶ ൌ 𝐶௣ሺ𝑇ଷᇱ െ 𝑇ଶሻ                                         (8.27) 

Expansion for Otto cycle:  

𝑤௘௫௣௔௡௦௜௢௡ ൌ 𝑢ଷ െ 𝑢ସ ൌ 𝐶௩ሺ𝑇ଷ െ 𝑇ସሻ                                (8.28) 

Expansion for Diesel cycle: 

𝑤௘௫௣௔௡௦௜௢௡ ൌ 𝑢ଷᇱ െ 𝑢ସ ൌ 𝐶௩ሺ𝑇ଷᇱ െ 𝑇ସሻ                              (8.29) 

Heat rejection: 𝑞௢௨௧ ൌ 𝑢ସ െ 𝑢ଵ ൌ 𝐶௩ሺ𝑇ସ െ 𝑇ଵሻ                 (8.30) 

The efficiency of an ideal Otto cycle is given as 

𝜂ை௧௧௢ ൌ 1 െ
௤೚ೠ೟
௤೔೙

ൌ 1 െ
஼ೡሺ ర்ି భ்ሻ

஼ೡሺ య்ି మ்ሻ
ൌ 1 െ భ்

మ்

ሺ ర்/ భ்ିଵሻ

ሺ య்/ మ்ିଵሻ
    (8.31) 

 

 
Fig. 8.21: Piston motion and 
valve openings and closing 

for different steps of 
reciprocation engine cycles: 
(a) intake, (b) compression,  

(c ) combustion and 
expansion and (d) exhaust. 

 

 
Fig. 8.22: Representation of 
an ideal Otto cycle and an 

ideal Diesel cycle on 𝑃 െ 𝑣 
diagram. 
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Processes 2-3 and 4-1 are isochoric, thus,  

𝑉ଶ ൌ 𝑉ଷ and 𝑉ସ ൌ 𝑉ଵ, hence, 
௏భ
௏మ
ൌ

௏ర
௏య
ൌ 𝑟  where 𝑟  is known as compression ratio. For isentropic 

compression and expansion processes, we obtain 

మ்

భ்
ൌ ቀ

௏భ
௏మ
ቁ
௞ିଵ

ൌ 𝑟ሺ௞ିଵሻ and య்

ర்
ൌ ቀ

௏ర
௏య
ቁ
௞ିଵ

, where 𝑘 is the ratio of specific heats. Thus, we get మ்

భ்
ൌ య்

ర்
 ⇒

ర்

భ்
ൌ య்

మ்
. Therefore, Eqn. (8.31) can be expressed as 

𝜂ை௧௧௢ ൌ 1 െ
ଵ

௥ሺೖషభሻ
                                                                                                      (8.32) 

The efficiency of an ideal Diesel cycle is given as 

𝜂஽௜௘௦௘௟ ൌ 1 െ
௤೚ೠ೟
௤೔೙

ൌ 1 െ
஼ೡሺ ర்ି భ்ሻ

஼೛ሺ య்ି మ்ሻ
ൌ 1 െ

ଵ

௞
భ்

మ்

ሺ ర்/ భ்ିଵሻ

ሺ య்/ మ்ିଵሻ
                                          (8.33) 

Now by defining a new quantity called as cut-off ratio which is the ratio of cylinder volumes after and 

before the heat addition process, i.e. 𝑟௖ ൌ
௏యᇲ
௏మ

 and using isentropic relations of an ideal gas for processes 

1-2 and 3’-4, we get 

𝜂஽௜௘௦௘௟ ൌ 1 െ
ଵ

௥ሺೖషభሻ
ቂ
௥೎ೖିଵ

௞ሺ௥೎ିଵሻ
ቃ                                                                                      (8.34) 

Using the cold air standard assumptions, the thermal efficiency of an ideal Otto cycle is a function of 
compression ratio and ratio of specific heats. It is evident from Eqn. (8.32) that efficiency of an Otto 
cycle increases with increase in both compression ratio and ratio of specific heats. On the other hand, 
the efficiency of an ideal diesel cycle depends on its compression ratio, cut-off ratio and ratio of specific 
heats. A diesel cycle becomes identical to an Otto cycle for a cut-off ratio of one. It must be noted that 
a more advanced cycle that considers the combustion process of a reciprocating engine as the 
combination of part constant volume heat addition and part constant pressure heat addition is known as 
a dual cycle. The extent of contact volume and constant pressure fractions of the heat addition process 
can be decided as per the actual combustion process of the engine. One important parameter that is often 
used to compare the performance of same sized reciprocating engines is known as mean effective 
pressure. It is basically defined as the net work done by an engine per unit the volume swept by the 
piston during the power stroke. It is mathematical expressed as 

𝑃ொ௉ ൌ
ௐ೙೐೟

௏೘ೌೣି௏೘೔೙
ൌ

௪೙೐೟

௩೘ೌೣି௩೘೔೙
                                                                                     (8.35) 

UNIT SUMMARY 

In this chapter, we have introduced the basic power and refrigeration cycles that are used for 
thermodynamic analysis of actual cyclic energy conversion devices. An ideal cycle approximates an 
actual energy conversion device as the combination of internally reversible processes. It was found that 
the reversible Carnot cycle shows limitations in terms of its practical operations for operating a steam 
power plant. Hence, an ideal cycle that approximates a steam power plant is discussed and is known as 
an ideal Rankine cycle. In this cycle, water is used as a working fluid which operates in the two-phase 
regime. The effect of its operating parameters on the performance of the ideal Rankine cycle is also 
demonstrated. An ideal vapour compression refrigeration cycle that also operates in the two-phase 
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regime is an ideal cycle for the operation of refrigerators, heat pumps and air conditioning units. It can 
have different working fluids depending upon the system requirements and environmental constraints. 

Gas turbine engines and reciprocating engines are another class of power producing devices that uses 
the working fluid in gaseous phase throughout the cycle. In actual operation of these power cycles, air 
is mixed with fuel and energy is obtained from combustion of fuel to produce work and then products 
of combustion are exhausted. To facilitate the thermodynamic analysis of these devices, air standard 
assumptions are introduced which approximate their operation as the ideal closed cycle. The inclusion 
of air standard operations for a gas turbine engine results in an ideal cycle that is known as the ideal 
Brayton cycle. Similarly, the spark ignited reciprocating engines are approximated by an ideal Otto 
cycle. The operation of a compression ignition reciprocating engine is idealized by Diesel cycle. A 
slightly modified ideal cycle with two heat addition processes that more closely approximates the actual 
operation for both spark and compression ignited engines is called dual cycle. 

It must be noted that the present book is mainly focussed on fundamental concepts of classical 
thermodynamics. This chapter is included to introduce the use of different concepts elucidated in the 
previous chapters to demonstrate their practical applications. Thus, we focused in this chapter only on 
the basic power and refrigeration cycles. In actual conditions, many modified versions of each of the 
basic ideal cycles are used. Therefore, the readers are suggested to refer to the text books of engineering 
thermodynamics and applied thermodynamics to study the concepts of applications of thermodynamics 
in detail. 

Solved Examples 
Example 8.1: In a Rankine cycle based steam power plant, steam enters the turbine at 15 𝑀𝑃𝑎 and 
550℃. The condenser operates at a pressure of 20 𝑘𝑃𝑎. Determine the cycle efficiency. 

Solution: The thermal efficiency of the ideal Rankine cycle is to be determined. 

Assumptions: All the processes are internally reversible. The cycle operates at steady flow conditions 
with negligible changes in kinetic and potential energies across each device. 

Analysis: Based on the processes represented in Fig. 8.4, the given data is 

𝑃ଶ ൌ 𝑃ଷ ൌ 15 𝑀𝑃𝑎, 𝑇ଷ ൌ 550℃, 𝑃ସ ൌ 𝑃ଵ ൌ 20 𝑘𝑃𝑎. 

Using superheated steam table B.3, we get 

ℎଷ ൌ 3450.4 𝑘𝐽/𝑘𝑔 and 𝑠ଷ ൌ 6.5230 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Using saturation pressure table B.2, we get 

𝑣ଵ ൌ 𝑣௙@ଶ଴ ௞௉௔ ൌ 0.001017 𝑚ଷ/𝑘𝑔, ℎଵ ൌ ℎ௙@ଶ଴ ௞௉௔ ൌ 251.42 𝑘𝐽/𝑘𝑔, 

ℎ௙௚@ଶ଴ ௞௉௔ ൌ 2357.5 𝑘𝐽/𝑘𝑔, 𝑠௙@ଶ଴ ௞௉௔ ൌ 0.8320 𝑘𝐽/𝑘𝑔 െ 𝐾 and 

𝑠௙௚@ଶ଴ ௞௉௔ ൌ 7.0752 𝑘𝐽/𝑘𝑔 െ 𝐾 

For isentropic expansion of steam in turbine, 𝑠ଷ ൌ 𝑠ସ ൌ 6.5230 𝑘𝐽/𝑘𝑔 െ 𝐾 ൏ 𝑠௚@ଶ଴ ௞௉௔. 

Thus, 𝑠ସ ൌ ൫𝑠௙ ൅ 𝑥ସ𝑠௙௚൯@ଶ଴ ௞௉௔
⇒ 𝑥ସ ൌ 0.804. 

Similarly, ℎସ ൌ ൫ℎ௙ ൅ 𝑥ସℎ௙௚൯@ଶ଴ ௞௉௔
ൌ 2146.85 𝑘𝐽/𝑘𝑔. 
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For the isentropic process in pump, ℎଶ െ ℎଵ ൌ ׬
ଶ
ଵ 𝑣𝑑𝑃 ൌ 𝑣ଵሺ𝑃ଶ െ 𝑃ଵሻ. 

⇒ ℎଶ ൌ 251.42 ൅ 0.001017 ൈ ሺ15 ൈ 1000 െ 20ሻ ൌ 266.65 𝑘𝐽/𝑘𝑔. 

Specific heat added to working fluid in the boiler is 𝑞௜௡ ൌ ℎଷ െ ℎଶ ൌ 3183.75 𝑘𝐽/𝑘𝑔. 

Specific heat removed from working fluid in the condenser is 

𝑞௢௨௧ ൌ ℎସ െ ℎଵ ൌ 1895.43 𝑘𝐽/𝑘𝑔. 

Therefore, the thermal efficiency of the cycle is 𝜂ோ௔௡௞௜௡௘ ൌ 1 െ
௤೚ೠ೟
௤೔೙

ൌ 40.46%. 

 

Example 8.2: R-134a is used as a refrigerant in an ideal refrigeration cycle that has evaporator 
temperature of െ15℃ and the condenser temperature of 45℃. The mass flow rate of refrigerant in the 
cycle is 0.025 𝑘𝑔/𝑠. Determine the capacity of the refrigerating unit in terms of rate of refrigeration and 
its COP. 

Solution: The rate of refrigeration and the COP of the given refrigerating plant are to be determined. 

Assumptions: Consider that the refrigeration plant operates under the steady flow conditions and the 
changes in kinetic and potential energies of the refrigerant are negligible across each steady flow device. 

Analysis: Based on the processes represented in Fig. 8.12, the given data is 

𝑇ଵ ൌ 𝑇ସ ൌ െ15℃, 𝑇ଷ ൌ 45℃, 𝑚ሶ ൌ 0.025 𝑘𝑔/𝑠. 

Using saturation R-134a table, we get 

ℎଵ ൌ ℎ௚@ ିଵହ℃ ൌ  389.20 𝑘𝐽/𝑘𝑔, 𝑠ଵ ൌ 𝑠௚@ ିଵହ℃ ൌ  1.7354 𝑘𝐽/𝑘𝑔 െ 𝐾, 

ℎଷ ൌ ℎ௙@ସହ℃ ൌ  264.11 𝑘𝐽/𝑘𝑔, 𝑃ଷ ൌ 𝑃௦௔௧.@ସହ℃ ൌ  1160.2 𝑘𝑃𝑎 ൌ 𝑃ଶ. 

For isentropic compression process: 𝑠ଵ ൌ 𝑠ଶ ൌ 1.7354 𝑘𝐽/𝑘𝑔 െ 𝐾. 

Using superheated R-134a table at 𝑃ଶ ൌ 1160.2 𝑘𝑃𝑎 and 𝑠ଶ ൌ 1.7354 𝑘𝐽/𝑘𝑔 െ 𝐾, we get 

𝑃 ൌ 1000 𝑘𝑃𝑎 𝑃 ൌ 1200 𝑘𝑃𝑎 

𝑠 ሺ𝑘𝐽/𝑘𝑔 𝐾ሻ 𝑇 ሺ℃ሻ ℎ ሺ𝑘𝐽/𝑘𝑔ሻ 𝑠 ሺ𝑘𝐽/𝑘𝑔 𝐾ሻ 𝑇 ሺ℃ሻ ℎ ሺ𝑘𝐽/𝑘𝑔ሻ 

1.7148 40 420.25 1.7237 50 426.84 

1.7354 ሺ�2ሻ 45.95 (using 
interpolation) 

426.79 (using 
interpolation) 

1.7354 ሺ�2ሻ 53.37 (using 
interpolation) 

430.67 (using 
interpolation) 

1.7494 50 431.24  1.7584 60  438.21 
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Using this, we obtain 

𝑠ଶ ൌ 1.7354 𝑘𝐽/𝑘𝑔 𝐾 

𝑃 ሺ𝑘𝑃𝑎ሻ 𝑇 ሺ℃ሻ ℎ ሺ𝑘𝐽/𝑘𝑔ሻ 

1000 45.95 426.79 

1160.2 ሺ𝑃ଶሻ 
51.89 (using interpolation) 429.90 (using interpolation) 

1200 53.37 430.67 

Thus, 𝑇ଶ ൌ 51.89℃ and ℎଶ ൌ 429.90 𝑘𝐽/𝑘𝑔. 

For the expansion process, ℎସ ≃ ℎଷ ൌ 264.11 𝑘𝐽/𝑘𝑔. 

Therefore, the rate of refrigeration is 𝑄ሶ௅ ൌ 𝑚ሶ ሺℎଵ െ ℎସሻ ൌ 3.13 𝑘𝑊. 

The COP of the refrigeration plant is 𝛽 ൌ
௤ಽ

௪೔೙
ൌ

௛భି௛ర
௛మି௛భ

ൌ 3.07. 

 

Example 8.3: Air enters the compressor of an ideal Brayton cycle at 100 𝑘𝑃𝑎 and 25℃. It leaves the 
compressor at 1.2 𝑀𝑃𝑎 and the maximum temperature in the cycle is 1150℃. Using the cold air standard 
assumptions, determine the compressor work, turbine work and cycle efficiency. 

Solution: The compressor work, turbine work and efficiency of the Brayton cycle are to be determined. 

Assumptions: Consider the cycle operates in steady flow conditions and the changes in kinetic and 
potential energies of the air are negligible across each steady flow device. 

Analysis: By referring to Fig. 8.18 for knowing the state points across each steady flow device, given 
data is 𝑃ଵ ൌ 100 𝑘𝑃𝑎, 𝑇ଵ ൌ 25℃ ൌ 298𝐾, 𝑃ଷ ൌ 1.2 𝑀𝑃𝑎 ൌ 1200 𝑘𝑃𝑎 and 𝑇ଷ ൌ 1150℃ ൌ 1423𝐾. 
Also, 𝑘 ൌ 1.4 and 𝐶௣ ൌ 1.005 𝑘𝐽/𝑘𝑔 െ 𝐾 for air at room temperature. Since the heat addition process 
2-3 is isobaric, thus 𝑃ଶ ൌ 𝑃ଷ ൌ 1200 𝑘𝑃𝑎. Similarly, heat rejection process 4-1 is also isobaric, 
therefore, 𝑃ସ ൌ 𝑃ଵ ൌ 100 𝑘𝑃𝑎. 

For isentropic compression process 1-2: 

మ்

భ்
ൌ ቀ

௉మ
௉భ
ቁ
ೖషభ
ೖ ⇒ 𝑇ଶ ൌ 298 ൈ ቀ

ଵଶ଴଴

ଵ଴଴
ቁ
భ.రషభ
భ.ర ൌ 606.11𝐾. 

For isentropic expansion process 3-4: 

య்

ర்
ൌ ቀ

௉య
௉ర
ቁ
ೖషభ
ೖ ⇒ 𝑇ସ ൌ 1423 ൈ ቀ

ଵଶ଴଴

ଵ଴଴
ቁ
షሺభ.రషభሻ

భ.ర ൌ 699.63𝐾. 

The specific compressor work is 𝑤௖௢௠௣ ൌ ℎଶ െ ℎଵ ൌ 𝐶௣ሺ𝑇ଶ െ 𝑇ଵሻ ൌ 309.65 𝑘𝐽/𝑘𝑔. 

The specific turbine work is 𝑤௧௨௥௕௜௡௘ ൌ ℎଷ െ ℎସ ൌ 𝐶௣ሺ𝑇ଷ െ 𝑇ସሻ ൌ 726.99 𝑘𝐽/𝑘𝑔. 

The net work output is 𝑤௡௘௧ ൌ 𝑤௧௨௥௕௜௡௘ െ 𝑤௖௢௠௣ ൌ 417.34 𝑘𝐽/𝑘𝑔. 

Heat supplied is 𝑞௜௡ ൌ ℎଷ െ ℎଶ ൌ 𝐶௣ሺ𝑇ଷ െ 𝑇ଶሻ ൌ 820.97 𝑘𝐽/𝑘𝑔. 
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Thus, cycle efficiency is 𝜂஻௥௔௬௧௢௡ ൌ
௪೙೐೟

௤೔೙
ൌ

ସଵ଻.ଷସ

଼ଶ଴.ଽ଻
ൌ 50.83%. 

Alternate approach: The cycle efficiency is also expressed as 𝜂஻௥௔௬௧௢௡ ൌ
ଵ

௥೛
ሺೖషభሻ/ೖ where 𝑟௣ ൌ

௉మ
௉భ
ൌ

12 ⇒ 𝜂஻௥௔௬௧௢௡ ൌ 1 െ
ଵ

ଵଶሺభ.రషభሻ/భ.ర ൌ 50.83%. 

 

Example 8.4: A gasoline engine that operates based on an ideal Otto cycle has compression ratio of 12. 
The air has 100 𝑘𝑃𝑎 pressure and 25℃ temperature at the start of the compression process and heat of 
1500 𝑘𝐽/𝑘𝑔 is added after the compression process. Determine the pressure and temperature at each 
point of the cycle, mean effective pressure and its thermal efficiency. 

Solution: The pressure and temperature at each point of the cycle, mean effective pressure and thermal 
efficiency are to be determined. 

Assumptions: The kinetic and potential energies of working fluid is negligible and the cycle operates 
in  a closed system. 

Analysis: By referring to Fig. 8.22 for the ideal Otto cycle, the given data at different state points is 

𝑃ଵ ൌ 100 𝑘𝑃𝑎, 𝑇ଵ ൌ 25℃ ൌ 298𝐾, 𝑞௜௡ ൌ 1500 𝑘𝐽/𝑘𝑔 and 𝑟 ൌ
௏భ
௏మ
ൌ 12. Also, 𝑘 ൌ 1.4, 𝐶௣ ൌ

1.005 𝑘𝐽/𝑘𝑔 െ 𝐾 and 𝐶௩ ൌ 0.718 𝑘𝐽/𝑘𝑔 െ 𝐾 for air at room temperature. Since the heat addition 
process 2-3 is isochoric, thus 𝑉ଶ ൌ 𝑉ଷ and the heat rejection process 4-1 is isochoric, therefore, 𝑉ସ ൌ
𝑉ଵ ⇒ 𝑟 ൌ

௏ర
௏య

. 

Using ideal gas equation at state 1, 

𝑃ଵ𝑣ଵ ൌ 𝑅𝑇ଵ ⇒ 𝑣ଵ ൌ
ோ భ்

௉భ
ൌ

଴.ଶ଼଻ൈଶଽ଼

ଵ଴଴
ൌ 0.855 𝑚ଷ/𝑘𝑔. 

⇒ 𝑣ଶ ൌ
௩భ
ଵଶ
ൌ 0.07125 𝑚ଷ/𝑘𝑔. 

For isentropic compression process 1-2: 

మ்

భ்
ൌ ቀ

௏భ
௏మ
ቁ
௞ିଵ

⇒ 𝑇ଶ ൌ 298 ൈ ሺ12ሻଵ.ସିଵ ൌ 805.17𝐾. 

௉మ
௉భ
ൌ ቀ

௏భ
௏మ
ቁ
௞
⇒ 𝑃ଶ ൌ 100 ൈ 12ଵ.ସ ൌ 3242.30 𝑘𝑃𝑎. 

For isochoric heat addition process 2-3: 

𝑞௜௡ ൌ 𝑢ଷ െ 𝑢ଶ ൌ 𝐶௩ሺ𝑇ଷ െ 𝑇ଶሻ ⇒ 𝑇ଷ ൌ
ଵହ଴଴

଴.଻ଵ଼
൅ 805.17 ൌ 2894.31𝐾. 

௉మ
௉య
ൌ మ்

య்
⇒ 𝑃ଷ ൌ 𝑃ଶ

య்

మ்
ൌ 3242.30 ൈ

ଶ଼ଽସ.ଷଵ

଼଴ହ.ଵ଻
ൌ 11654.96 𝑘𝑃𝑎. 

For isentropic expansion process 3-4: 

య்

ర்
ൌ ቀ

௏ర
௏య
ቁ
௞ିଵ

⇒ 𝑇ସ ൌ 2894.31 ൈ ሺ12ሻିሺଵ.ସିଵሻ ൌ 1071.20𝐾. 

௉య
௉ర
ൌ ቀ

௏ర
௏య
ቁ
௞
⇒ 𝑃ସ ൌ 11654.96 ൈ 12ିଵ.ସ ൌ 359.46 𝑘𝑃𝑎. 

The specific heat rejected is 𝑞௢௨௧ ൌ 𝑢ସ െ 𝑢ଵ ൌ 𝐶௩ሺ𝑇ସ െ 𝑇ଵሻ ൌ 555.16 𝑘𝐽/𝑘𝑔. 

The net work output is 𝑤௡௘௧ ൌ 𝑞௡௘௧ ൌ 𝑞௜௡ െ 𝑞௢௨௧ ൌ 944.84 𝑘𝐽/𝑘𝑔. 
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Mean effective pressure is 𝑃ொ௉ ൌ
௪೙೐೟

௩భି௩మ
ൌ

ଽସସ.଼ସ

଴.଼ହହି଴.଴଻ଵଶହ
ൌ 1205.54 𝑘𝑃𝑎. 

Thus, cycle efficiency is 𝜂ை௧௧௢ ൌ
௪೙೐೟

௤೔೙
ൌ

ଽସସ.଼ସ

ଵହ଴଴
ൌ 62.99%. 

Alternate approach: The cycle efficiency is also expressed as 𝜂ை௧௧௢ ൌ
ଵ

௥ሺೖషభሻ
. 

⇒ 𝜂ை௧௧௢ ൌ 1 െ
ଵ

ଵଶሺభ.రషభሻ ൌ 62.99%. 

 

Example 8.5: A compression ignition engine operates on an ideal diesel cycle that has compression 
ratio of 20. The air has 100 𝑘𝑃𝑎 pressure and 25℃ temperature at the start of the compression process 
and heat of 1500 𝑘𝐽/𝑘𝑔 is added after the compression process. Determine the pressure and temperature 
at each point of the cycle, mean effective pressure and its thermal efficiency. 

Solution: The pressure and temperature at each point of the cycle, mean effective pressure and thermal 
efficiency are to be determined. 

Assumptions: The kinetic and potential energies of working fluid is negligible and the cycle operates 
in  a closed system. 

Analysis: By referring to Fig. 8.22 for the ideal diesel cycle, the given data at different state points is 

𝑃ଵ ൌ 100 𝑘𝑃𝑎, 𝑇ଵ ൌ 25℃ ൌ 298𝐾, 𝑞௜௡ ൌ 1500 𝑘𝐽/𝑘𝑔 and 𝑟 ൌ
௏భ
௏మ
ൌ 20. Also, 𝑘 ൌ 1.4, 𝐶௣ ൌ

1.005 𝑘𝐽/𝑘𝑔 െ 𝐾 and 𝐶௩ ൌ 0.718 𝑘𝐽/𝑘𝑔 െ 𝐾 for air at room temperature. Since the heat addition 
process 2-3 is isobaric, thus 𝑃ଶ ൌ 𝑃ଷ and the heat rejection process 4-1 is isochoric, therefore, 𝑉ସ ൌ 𝑉ଵ. 

Using ideal gas equation at state 1, 

𝑃ଵ𝑣ଵ ൌ 𝑅𝑇ଵ ⇒ 𝑣ଵ ൌ
ோ భ்

௉భ
ൌ

଴.ଶ଼଻ൈଶଽ଼

ଵ଴଴
ൌ 0.855 𝑚ଷ/𝑘𝑔. 

⇒ 𝑣ଶ ൌ
௩భ
ଶ଴
ൌ 0.04275 𝑚ଷ/𝑘𝑔. 

For isentropic compression process 1-2: 

మ்

భ்
ൌ ቀ

௏భ
௏మ
ቁ
௞ିଵ

⇒ 𝑇ଶ ൌ 298 ൈ ሺ20ሻଵ.ସିଵ ൌ 987.71𝐾. 

௉మ
௉భ
ൌ ቀ

௏భ
௏మ
ቁ
௞
⇒ 𝑃ଶ ൌ 100 ൈ 20ଵ.ସ ൌ 6628.91 𝑘𝑃𝑎. 

For isobaric heat addition process 2-3: 

𝑞௜௡ ൌ ℎଷ െ ℎଶ ൌ 𝐶௣ሺ𝑇ଷ െ 𝑇ଶሻ ⇒ 𝑇ଷ ൌ
ଵହ଴଴

ଵ.଴଴ହ
൅ 987.71 ൌ 2480.25𝐾. 

𝑃ଷ ൌ 𝑃ଶ ൌ 2480.25 𝑘𝑃𝑎. 
௏య
௏మ
ൌ య்

మ்
⇒ 𝑣ଷ ൌ 0.1074 𝑚ଷ/𝑘𝑔. 

For isentropic expansion process 3-4: 

య்

ర்
ൌ ቀ

௏ర
௏య
ቁ
௞ିଵ

⇒ 𝑇ସ ൌ 2480.25 ൈ ቀ
଴.଼ହହ

଴.ଵ଴଻ସ
ቁ
ିሺଵ.ସିଵሻ

ൌ 1081.71𝐾. 

௉య
௉ర
ൌ ቀ

௏ర
௏య
ቁ
௞
⇒ 𝑃ସ ൌ 2480.25 ൈ ቀ

଴.଼ହହ

଴.ଵ଴଻ସ
ቁ
ିଵ.ସ

ൌ 135.88 𝑘𝑃𝑎. 
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The specific heat rejected is 𝑞௢௨௧ ൌ 𝑢ସ െ 𝑢ଵ ൌ 𝐶௩ሺ𝑇ସ െ 𝑇ଵሻ ൌ 562.70 𝑘𝐽/𝑘𝑔. 

The net work output is 𝑤௡௘௧ ൌ 𝑞௡௘௧ ൌ 𝑞௜௡ െ 𝑞௢௨௧ ൌ 937.30 𝑘𝐽/𝑘𝑔. 

Mean effective pressure is 𝑃ொ௉ ൌ
௪೙೐೟

௩భି௩మ
ൌ

ଽଷ଻.ଷ଴

଴.଼ହହି଴.଴ସଶ଻ହ
ൌ 1153.96 𝑘𝑃𝑎. 

Thus, cycle efficiency is 𝜂஽௜௘௦௘௟ ൌ
௪೙೐೟

௤೔೙
ൌ

ଽଷ଻.ଷ଴

ଵହ଴଴
ൌ 62.49%. 

EXERCISES 

Multiple Choice Questions 

 

8.1 An ideal cycle for a power producing device consists of all 

 A. reversible 
processes 

B. internally 
reversible processes  

C. externally 
reversible processes 

D. internally 
irreversible 
reversible processes 

8.2 The operation of a steam power plant is most closely approximated by the 

 A. Carnot vapor 
cycle 

B. Carnot gas cycle C. Rankine cycle D. Brayton cycle 

8.3 The efficiency of an ideal Rankine cycle increases with increase of boiler pressure due to 
increase of 

 A. mean 
temperature of heat 
addition 

B. highest 
temperature of the 
cycle 

C. lowest 
temperature of the 
cycle 

D. degree of 
superheat 

8.4 The increase of boiler pressure results in 

 A. less net work 
output 

B. more heat 
rejection 

C. increase in steam 
quality at turbine 
exit 

D. decrease in steam 
quality at turbine 
exit 

8.5 The pump work in a steam power plant is very less in comparison to turbine work due to 

 A. low specific 
volume of liquid 

B. low pressure ratio C. low enthalpy of 
compressed liquid 

D. high specific 
volume of liquid 



Basics of Thermodynamics | 227 

 

8.6 The efficiency of an ideal Rankine cycle is__________________than the efficiency of 
Carnot vapour cycle operating under similar conditions. 

  A. more B. less C. equal D. cannot be 
compared 

8.7 An ideal vapour compression refrigeration cycle is not an internally reversible cycle due to 

 A. isobaric heat 
addition 

B. isentropic 
compression 

C. isentropic 
expansion 

D.  isenthalpic 
expansion 

8.8 The efficiency of an ideal Brayton cycle, that is based on cold air standard assumptions, 
depends upon 
i. pressure ratio 
ii. maximum cycle temperature 
iii. specific heat ratio 
iv. maximum cycle pressure 

 A. i and ii B. i and iii C. i and iv D. iii and iv 

8.9 A very high pressure ratio is not used in Brayton cycle because of 

 A. low net work 
output 

B. low thermal 
efficiency 

C. high net work 
output 

D. high thermal 
efficiency 

8.10 The efficiency of an Otto cycle increase with 

 A. decrease of 
compression ratio 

B. decrease of 
specific heat ratio 

C. increase of 
specific heat ratio 

D. increase in 
specific heat 

8.11 The efficiency of a Diesel cycle becomes identical to an Otto cycle at 

 A. cut-off ratio 
greater than one 

B. cut-off ratio less 
than one 

C. cut-off ratio 
equals to one 

D. cut-off ratio 
equals to zero 

8.12 The combustion process in a Diesel cycle is replaced with an 

 A. isochoric heat 
addition 

B. isobaric heat 
addition 

C. isothermal heat 
addition 

D. isentropic heat 
addition 
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Answers of Multiple Choice Questions 

8.1 B, 8.2 C, 8.3 A, 8.4 D, 8.5 A, 8.6 B, 8.7 D, 8.8 B, 8.9 A, 8.10 C, 8.11 C, 8.12 B 

Short and Long Answer Type Questions 

8.1 What is the difference between an open cycle and a closed cycle? 

8.2 Why is the Carnot cycle not a suitable ideal cycle for a steam power plant? 

8.3 What are the differences between Carnot vapour cycle and ideal Rankine cycle? How is their 
efficiency compared? 

8.4 How do boiler and condenser pressures influence the performance of an ideal Rankine cycle? 

8.5 Why does the condenser of a steam power plant operate at less pressure than atmospheric 
pressure? 

8.6 Explain air standard assumptions. 

8.7 How do air standard assumptions replace the combustion and exhaust processes of an actual 
engine operation? 

8.8 What do you mean by back work ratio? Why is the back work ratio high for gas turbine engines? 

8.9 What happens to the back work ratio of a gas turbine engine upon decrease in isentropic efficiency 
of its compressor and turbine? 

8.10 What is the relationship of revolutions per minute (rpm) of a four stroke spark ignition engine 
with the thermodynamic cycle? 

8.11 How does the efficiency of an Otto cycle vary with compression ratio and specific heat ratio?  

8.12 Why is high compression ratio not used in spark ignited gasoline engines? 

8.13 What are the differences between a gasoline engine and a diesel engine? 

8.14 Which among Otto and Diesel cycles is more efficient at the same compression ratio? 

8.15 Among gasoline and diesel engines, which one is used at high compression ratio. Why? 

 

Numerical Problems 

8.1 A steam power plant develops 250 𝑀𝑊 of electricity. It uses coal having heating value of 30,000 
𝑘𝐽/𝑘𝑔 as the fuel. The plant is based on an ideal Rankine cycle in which steam enters the turbine 
at 4.5 𝑀𝑃𝑎 and 440°C and leaves at a pressure of 20 𝑘𝑃𝑎. Consider that combustion efficiency 
of coal is 80% and the efficiency of the electric generator is 92%. Determine (a) the rate of coal 
supply required to operate the plant, (b) required steam mass flow rate, (c) the overall efficiency 
of the plant and (d) the mass flow rate of cooling water required in the condenser if its temperature 
does not change by more than 20℃ in the condenser. 

8.2 Water leaves the boiler of a Rankine cycle at 3 𝑀𝑃𝑎 and 480℃. The condenser of the cycle 
operates at 90℃ and steam leaves the turbine as saturated vapour at 90℃. The isentropic 
efficiency of the pump is 85%. Show the cycle on 𝑇 െ 𝑠 diagram and determine its thermal 
efficiency. 
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8.3 An ideal vapour compression refrigeration cycle uses R-134a refrigerant and operates between 
pressures 0.1 𝑀𝑃𝑎 and 0.65 𝑀𝑃𝑎. Represent the cycle on 𝑇 െ 𝑠 diagram. The mass flow rate of 
refrigerant is 2.5 𝑘𝑔/𝑚𝑖𝑛. Determine (a) the rate of refrigerating effect, (b) input power required 
by the compressor, (c) the rate of heat rejection to the surroundings and (d) COP of the 
refrigerator. 

8.4 An air conditioning unit uses R-134a as the working fluid and has a minimum temperature of -
8℃. The condenser pressure is 0.95 𝑀𝑃𝑎 and the refrigerant leaves the adiabatic compressor at 
48℃. The pressure loss in the evaporator and the condenser is negligible. Determine (a) the 
specific heat transfer from the controlled space, (b) specific heat transfer to the atmosphere, (c) 
isentropic efficiency of the compressor and (d) the COP of the device. 

8.5 Air is used as working fluid in an ideal Brayton cycle based gas turbine engine. Atmospheric air 
enters the compressor at 96 𝑘𝑃𝑎 and 20℃ and it enters the turbine at 750 𝑘𝑃𝑎 and 825℃. Heat 
is added to air at a rate of 30 𝑀𝐽/𝑠 in an isobaric heat exchanger. Determine (a) the mass flow 
rate of air, (b) the power developed by the gas turbine engine and (c) the efficiency of the cycle 
if cold air standard assumptions are considered. Also, find the changes in the calculated 
parameters if the variation of specific heat with temperature is considered. 

8.6 A Brayton cycle based gas turbine power plant develops 30 𝑀𝑊 power using air as the working 
fluid. The pressure ratio used in the cycle is 8. The maximum and minimum temperatures in the 
cycle are 950𝐾 and 300𝐾, respectively. Consider the isentropic efficiency of both the compressor 
and the turbine is 85%. Represents the cycle on 𝑇 െ 𝑠 diagram and determine (a) the mass flow 
rate of air through the cycle and (b) the efficiency of the cycle. Assume the specific heat is 
estimated at room temperature. 

8.7 Air volume of 580 𝑐𝑚ଷ enters an ideal Otto cycle at 100 𝑘𝑃𝑎 and 30℃. The temperature of air 
at the exit of the isentropic expansion is 520℃. The compression ratio of the cycle is 10. Consider 
specific heat values at room temperature. Determine (a) the highest pressure and temperature in 
the cycle, (b) the mean effective pressure, (c) the amount of heat added and (d) the thermal 
efficiency. 

8.8 A four stroke, four cylinder 2.20 𝐿 petrol engine works in an Otto cycle with a compression ratio 
of 11. The maximum pressure in the cycle is 8.5 𝑀𝑃𝑎 and air at the starting of compression 
process is at 101 𝑘𝑃𝑎 and 55℃. Consider the polytropic index of 1.3 for compression and 
expansion processes and use the specific heats of air at 550℃. Determine (a) the temperature at 
the completion of expansion process, (b) the net work output of the engine, (c) the mean effective 
pressure, (d ) thermal efficiency and (e) the engine speed required for power output of 60 𝑘𝑊. 

8.9 Air is used as working fluid in an ideal diesel engine that operates at a compression ratio of 20. 
Air at the start of compression process is at 100 𝑘𝑃𝑎 and 25℃. The maximum cycle temperature 
is limited by 2000𝐾 and assume the specific heats for air at room temperature. Determine (a) the 
mean effective pressure and (b) the thermal efficiency of the engine. 

8.10 A four stroke, six cylinder diesel engine of 4.5 𝐿 volume works on the ideal diesel cycle and has 
a compression ratio of 18 and engine speed of 1800 rpm. Air at the beginning of the compression 
process is at 100 𝑘𝑃𝑎 and 50℃. The heating value of the used diesel fuel is 42 𝑀𝐽/𝑘𝑔 and a 
combustion efficiency of 96%. The air-fuel ratio used in the engine operation is 24. Consider the 
specific heats of air obtained at room temperature. Determine (a) the cutoff ratio (b) maximum 
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temperature of the cycle, (c) the net work output per cycle, (d) the mean effective pressure, (d) 
the thermal efficiency and (e) the net power output of the engine. 

PRACTICAL 

Activity 1: Find the detailed specifications of an automobile engine of any vehicle of your choice. 
Approximate it to the closest ideal cycle possible and perform the thermodynamic analysis to find its 
thermal efficiency. Also, determine the second law efficiency of the same engine. 

Activity 2: Approximate your home refrigerator as an ideal vapour compression refrigeration cycle and 
perform the thermodynamic analysis to find its COP. Also, determine the second law efficiency of the 
refrigerator. 
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APPENDICES 

 

APPENDIX-A: Properties of air 
Table A.1: Ideal gas properties of air, standard entropy is calculated at 1 bar pressure. 
 

𝑇 𝐶௩ 𝐶௣ 𝑢 ℎ 𝑠்
଴ 

(K) (kJ/kg-K) (kJ/kg-K) (kJ/kg) (kJ/kg) (kJ/kg-K) 

200 0.7153 1.002 142.7 200.1 6.488315 

220 0.7155 1.003 157 220.2 6.575659 

240 0.7158 1.003 171.3 240.2 6.656425 

260 0.7162 1.003 185.6 260.3 6.731598 

280 0.7168 1.004 200 280.3 6.801954 

300 0.7177 1.005 214.3 300.4 6.868114 

320 0.7188 1.006 228.7 320.5 6.930586 

340 0.7202 1.007 243.1 340.7 6.989786 

360 0.7219 1.009 257.5 360.8 7.046065 

380 0.7239 1.011 272 381 7.099717 

400 0.7262 1.013 286.5 401.3 7.150994 

420 0.7289 1.016 301 421.6 7.200112 

440 0.7318 1.019 315.6 441.9 7.247259 

460 0.735 1.022 330.3 462.3 7.292599 

480 0.7385 1.026 345 482.8 7.336274 

500 0.7423 1.029 359.8 503.3 7.378412 

520 0.7462 1.033 374.7 524 7.419125 

540 0.7504 1.037 389.7 544.7 7.458513 

560 0.7547 1.042 404.7 565.5 7.496666 

580 0.7592 1.046 419.9 586.3 7.533666 

600 0.7638 1.051 435.1 607.3 7.569584 

620 0.7685 1.055 450.4 628.4 7.604488 

640 0.7732 1.06 465.8 649.5 7.638436 

660 0.778 1.065 481.3 670.8 7.671485 

680 0.7828 1.07 497 692.1 7.703683 

700 0.7876 1.075 512.7 713.6 7.735077 

720 0.7925 1.079 528.5 735.1 7.76571 

740 0.7973 1.084 544.4 756.8 7.795619 



232 | Basics of Thermodynamics 

 

𝑇 𝐶௩ 𝐶௣ 𝑢 ℎ 𝑠்
଴ 

(K) (kJ/kg-K) (kJ/kg-K) (kJ/kg) (kJ/kg) (kJ/kg-K) 

760 0.802 1.089 560.3 778.5 7.824841 

780 0.8068 1.094 576.4 800.3 7.85341 

800 0.8114 1.098 592.6 822.2 7.881356 

820 0.816 1.103 608.9 844.3 7.908707 

840 0.8206 1.108 625.3 866.4 7.935491 

860 0.825 1.112 641.7 888.6 7.961732 

880 0.8294 1.116 658.3 910.8 7.987453 

900 0.8337 1.121 674.9 933.2 8.012677 

920 0.8379 1.125 691.6 955.7 8.037423 

940 0.842 1.129 708.4 978.2 8.061711 

960 0.846 1.133 725.3 1001 8.085559 

980 0.85 1.137 742.2 1024 8.108984 

1000 0.8538 1.141 759.3 1046 8.132001 

1020 0.8575 1.145 776.4 1069 8.154625 

1040 0.8612 1.148 793.6 1092 8.176872 

1060 0.8648 1.152 810.8 1115 8.198753 

1080 0.8682 1.155 828.2 1138 8.220283 

1100 0.8716 1.159 845.6 1161 8.241472 

1120 0.8749 1.162 863 1185 8.262333 

1140 0.8782 1.165 880.6 1208 8.282876 

1160 0.8813 1.168 898.2 1231 8.303111 

1180 0.8843 1.171 915.8 1255 8.323049 

1200 0.8873 1.174 933.5 1278 8.342698 

1220 0.8902 1.177 951.3 1301 8.362068 

1240 0.893 1.18 969.1 1325 8.381166 

1260 0.8958 1.183 987 1349 8.400002 

1280 0.8985 1.185 1005 1372 8.418582 

1300 0.9011 1.188 1023 1396 8.436915 

1320 0.9036 1.191 1041 1420 8.455006 

1340 0.9061 1.193 1059 1444 8.472863 

1360 0.9085 1.196 1077 1468 8.490493 

1380 0.9109 1.198 1095 1492 8.507901 

1400 0.9132 1.2 1114 1516 8.525094 

1420 0.9154 1.202 1132 1540 8.542076 
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𝑇 𝐶௩ 𝐶௣ 𝑢 ℎ 𝑠்
଴ 

(K) (kJ/kg-K) (kJ/kg-K) (kJ/kg) (kJ/kg) (kJ/kg-K) 

1440 0.9176 1.205 1150 1564 8.558855 

1460 0.9197 1.207 1169 1588 8.575434 

1480 0.9218 1.209 1187 1612 8.591819 

1500 0.9239 1.211 1206 1636 8.608015 

1520 0.9259 1.213 1224 1660 8.624026 

1540 0.9278 1.215 1243 1685 8.639857 

1560 0.9297 1.217 1261 1709 8.655512 

1580 0.9316 1.219 1280 1733 8.670996 

1600 0.9334 1.22 1298 1758 8.686312 

1620 0.9352 1.222 1317 1782 8.701465 

1640 0.9369 1.224 1336 1807 8.716457 

1660 0.9386 1.226 1355 1831 8.731293 

1680 0.9403 1.227 1373 1856 8.745976 

1700 0.9419 1.229 1392 1880 8.76051 

1720 0.9435 1.231 1411 1905 8.774897 

1740 0.9451 1.232 1430 1929 8.789142 

1760 0.9466 1.234 1449 1954 8.803246 

1780 0.9481 1.235 1468 1979 8.817213 

1800 0.9496 1.237 1487 2003 8.831046 

1820 0.9511 1.238 1506 2028 8.844747 

1840 0.9525 1.24 1525 2053 8.858319 

1860 0.9539 1.241 1544 2078 8.871766 

1880 0.9553 1.242 1563 2103 8.885088 

1900 0.9566 1.244 1582 2127 8.898289 

1920 0.9579 1.245 1601 2152 8.911372 

1940 0.9592 1.246 1620 2177 8.924337 

1960 0.9605 1.248 1640 2202 8.937189 

1980 0.9618 1.249 1659 2227 8.949928 

2000 0.963 1.25 1678 2252 8.962557 

2020 0.9633 1.25 1698 2277 8.975077 

2040 0.9645 1.252 1717 2303 8.987492 

2060 0.9656 1.253 1736 2328 8.999802 

2080 0.9668 1.254 1756 2353 9.01201 

2100 0.9679 1.255 1775 2378 9.024118 
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𝑇 𝐶௩ 𝐶௣ 𝑢 ℎ 𝑠்
଴ 

(K) (kJ/kg-K) (kJ/kg-K) (kJ/kg) (kJ/kg) (kJ/kg-K) 

2120 0.9689 1.256 1794 2403 9.036127 

2140 0.97 1.257 1814 2428 9.048039 

2160 0.9711 1.258 1833 2453 9.059855 

2180 0.9721 1.259 1853 2478 9.071578 

2200 0.9731 1.26 1872 2503 9.083209 

2220 0.9741 1.261 1891 2529 9.094749 

2240 0.9751 1.262 1911 2554 9.1062 

2260 0.9761 1.263 1930 2579 9.117564 

2280 0.977 1.264 1950 2604 9.128841 

2300 0.9779 1.265 1970 2630 9.140034 

2320 0.9789 1.266 1989 2655 9.151143 

2340 0.9798 1.267 2009 2680 9.162171 

2360 0.9807 1.268 2028 2706 9.173117 

2380 0.9815 1.269 2048 2731 9.183985 

2400 0.9824 1.269 2068 2756 9.194774 

2420 0.9833 1.27 2087 2782 9.205485 

2440 0.9841 1.271 2107 2807 9.216122 

2460 0.985 1.272 2127 2833 9.226683 

2480 0.9858 1.273 2146 2858 9.237171 

2500 0.9866 1.274 2166 2884 9.247586 

2520 0.9874 1.274 2186 2909 9.25793 

2540 0.9882 1.275 2206 2935 9.268204 

2560 0.989 1.276 2225 2960 9.278408 

2580 0.9897 1.277 2245 2986 9.288544 

2600 0.9905 1.278 2265 3011 9.298613 

2650 0.9924 1.279 2314 3075 9.323496 

2700 0.9942 1.281 2364 3139 9.347979 

2750 0.996 1.283 2414 3203 9.372075 

2800 0.9977 1.285 2464 3267 9.395798 

2850 0.9994 1.286 2514 3332 9.419159 

2900 1.001 1.288 2564 3396 9.44217 

2950 1.003 1.29 2614 3460 9.464843 

3000 1.004 1.291 2664 3525 9.487188 
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APPENDIX-B: Properties of water 
Table B.1: Saturated water temperature table. 
 

Temp. Sat. Press. Specific volume Specific internal energy Specific enthalpy Specific entropy 

(°C) (kPa) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

𝑻 𝑷 𝒗𝒇 ൈ 𝟏𝟎𝟑 𝒗𝒈 𝒖𝒇 𝒖𝒇𝒈 𝒖𝒈 𝒉𝒇 𝒉𝒇𝒈 𝒉𝒈 𝒔𝒇 𝒔𝒇𝒈 𝒔𝒈 

0.01 0.6113 1 206.132 0 2375.33 2375.33 0 2501.35 2501.35 0 9.1562 9.1562 

5 0.8721 1 147.118 20.97 2361.27 2382.24 20.98 2489.57 2510.54 0.0761 8.9496 9.0257 

10 1.2276 1 106.377 41.99 2347.16 2389.15 41.99 2477.75 2519.74 0.151 8.7498 8.9007 

15 1.705 1.001 77.925 62.98 2333.06 2396.04 62.98 2465.93 2528.91 0.2245 8.5569 8.7813 

20 2.339 1.002 57.7897 83.94 2318.98 2402.91 83.94 2454.12 2538.06 0.2966 8.3706 8.6671 

25 3.169 1.003 43.3593 104.86 2304.9 2409.76 104.87 2442.3 2547.17 0.3673 8.1905 8.5579 

30 4.246 1.004 32.8932 125.77 2290.81 2416.58 125.77 2430.48 2556.25 0.4369 8.0164 8.4533 

35 5.628 1.006 25.2158 146.65 2276.71 2423.36 146.66 2418.62 2565.28 0.5052 7.8478 8.353 

40 7.384 1.008 19.5229 167.53 2262.57 2430.11 167.54 2406.72 2574.26 0.5724 7.6845 8.2569 

45 9.593 1.01 15.2581 188.41 2248.4 2436.81 188.42 2394.77 2583.19 0.6386 7.5261 8.1647 

50 12.35 1.012 12.0318 209.3 2234.17 2443.47 209.31 2382.75 2592.06 0.7037 7.3725 8.0762 

55 15.758 1.015 9.56835 230.19 2219.89 2450.08 230.2 2370.66 2600.86 0.7679 7.2234 7.9912 

60 19.941 1.017 7.67071 251.09 2205.54 2456.63 251.11 2358.48 2609.59 0.8311 7.0784 7.9095 

65 25.03 1.02 6.19656 272 2191.12 2463.12 272.03 2346.21 2618.24 0.8934 6.9375 7.8309 

70 31.19 1.023 5.04217 292.93 2176.62 2469.55 292.96 2333.85 2626.8 0.9548 6.8004 7.7552 

75 38.58 1.026 4.13123 313.87 2162.03 2475.91 313.91 2321.37 2635.28 1.0154 6.667 7.6824 

80 47.39 1.029 3.40715 334.84 2147.36 2482.19 334.88 2308.77 2643.66 1.0752 6.5369 7.6121 

85 57.83 1.032 2.82757 355.82 2132.58 2488.4 355.88 2296.05 2651.93 1.1342 6.4102 7.5444 

90 70.14 1.036 2.36056 376.82 2117.7 2494.52 376.9 2283.19 2660.09 1.1924 6.2866 7.479 

95 84.55 1.04 1.98186 397.86 2102.7 2500.56 397.94 2270.19 2668.13 1.25 6.1659 7.4158 

100 101.3 1.044 1.6729 418.91 2087.58 2506.5 419.02 2257.03 2676.05 1.3068 6.048 7.3548 

105 120.8 1.047 1.41936 440 2072.34 2512.34 440.13 2243.7 2683.83 1.3629 5.9328 7.2958 

110 143.3 1.052 1.21014 461.12 2056.96 2518.09 461.27 2230.2 2691.47 1.4184 5.8202 7.2386 

115 169.1 1.056 1.03658 482.28 2041.44 2523.72 482.46 2216.5 2698.96 1.4733 5.71 7.1832 

120 198.5 1.06 0.89186 503.48 2025.76 2529.24 503.69 2202.61 2706.3 1.5275 5.602 7.1295 

125 232.1 1.065 0.77059 524.72 2009.91 2534.63 524.96 2188.5 2713.46 1.5812 5.4962 7.0774 

130 270.1 1.07 0.6685 546 1993.9 2539.9 546.29 2174.16 2720.46 1.6343 5.3925 7.0269 

135 313 1.075 0.58217 567.34 1977.69 2545.03 567.67 2159.59 2727.26 1.6869 5.2907 6.9777 

140 361.3 1.08 0.50885 588.72 1961.3 2550.02 589.11 2144.75 2733.87 1.739 5.1908 6.9298 

145 415.4 1.085 0.44632 610.16 1944.69 2554.86 610.61 2129.65 2740.26 1.7906 5.0926 6.8832 

150 475.9 1.09 0.39278 631.66 1927.87 2559.54 632.18 2114.26 2746.44 1.8417 4.996 6.8378 

155 543.1 1.096 0.34676 653.23 1910.82 2564.04 653.82 2098.56 2752.39 1.8924 4.901 6.7934 

160 617.8 1.102 0.30706 674.85 1893.52 2568.37 675.53 2082.55 2758.09 1.9426 4.8075 6.7501 

165 700.5 1.108 0.27269 696.55 1875.97 2572.51 697.32 2066.2 2763.53 1.9924 4.7153 6.7078 

170 791.7 1.114 0.24283 718.31 1858.14 2576.46 719.2 2049.5 2768.7 2.0418 4.6244 6.6663 

175 892 1.121 0.2168 740.16 1840.03 2580.19 741.16 2032.42 2773.58 2.0909 4.5347 6.6256 

180 1002.2 1.127 0.19405 762.08 1821.62 2583.7 763.21 2014.96 2778.16 2.1395 4.4461 6.5857 

185 1122.7 1.134 0.17409 784.08 1802.9 2586.98 785.36 1997.07 2782.43 2.1878 4.3586 6.5464 

190 1254.4 1.141 0.15654 806.17 1783.84 2590.01 807.61 1978.76 2786.37 2.2358 4.272 6.5078 
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Temp. Sat. Press. Specific volume Specific internal energy Specific enthalpy Specific entropy 

(°C) (kPa) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

𝑻 𝑷 𝒗𝒇 ൈ 𝟏𝟎𝟑 𝒗𝒈 𝒖𝒇 𝒖𝒇𝒈 𝒖𝒈 𝒉𝒇 𝒉𝒇𝒈 𝒉𝒈 𝒔𝒇 𝒔𝒇𝒈 𝒔𝒈 

195 1397.8 1.149 0.14105 828.36 1764.43 2592.79 829.96 1959.99 2789.96 2.2835 4.1863 6.4697 

200 1553.8 1.156 0.12736 850.64 1744.66 2595.29 852.43 1940.75 2793.18 2.3308 4.1014 6.4322 

205 1723 1.164 0.11521 873.02 1724.49 2597.52 875.03 1921 2796.03 2.3779 4.0172 6.3951 

210 1906.3 1.173 0.10441 895.51 1703.93 2599.44 897.75 1900.73 2798.48 2.4247 3.9337 6.3584 

215 2104.2 1.181 0.09479 918.12 1682.94 2601.06 920.61 1879.91 2800.51 2.4713 3.8507 6.3221 

220 2317.8 1.19 0.08619 940.85 1661.49 2602.35 943.61 1858.51 2802.12 2.5177 3.7683 6.286 

225 2547.7 1.199 0.07849 963.72 1639.58 2603.3 966.77 1836.5 2803.27 2.5639 3.6863 6.2502 

230 2794.9 1.209 0.07158 986.72 1617.17 2603.89 990.1 1813.85 2803.95 2.6099 3.6047 6.2146 

235 3060.1 1.219 0.06536 1009.9 1594.24 2604.11 1013.6 1790.53 2804.13 2.6557 3.5233 6.1791 

240 3344.2 1.229 0.05976 1033.2 1570.75 2603.95 1037.3 1766.5 2803.81 2.7015 3.4422 6.1436 

245 3648.2 1.24 0.0547 1056.7 1546.68 2603.37 1061.2 1741.73 2802.95 2.7471 3.3612 6.1083 

250 3973 1.251 0.05013 1080.4 1522 2602.37 1085.3 1716.18 2801.52 2.7927 3.2802 6.0729 

255 4319.5 1.263 0.04598 1104.3 1496.66 2600.93 1109.7 1689.8 2799.51 2.8382 3.1992 6.0374 

260 4688.6 1.276 0.0422 1128.4 1470.64 2599.01 1134.4 1662.54 2796.89 2.8837 3.1181 6.0018 

265 5081.3 1.289 0.03877 1152.7 1443.87 2596.6 1159.3 1634.34 2793.61 2.9293 3.0368 5.9661 

270 5498.7 1.302 0.03564 1177.3 1416.33 2593.66 1184.5 1605.16 2789.65 2.975 2.9551 5.9301 

275 5941.8 1.317 0.03279 1202.2 1387.94 2590.17 1210.1 1574.92 2784.97 3.0208 2.873 5.8937 

280 6411.7 1.332 0.03017 1227.4 1358.66 2586.09 1236 1543.55 2779.53 3.0667 2.7903 5.857 

285 6909.4 1.348 0.02777 1253 1328.41 2581.38 1262.3 1510.97 2773.27 3.1129 2.7069 5.8198 

290 7436 1.366 0.02557 1278.9 1297.11 2575.99 1289 1477.08 2766.13 3.1593 2.6227 5.7821 

295 7992.8 1.384 0.02354 1305.2 1264.67 2569.87 1316.3 1441.78 2758.05 3.2061 2.5375 5.7436 

300 8581 1.404 0.02167 1332 1230.99 2562.96 1344 1404.93 2748.94 3.2533 2.4511 5.7044 

305 9201.8 1.425 0.01995 1359.2 1195.94 2555.16 1372.3 1366.38 2738.72 3.3009 2.3633 5.6642 

310 9856.6 1.447 0.01835 1387 1159.37 2546.4 1401.3 1325.97 2727.27 3.3492 2.2737 5.6229 

315 10547 1.472 0.01687 1415.4 1121.11 2536.55 1431 1283.48 2714.44 3.3981 2.1821 5.5803 

320 11274 1.499 0.01549 1444.6 1080.93 2525.48 1461.5 1238.64 2700.08 3.4479 2.0882 5.5361 

325 12040 1.528 0.0142 1474.4 1038.57 2513.01 1492.8 1191.13 2683.97 3.4987 1.9913 5.49 

330 12845 1.561 0.013 1505.2 993.66 2498.91 1525.3 1140.56 2665.85 3.5506 1.8909 5.4416 

335 13694 1.597 0.01186 1537.1 945.77 2482.88 1559 1086.37 2645.35 3.604 1.7863 5.3903 

340 14586 1.638 0.0108 1570.3 894.26 2464.53 1594.2 1027.86 2622.01 3.6593 1.6763 5.3356 

345 15525 1.685 0.00978 1605 838.29 2443.3 1631.2 964.02 2595.19 3.7169 1.5594 5.2763 

350 16514 1.74 0.00881 1641.8 776.58 2418.39 1670.5 893.38 2563.92 3.7776 1.4336 5.2111 

355 17554 1.807 0.00787 1681.4 707.11 2388.52 1713.1 813.59 2526.72 3.8427 1.2951 5.1378 

360 18651 1.892 0.00694 1725.2 626.29 2351.47 1760.5 720.52 2481 3.9146 1.1379 5.0525 

365 19807 2.011 0.00599 1776.1 526.54 2302.67 1816 605.44 2421.4 3.9983 0.9487 4.947 

370 21028 2.213 0.00493 1843.8 384.69 2228.53 1890.4 441.75 2332.12 4.1104 0.6868 4.7972 

374.1 22089 3.155 0.00315 2029.6 0 2029.58 2099.3 0 2099.26 4.4297 0 4.4297 
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Table B.2: Saturated water pressure table. 
 

Press. Sat. Temp. Specific volume Specific internal energy Specific enthalpy Specific entropy 

(kPa) (°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

𝑷 𝑻 𝒗𝒇 ൈ 𝟏𝟎𝟑 𝒗𝒈 𝒖𝒇 𝒖𝒇𝒈 𝒖𝒈 𝒉𝒇 𝒉𝒇𝒈 𝒉𝒈 𝒔𝒇 𝒔𝒇𝒈 𝒔𝒈 

0.6113 0.01 1 206.132 0 2375.3 2375.3 0 2501.3 2501.3 0 9.1562 9.1562 

1 6.98 1 129.208 29.29 2355.69 2384.98 29.29 2484.89 2514.18 0.1059 8.8697 8.9756 

1.5 13.03 1.001 87.98013 54.7 2338.63 2393.32 54.7 2470.59 2525.3 0.1956 8.6322 8.8278 

2 17.5 1.001 67.00385 73.47 2326.02 2399.48 73.47 2460.02 2533.49 0.2607 8.4629 8.7236 

2.5 21.08 1.002 54.25385 88.47 2315.93 2404.4 88.47 2451.56 2540.03 0.312 8.3311 8.6431 

3 24.08 1.003 45.66502 101.03 2307.48 2408.51 101.03 2444.47 2545.5 0.3545 8.2231 8.5775 

4 28.96 1.004 34.80015 121.44 2293.73 2415.17 121.44 2432.93 2554.37 0.4226 8.052 8.4746 

5 32.88 1.005 28.19251 137.79 2282.7 2420.49 137.79 2423.66 2561.45 0.4763 7.9187 8.395 

7.5 40.29 1.008 19.23775 168.76 2261.74 2430.5 168.77 2406.02 2574.79 0.5763 7.6751 8.2514 

10 45.81 1.01 14.67355 191.79 2246.1 2437.89 191.81 2392.82 2584.63 0.6492 7.501 8.1501 

15 53.97 1.014 10.02218 225.9 2222.83 2448.73 225.91 2373.14 2599.06 0.7548 7.2536 8.0084 

20 60.06 1.017 7.64937 251.35 2205.36 2456.71 251.38 2358.33 2609.7 0.8319 7.0766 7.9085 

25 64.97 1.02 6.20424 271.88 2191.21 2463.08 271.9 2346.29 2618.19 0.893 6.9383 7.8313 

30 69.1 1.022 5.22918 289.18 2179.22 2468.4 289.21 2336.07 2625.28 0.9439 6.8247 7.7686 

40 75.87 1.026 3.99345 317.51 2159.49 2477 317.55 2319.19 2636.74 1.0258 6.6441 7.67 

50 81.33 1.03 3.24034 340.42 2143.43 2483.85 340.47 2305.4 2645.87 1.091 6.5029 7.5939 

75 91.77 1.037 2.21711 394.29 2112.39 2496.67 384.36 2278.59 2662.96 1.2129 6.2434 7.4563 

100 99.62 1.043 1.694 417.33 2088.72 2506.06 417.44 2258.02 2675.46 1.3025 6.0568 7.3593 

125 105.99 1.048 1.3749 444.16 2069.32 2513.48 444.3 2241.05 2685.35 1.3739 5.9104 7.2843 

150 111.37 1.053 1.15933 466.92 2052.72 2519.64 467.08 2226.46 2693.54 1.4335 5.7897 7.2232 

175 116.06 1.057 1.00363 486.78 2038.12 2524.9 486.97 2213.57 2700.53 1.4848 5.6868 7.1717 

200 120.23 1.061 0.88573 504.47 2025.02 2529.49 504.68 2201.96 2706.63 1.53 5.597 7.1271 

225 124 1.064 0.79325 520.45 2013.1 2533.56 520.69 2191.35 2712.04 1.5705 5.5173 7.0878 

250 127.43 1.067 0.71871 535.08 2002.14 2537.21 535.34 2181.55 2716.89 1.6072 5.4455 7.0526 

275 130.6 1.07 0.65731 548.57 1991.95 2540.53 548.87 2172.42 2721.29 1.6407 5.3801 7.0208 

300 133.55 1.073 0.60582 561.13 1982.43 2543.55 561.45 2163.85 2725.3 1.6717 5.3201 6.9918 

325 136.3 1.076 0.56201 572.88 1973.46 2546.34 573.23 2155.76 2728.99 1.7005 5.2646 6.9651 

350 138.88 1.079 0.52425 583.93 1964.98 2548.92 584.31 2148.1 2732.4 1.7274 5.213 6.9404 

375 141.32 1.081 0.49137 594.38 1956.93 2551.31 594.79 2140.79 2735.58 1.7527 5.1647 6.9174 

400 143.63 1.084 0.46246 604.29 1949.26 2553.55 604.73 2133.81 2738.53 1.7766 5.1193 6.8958 

450 147.93 1.088 0.41398 622.75 1934.87 2557.62 623.24 2120.67 2743.91 1.8206 5.0359 6.8565 

500 151.86 1.093 0.37489 639.66 1921.57 2561.23 640.21 2108.47 2748.67 1.8606 4.9606 6.8212 

550 155.48 1.097 0.34268 655.3 1909.17 2564.47 655.91 2097.04 2752.94 1.8972 4.892 6.7892 

600 158.85 1.101 0.31567 669.88 1897.52 2567.4 670.54 2086.26 2756.8 1.9311 4.8289 6.76 

650 162.01 1.104 0.29268 683.55 1886.51 2570.06 684.26 2076.04 2760.3 1.9627 4.7704 6.733 

700 164.97 1.108 0.27286 696.43 1876.07 2572.49 697.2 2066.3 2763.5 1.9922 4.7158 6.708 

750 167.77 1.111 0.2556 708.62 1866.11 2574.73 709.45 2056.98 2766.43 2.0199 4.6647 6.6846 

800 170.43 1.115 0.24043 720.2 1856.58 2576.79 721.1 2048.04 2769.13 2.0461 4.6166 6.6627 

850 172.96 1.118 0.22698 731.25 1847.45 2578.69 732.2 2039.43 2771.63 2.0709 4.5711 6.6421 

900 175.38 1.121 0.21497 741.81 1838.65 2580.46 742.82 2031.12 2773.94 2.0946 4.528 6.6225 
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Press. Sat. Temp. Specific volume Specific internal energy Specific enthalpy Specific entropy 

(kPa) (°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

𝑷 𝑻 𝒗𝒇 ൈ 𝟏𝟎𝟑 𝒗𝒈 𝒖𝒇 𝒖𝒇𝒈 𝒖𝒈 𝒉𝒇 𝒉𝒇𝒈 𝒉𝒈 𝒔𝒇 𝒔𝒇𝒈 𝒔𝒈 

950 177.69 1.124 0.20419 751.94 1830.17 2582.11 753 2023.08 2776.08 2.1171 4.4869 6.604 

1000 179.91 1.127 0.19444 761.67 1821.97 2583.64 762.79 2015.29 2778.08 2.1386 4.4478 6.5864 

1100 184.09 1.133 0.17753 780.08 1806.32 2586.4 781.32 2000.36 2781.68 2.1791 4.3744 6.5535 

1200 187.99 1.139 0.16333 797.27 1791.55 2588.82 798.64 1986.19 2784.82 2.2165 4.3067 6.5233 

1300 191.64 1.144 0.15125 813.42 1777.53 2590.95 814.91 1972.67 2787.58 2.2514 4.2438 6.4953 

1400 195.07 1.149 0.14084 828.68 1764.15 2592.83 830.29 1959.72 2790 2.2842 4.185 6.4692 

1500 198.32 1.154 0.13177 843.14 1751.3 2594.5 844.87 1947.28 2792.15 2.315 4.1298 6.4448 

1750 205.76 1.166 0.11349 876.44 1721.39 2597.83 878.48 1917.95 2796.43 2.3851 4.0044 6.3895 

2000 212.42 1.177 0.09963 906.42 1693.84 2600.26 908.77 1890.74 2799.51 2.4473 3.8935 6.3408 

2250 218.45 1.187 0.08875 933.81 1668.18 2601.98 936.48 1865.19 2801.67 2.5034 3.7938 6.2971 

2500 223.99 1.197 0.07998 959.09 1644.04 2603.13 962.09 1840.98 2803.07 2.5546 3.7028 6.2574 

2750 229.12 1.207 0.07275 982.65 1621.16 2603.81 985.97 1817.89 2803.86 2.6018 3.619 6.2208 

3000 233.9 1.216 0.06668 1004.76 1599.34 2604.1 1008.41 1795.73 2804.14 2.6456 3.5412 6.1869 

3250 238.38 1.226 0.06152 1025.62 1578.43 2604.04 1029.6 1774.37 2803.97 2.6866 3.4685 6.1551 

3500 242.6 1.235 0.05707 1045.41 1558.29 2603.7 1049.73 1753.7 2803.43 2.7252 3.4 6.1252 

4000 250.4 1.252 0.04978 1082.28 1519.99 2602.27 1087.29 1714.09 2801.38 2.7963 3.2737 6.07 

5000 263.99 1.286 0.03944 1147.78 1449.34 2597.12 1154.21 1640.12 2794.33 2.9201 3.0532 5.9733 

6000 275.64 1.319 0.03244 1205.41 1384.27 2589.69 1213.32 1571 2784.33 3.0266 2.8625 5.8891 

7000 285.88 1.351 0.02737 1257.51 1322.97 2580.48 1266.97 1505.1 2772.07 3.121 2.6922 5.8132 

8000 295.06 1.384 0.02352 1305.54 1264.25 2569.79 1316.61 1441.33 2757.94 3.2067 2.5365 5.7431 

9000 303.4 1.418 0.02048 1350.47 1207.28 2557.75 1363.23 1378.88 2742.11 3.2857 2.3915 5.6771 

10000 311.06 1.452 0.01803 1393 1151.4 2544.41 1407.53 1317.14 2724.67 3.3595 2.2545 5.614 

11000 318.15 1.489 0.01599 1433.68 1096.06 2529.74 1450.05 1255.55 2705.6 3.4294 2.1233 5.5527 

12000 324.75 1.527 0.01426 1472.92 1040.76 2513.67 1491.24 1193.59 2684.83 3.4961 1.9962 5.4923 

13000 330.93 1.567 0.01278 1511.09 984.99 2496.08 1531.46 1130.76 2662.22 3.5604 1.8718 5.4323 

14000 336.75 1.611 0.01149 1548.53 928.23 2476.76 1571.08 1066.47 2637.55 3.6231 1.7485 5.3716 

15000 342.24 1.658 0.01034 1585.58 869.85 2455.43 1610.45 1000.04 2610.49 3.6847 1.625 5.3097 

16000 347.43 1.711 0.00931 1622.63 809.07 2431.7 1650 930.59 2580.59 3.746 1.4995 5.2454 

17000 352.37 1.77 0.00836 1660.16 744.8 2404.96 1690.25 856.9 2547.15 3.8078 1.3698 5.1776 

18000 357.06 1.84 0.00749 1698.86 675.42 2374.28 1731.97 777.13 2509.09 3.8713 1.233 5.1044 

19000 361.54 1.924 0.00666 1739.87 598.18 2338.05 1776.43 688.11 2464.54 3.9387 1.0841 5.0227 

20000 365.81 2.035 0.00583 1785.47 507.58 2293.05 1826.18 583.56 2409.74 4.0137 0.9132 4.9269 

21000 369.89 2.206 0.00495 1841.97 388.74 2230.71 1888.3 446.42 2334.72 4.1073 0.6942 4.8015 

22000 373.8 2.808 0.00353 1973.16 108.24 2081.39 2034.92 124.04 2158.97 4.3307 0.1917 4.5224 

22089 374.14 3.155 0.00315 2029.58 0 2029.58 2099.26 0 2099.26 4.4297 0 4.4297 
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Table B.3: Superheated steam tables. 
 

𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

 P = 10 kPa (45.81°C) P = 50 kPa (81.33°C) 

Sat. 14.67355 2437.89 2584.63 8.1501 3.24034 2483.85 2645.87 7.5939 

50 14.8692 2443.87 2592.56 8.1749 — — — — 

100 17.19561 2515.5 2687.46 8.4479 3.41833 2511.61 2682.52 7.6947 

150 19.51251 2587.86 2782.99 8.6881 3.88937 2585.61 2780.08 7.94 

200 21.82507 2661.27 2879.52 8.9037 4.35595 2659.85 2877.64 8.1579 

250 24.13559 2735.95 2977.31 9.1002 4.82045 2734.97 2975.99 8.3555 

300 26.44508 2812.06 3076.51 9.2812 5.28391 2811.33 3075.52 8.5372 

400 31.06252 2968.89 3279.51 9.6076 6.20929 2968.43 3278.89 8.8641 

500 35.67896 3132.26 3489.05 9.8977 7.13364 3131.94 3488.62 9.1545 

600 40.29488 3302.45 3705.4 10.1608 8.05748 3302.22 3705.1 9.4177 

700 44.91052 3479.63 3928.73 10.4028 8.98104 3479.45 3928.51 9.6599 

800 49.52599 3663.84 4159.1 10.6281 9.90444 3663.7 4158.92 9.8852 

900 54.14137 3855.03 4396.44 10.8395 10.82773 3854.91 4396.3 10.0967 

1000 58.75669 4053.01 4640.58 11.0392 11.75097 4052.91 4640.46 10.2964 

1100 63.37198 4257.47 4891.19 11.2287 12.67418 4257.37 4891.08 10.4858 

1200 67.98724 4467.91 5147.78 11.409 13.59737 4467.82 5147.69 10.6662 

1300 72.6025 4683.68 5409.7 14.581 14.52054 4683.58 5409.61 10.8382 

 P = 100 kPa (99.62°C) P = 200 kPa (120.23°C) 

Sat. 1.694 2506.06 2675.46 7.3593 0.88573 2529.49 2706.63 7.1271 

150 1.93636 2582.75 2776.38 7.6133 0.95964 2576.87 2768.8 7.2795 

200 2.17226 2658.05 2875.27 7.8342 1.08034 2654.39 2870.46 7.5066 

250 2.40604 2733.73 2974.33 8.0332 1.1988 2731.22 2970.98 7.7085 

300 2.63876 2810.41 3074.28 8.2157 1.31616 2808.55 3071.79 7.8926 

400 3.10263 2967.85 3278.11 8.5434 1.5493 2966.69 3276.55 8.2217 

500 3.56547 3131.54 3488.09 8.8341 1.78139 3130.75 3487.03 8.5132 

600 4.02781 3301.94 3704.72 9.0975 2.01297 3301.36 3703.96 8.7769 

700 4.48986 3479.24 3928.23 9.3398 2.24426 3478.81 3927.66 9.0194 

800 4.95174 3663.53 4158.71 9.5652 2.47539 3663.19 4158.27 9.245 

900 5.41353 3854.77 4396.12 9.7767 2.70643 3854.49 4395.77 9.4565 

1000 5.87526 4052.78 4640.31 9.9764 2.9374 4052.53 4640.01 9.6563 

1100 6.33696 4257.25 4890.95 10.1658 3.16834 4257.01 4890.68 9.8458 

1200 6.79863 4467.7 5147.56 10.3462 3.39927 4467.46 5147.32 10.0262 

1300 7.2603 4683.47 5409.49 10.5182 3.63018 4683.23 5409.26 10.1982 

 P = 300 kPa (133.55°C) P = 400 kPa (143.63°C) 

Sat. 0.60582 2543.55 2725.3 6.9918 0.46246 2553.55 2738.53 6.8958 

150 0.63388 2570.79 2760.95 7.0778 0.47084 2564.48 2752.82 6.9299 

200 0.71629 2650.65 2865.54 7.3115 0.53422 2646.83 2860.51 7.1706 

250 0.79636 2728.69 2967.59 7.5165 0.59512 2726.11 2964.16 7.3788 

300 0.87529 2806.69 3069.28 7.7022 0.65484 2804.81 3066.75 7.5661 

400 1.03151 2965.53 3274.98 8.0329 0.77262 2964.36 3273.41 7.8984 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

500 1.18669 3129.95 3485.96 8.325 0.88934 3129.15 3484.89 8.1912 

600 1.34136 3300.79 3703.2 8.5892 1.00555 3300.22 3702.44 8.4557 

700 1.49573 3478.38 3927.1 8.8319 1.12147 3477.95 3926.53 8.6987 

800 1.64994 3662.85 4157.83 9.0575 1.23722 3662.51 4157.4 8.9244 

900 1.80406 3854.2 4395.42 9.2691 1.35288 3853.91 4395.06 9.1361 

1000 1.95812 4052.27 4639.71 9.4689 1.46847 4052.02 4639.41 9.336 

1100 2.11214 4256.77 4890.41 9.6585 1.58404 4256.53 4890.15 9.5255 

1200 2.26614 4467.23 5147.07 9.8389 1.69958 4466.99 5146.83 9.7059 

1300 2.42013 4682.99 5409.03 10.0109 1.81511 4682.75 5408.8 9.878 

 P = 500 kPa (151.86°C) P = 600 kPa (158.85°C) 

Sat. 0.37489 2561.23 2748.67 6.8212 0.31567 2567.4 2756.8 6.76 

200 0.42492 2642.91 2855.37 7.0592 0.35202 2638.91 2850.12 6.9665 

250 0.47436 2723.5 2960.68 7.2708 0.39383 2720.86 2957.16 7.1816 

300 0.52256 2802.91 3064.2 7.4598 0.43437 2801 3061.63 7.3723 

350 0.57012 2882.59 3167.65 7.6328 0.47424 2881.12 3165.66 7.5463 

400 0.61728 2963.19 3271.83 7.7937 0.51372 2962.02 3270.25 7.7078 

500 0.71093 3128.35 3483.82 8.0872 0.59199 3127.55 3482.75 8.002 

600 0.80406 3299.64 3701.67 8.3521 0.66974 3299.07 3700.91 8.2673 

700 0.89691 3477.52 3925.97 8.5952 0.7472 3477.08 3925.41 8.5107 

800 0.98959 3662.17 4156.96 8.8211 0.8245 3661.83 4156.52 8.7367 

900 1.08217 3853.63 4394.71 9.0329 0.90169 3853.34 4394.36 8.9485 

1000 1.17469 4051.76 4639.11 9.2328 0.97883 4051.51 4638.81 9.1484 

1100 1.26718 4256.29 4889.88 9.4224 1.05594 4256.05 4889.61 9.3381 

1200 1.35964 4466.76 5146.58 9.6028 1.13302 4466.52 5146.34 9.5185 

1300 1.4521 4682.52 5408.57 9.7749 1.21009 4682.28 5408.34 9.6906 

 P = 800 kPa (170.43°C) P = 1000 kPa (179.91°C) 

Sat. 0.24043 2576.79 2769.13 6.6627 0.19444 2583.64 2778.08 6.5864 

200 0.2608 2630.61 2839.25 6.8158 0.20596 2621.9 2827.86 6.6939 

250 0.29314 2715.46 2949.97 7.0384 0.23268 2709.91 2942.59 6.9246 

300 0.32411 2797.14 3056.43 7.2327 0.25794 2793.21 3051.15 7.1228 

350 0.35439 2878.16 3161.68 7.4088 0.28247 2875.18 3157.65 7.301 

400 0.38426 2959.66 3267.07 7.5715 0.30659 2957.29 3263.88 7.465 

500 0.44331 3125.95 3480.6 7.8672 0.35411 3124.34 3478.44 7.7621 

600 0.50184 3297.91 3699.38 8.1332 0.40109 3296.76 3697.85 8.0289 

700 0.56007 3476.22 3924.27 8.377 0.44779 3475.35 3923.14 8.2731 

800 0.61813 3661.14 4155.65 8.6033 0.49432 3660.46 4154.78 8.4996 

900 0.6761 3852.77 4393.65 8.8153 0.54075 3852.19 4392.94 8.7118 

1000 0.73401 4051 4638.2 9.0153 0.58712 4050.49 4637.6 8.9119 

1100 0.79188 4255.57 4889.08 9.2049 0.63345 4255.09 4888.55 9.1016 

1200 0.84974 4466.05 5145.85 9.3854 0.67977 4465.58 5145.36 9.2821 

1300 0.90758 4681.81 5407.87 9.5575 0.72608 4681.33 5407.41 9.4542 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

 P = 1200 kPa (187.99°C) P = 1400 kPa (195.07°C) 

Sat. 0.16333 2588.82 2784.82 6.5233 0.14084 2592.83 2790 6.4692 

200 0.1693 2612.74 2815.9 6.5898 0.14302 2603.09 2803.32 6.4975 

250 0.19235 2704.2 2935.01 6.8293 0.1635 2698.32 2927.22 6.7467 

300 0.21382 2789.22 3045.8 7.0316 0.18228 2785.16 3040.35 6.9533 

350 0.23452 2872.16 3153.59 7.212 0.20026 2869.12 3149.49 7.1359 

400 0.2548 2954.9 3260.66 7.3773 0.2178 2952.5 3257.42 7.3025 

500 0.29463 3122.72 3476.28 7.6758 0.25215 3121.1 3474.11 7.6026 

600 0.33393 3295.6 3696.32 7.9434 0.28596 3294.44 3694.78 7.871 

700 0.37294 3474.48 3922.01 8.1881 0.31947 3473.61 3920.87 8.116 

800 0.41177 3659.77 4153.9 8.4149 0.35281 3659.09 4153.03 8.3431 

900 0.45051 3851.62 4392.23 8.6272 0.38606 3851.05 4391.53 8.5555 

1000 0.48919 4049.98 4637 8.8274 0.41924 4049.47 4636.41 8.7558 

1100 0.52783 4254.61 4888.02 9.0171 0.45239 4254.14 4887.49 8.9456 

1200 0.56646 4465.12 5144.87 9.1977 0.48552 4464.65 5144.38 9.1262 

1300 0.60507 4680.86 5406.95 9.3698 0.51864 4680.39 5406.49 9.2983 

P = 1600 kPa (201.40°C) P = 1800 kPa (207.15°C) 

Sat. 0.1238 2595.95 2794.02 6.4217 0.11042 2598.38 2797.13 6.3793 

250 0.14184 2692.26 2919.2 6.6732 0.12497 2686.02 2910.96 6.6066 

300 0.15862 2781.03 3034.83 6.8844 0.14021 2776.83 3029.21 6.8226 

350 0.17456 2866.05 3145.35 7.0693 0.15457 2862.95 3141.18 7.0099 

400 0.19005 2950.09 3254.17 7.2373 0.16847 2947.66 3250.9 7.1793 

500 0.22029 3119.47 3471.93 7.5389 0.1955 3117.84 3469.75 7.4824 

600 0.24998 3293.27 3693.23 7.808 0.22199 3292.1 3691.69 7.7523 

700 0.27937 3472.74 3919.73 8.0535 0.24818 3471.87 3918.59 7.9983 

800 0.30859 3658.4 4152.15 8.2808 0.2742 3657.71 4151.27 8.2258 

900 0.33772 3850.47 4390.82 8.4934 0.30012 3849.9 4390.11 8.4386 

1000 0.36678 4048.96 4635.81 8.6938 0.32598 4048.45 4635.21 8.639 

1100 0.39581 4253.66 4886.95 8.8837 0.3518 4253.18 4886.42 8.829 

1200 0.42482 4464.18 5143.89 9.0642 0.37761 4463.71 5143.4 9.0096 

1300 0.45382 4679.92 5406.02 9.2364 0.4034 4679.44 5405.56 9.1817 

 P = 2000 kPa (212.42°C) P = 2500 kPa (223.99°C) 

Sat. 0.09963 2600.26 2799.51 6.3408 0.07998 2603.13 2803.07 6.2574 

250 0.11144 2679.58 2902.46 6.5452 0.087 2662.55 2880.06 6.4084 

300 0.12547 2772.56 3023.5 6.7663 0.0989 2761.56 3008.81 6.6437 

350 0.13857 2859.81 3136.96 6.9562 0.10976 2851.84 3126.24 6.8402 

400 0.1512 2945.21 3247.6 7.127 0.1201 2939.03 3239.28 7.0147 

450 0.16353 3030.41 3357.48 7.2844 0.13014 3025.43 3350.77 7.1745 

500 0.17568 3116.2 3467.55 7.4316 0.13998 3112.08 3462.04 7.3233 

600 0.1996 3290.93 3690.14 7.7023 0.1593 3287.99 3686.25 7.596 

700 0.22323 3470.99 3917.45 7.9487 0.17832 3468.8 3914.59 7.8435 

800 0.24668 3657.03 4150.4 8.1766 0.19716 3655.3 4148.2 8.072 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

900 0.27004 3849.33 4389.4 8.3895 0.2159 3847.89 4387.64 8.2853 

1000 0.29333 4047.94 4634.61 8.59 0.23458 4046.67 4633.12 8.486 

1100 0.31659 4252.71 4885.89 8.78 0.25322 4251.52 4884.57 8.6761 

1200 0.33984 4463.25 5142.92 8.9606 0.27185 4462.08 5141.7 8.8569 

1300 0.36306 4678.97 5405.1 9.1328 0.29046 4677.8 5403.95 9.0291 

 P = 3000 kPa (233.90°C) P = 4000 kPa (250.40°C) 

Sat. 0.06668 2604.1 2804.14 6.1869 0.04978 2602.27 2801.38 6.07 

250 0.07058 2644 2855.75 6.2871 — — — — 

300 0.08114 2750.05 2993.48 6.5389 0.05884 2725.33 2960.68 6.3614 

350 0.09053 2843.66 3115.25 6.7427 0.06645 2826.65 3092.43 6.582 

400 0.09936 2932.75 3230.82 6.9211 0.07341 2919.88 3213.51 6.7689 

450 0.10787 3020.38 3344 7.0833 0.08003 3010.13 3330.23 6.9362 

500 0.11619 3107.92 3456.48 7.2337 0.08643 3099.49 3445.21 7.09 

600 0.13243 3285.03 3682.34 7.5084 0.09885 3279.06 3674.44 7.3688 

700 0.14838 3466.59 3911.72 7.7571 0.11095 3462.15 3905.94 7.6198 

800 0.16414 3653.58 4146 7.9862 0.12287 3650.11 4141.59 7.8502 

900 0.1798 3846.46 4385.87 8.1999 0.13469 3843.59 4382.34 8.0647 

1000 0.19541 4045.4 4631.63 8.4009 0.14645 4042.87 4628.65 8.2661 

1100 0.21098 4250.33 4883.26 8.5911 0.15817 4247.96 4880.63 8.4566 

1200 0.22652 4460.92 5140.49 8.7719 0.16987 4458.6 5138.07 8.6376 

1300 0.24206 4676.63 5402.81 8.9442 0.18156 4674.29 5400.52 8.8099 

 P = 5000 kPa (263.99°C) P = 6000 kPa (275.64°C) 

Sat. 0.03944 2597.12 2794.33 5.9733 0.03244 2589.69 2784.33 5.8891 

300 0.04532 2697.94 2924.53 6.2083 0.03616 2667.22 2884.19 6.0673 

350 0.05194 2808.67 3068.39 6.4492 0.04223 2789.61 3042.97 6.3334 

400 0.05781 2906.58 3195.64 6.6458 0.04739 2892.81 3177.17 6.5407 

450 0.0633 2999.64 3316.15 6.8185 0.05214 2988.9 3301.76 6.7192 

500 0.06857 3090.92 3433.76 6.9758 0.05665 3082.2 3422.12 6.8802 

550 0.07368 3181.82 3550.23 7.1217 0.06101 3174.57 3540.62 7.0287 

600 0.07869 3273.01 3666.47 7.2588 0.06525 3266.89 3658.4 7.1676 

700 0.08849 3457.67 3900.13 7.5122 0.07352 3453.15 3894.28 7.4234 

800 0.09811 3646.62 4137.17 7.744 0.0816 3643.12 4132.74 7.6566 

900 0.10762 3840.71 4378.82 7.9593 0.08958 3837.84 4375.29 7.8727 

1000 0.11707 4040.35 4625.69 8.1612 0.09749 4037.83 4622.74 8.0751 

1100 0.12648 4245.61 4878.02 8.3519 0.10536 4243.26 4875.42 8.2661 

1200 0.13587 4456.3 5135.67 8.533 0.11321 4454 5133.28 8.4473 

1300 0.14526 4671.96 5398.24 8.7055 0.12106 4669.64 5395.97 8.6199 

 P = 8000 kPa (295.06°C) P = 10000 kPa (311.06°C) 

Sat. 0.02352 2569.79 2757.94 5.7431 0.01803 2544.41 2724.67 5.614 

300 0.02426 2590.93 2784.98 5.7905 — — — — 

350 0.02995 2747.67 2987.3 6.13 0.02242 2699.16 2923.39 5.9442 

400 0.03432 2863.75 3138.28 6.3633 0.02641 2832.38 3096.46 6.2119 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

450 0.03817 2966.66 3271.99 6.555 0.02975 2943.32 3240.83 6.4189 

500 0.04175 3064.3 3398.27 6.7239 0.03279 3045.77 3373.63 6.5965 

550 0.04516 3159.76 3521.01 6.8778 0.03564 3144.54 3500.92 6.7561 

600 0.04845 3254.43 3642.03 7.0205 0.03837 3241.68 3625.34 6.9028 

700 0.05481 3444 3882.47 7.2812 0.04358 3434.72 3870.52 7.1687 

800 0.06097 3636.08 4123.84 7.5173 0.04859 3628.97 4114.91 7.4077 

900 0.06702 3832.08 4368.26 7.735 0.05349 3826.32 4361.24 7.6272 

1000 0.07301 4032.81 4616.87 7.9384 0.05832 4027.81 4611.04 7.8315 

1100 0.07896 4238.6 4870.25 8.1299 0.06312 4233.97 4865.14 8.0236 

1200 0.08489 4449.45 5128.54 8.3115 0.06789 4444.93 5123.84 8.2054 

1300 0.0908 4665.02 5391.46 8.4842 0.07265 4660.44 5386.99 8.3783 

 P = 15000 kPa (342.24°C) P = 20000 kPa (365.81°C) 

Sat. 0.01034 2455.43 2610.49 5.3097 0.00583 2293.05 2409.74 4.9269 

350 0.01147 2520.36 2692.41 5.442 — — — — 

400 0.01565 2740.7 2975.44 5.881 0.00994 2619.22 2818.07 5.5539 

450 0.01845 2879.47 3156.15 6.1403 0.0127 2806.16 3060.06 5.9016 

500 0.0208 2996.52 3308.53 6.3442 0.01477 2942.82 3238.18 6.14 

550 0.02293 3104.71 3448.61 6.5198 0.01656 3062.34 3393.45 6.3347 

600 0.02491 3208.64 3582.3 6.6775 0.01818 3174 3537.57 6.5048 

650 0.0268 3310.37 3712.32 6.8223 0.01969 3281.46 3675.32 6.6582 

700 0.02861 3410.94 3840.12 6.9572 0.02113 3386.46 3809.09 6.7993 

800 0.0321 3610.99 4092.43 7.204 0.02385 3592.73 4069.8 7.0544 

900 0.03546 3811.89 4343.75 7.4279 0.02645 3797.44 4326.37 7.283 

1000 0.03875 4015.41 4596.63 7.6347 0.02897 4003.12 4582.45 7.4925 

1100 0.042 4222.55 4852.56 7.8282 0.03145 4211.3 4840.24 7.6874 

1200 0.04523 4433.78 5112.27 8.0108 0.03391 4422.81 5100.96 7.8706 

1300 0.04845 4649.12 5375.94 8.1839 0.03636 4637.95 5365.1 8.0441 

 P = 30000 kPa P = 40000 kPa 

375 0.001789 1737.75 1791.43 3.9303 0.001641 1677.09 1742.71 3.8289 

400 0.00279 2067.34 2151.04 4.4728 0.001908 1854.52 1930.83 4.1134 

425 0.005304 2455.06 2614.17 5.1503 0.002532 2096.83 2198.11 4.5028 

450 0.006735 2619.3 2821.35 5.4423 0.003693 2365.07 2512.79 4.9459 

500 0.008679 2820.67 3081.03 5.7904 0.005623 2678.36 2903.26 5.4699 

550 0.010168 2970.31 3275.36 6.0342 0.006984 2869.69 3149.05 5.7784 

600 0.011446 3100.53 3443.91 6.233 0.008094 3022.61 3346.38 6.0113 

650 0.012596 3221.04 3598.93 6.4057 0.009064 3158.04 3520.58 6.2054 

700 0.013661 3335.84 3745.67 6.5606 0.009942 3283.63 3681.29 6.375 

800 0.015623 3555.6 4024.31 6.8332 0.011523 3517.89 3978.8 6.6662 

900 0.017448 3768.48 4291.93 7.0717 0.012963 3739.42 4257.93 6.915 

1000 0.019196 3978.79 4554.68 7.2867 0.014324 3954.64 4527.59 7.1356 

1100 0.020903 4189.18 4816.28 7.4845 0.015643 4167.38 4793.08 7.3364 

1200 0.022589 4401.29 5078.97 7.6691 0.01694 4380.11 5057.72 7.5224 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

1300 0.024266 4615.96 5343.95 7.8432 0.018229 4594.28 5323.45 7.6969 

 
Table B.4: Compressed steam tables. 
 

𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

 P = 500 kPa (151.86°C) P = 2000 kPa (212.42°C) 

Sat. 0.001093 639.66 640.21 1.8606 0.001177 906.42 908.77 2.4473 

0.01 0.000999 0.01 0.51 0 0.000999 0.03 2.03 0.0001 

20 0.001002 83.91 84.41 0.2965 0.001001 83.82 85.82 0.2962 

40 0.001008 167.47 167.98 0.5722 0.001007 167.29 169.3 0.5716 

60 0.001017 251 251.51 0.8308 0.001016 250.73 252.77 0.83 

80 0.001029 334.73 335.24 1.0749 0.001028 334.38 336.44 1.0739 

100 0.001043 418.8 419.32 1.3065 0.001043 418.36 420.45 1.3053 

120 0.00106 503.37 503.9 1.5273 0.001059 502.84 504.96 1.5259 

140 0.00108 588.66 589.2 1.7389 0.001079 588.02 590.18 1.7373 

160 — — — — 0.001101 674.14 676.34 1.941 

180 — — — — 0.001127 761.46 763.71 2.1382 

200 — — — — 0.001156 850.3 852.61 2.3301 

 P = 5000 kPa (263.99°C) P = 10000 kPa (311.06°C) 

Sat 0.001286 1147.78 1154.21 2.9201 0.001452 1393 1407.53 3.3595 

0 0.000998 0.03 5.02 0.0001 0.000995 0.1 10.05 0.0003 

20 0.001 83.64 88.64 0.2955 0.000997 83.35 93.32 0.2945 

40 0.001006 166.93 171.95 0.5705 0.001003 166.33 176.36 0.5685 

60 0.001015 250.21 255.28 0.8284 0.001013 249.34 259.47 0.8258 

80 0.001027 333.69 338.83 1.0719 0.001025 332.56 342.81 1.0687 

100 0.001041 417.5 422.71 1.303 0.001039 416.09 426.48 1.2992 

120 0.001058 501.79 507.07 1.5232 0.001055 500.07 510.61 1.5188 

140 0.001077 586.74 592.13 1.7342 0.001074 584.67 595.4 1.7291 

160 0.001099 672.61 678.1 1.9374 0.001195 670.11 681.07 1.9316 

180 0.001124 759.62 765.24 2.1341 0.00112 756.63 767.83 2.1274 

200 0.001153 848.08 853.85 2.3254 0.001148 844.49 855.97 2.3178 

220 0.001187 938.43 944.36 2.5128 0.001181 934.07 945.88 2.5038 

240 0.001226 1031.34 1037.47 2.6978 0.001219 1025.94 1038.13 2.6872 

260 0.001275 1127.92 1134.3 2.8829 0.001265 1121.03 1133.68 2.8698 

280 0.001322 1220.9 1234.11 3.0547     

300 0.001397 1328.34 1342.31 3.2468     

 P = 15000 kPa (342.24°C) P = 20000 kPa (365.81°C) 

Sat. 0.001658 1585.58 1610.45 3.6847 0.002035 1785.47 1826.18 4.0137 

0 0.000993 0.15 15.04 0.0004 0.00099 0.2 20 0.0004 

20 0.000995 83.05 97.97 0.2934 0.000993 82.75 102.61 0.2922 

40 0.001001 165.73 180.75 0.5665 0.000999 165.15 185.14 0.5646 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

60 0.001011 248.49 263.65 0.8231 0.001008 247.66 267.82 0.8205 

80 0.001022 331.46 346.79 1.0655 0.00102 330.38 350.78 1.0623 

100 0.001036 414.72 430.26 1.2954 0.001034 413.37 434.04 1.2917 

120 0.001052 498.39 514.17 1.5144 0.00105 496.75 517.74 1.5101 

140 0.001071 582.64 598.7 1.7241 0.001068 580.67 602.03 1.7192 

160 0.001092 667.69 684.07 1.9259 0.001089 665.34 687.11 1.9203 

180 0.001116 753.74 770.48 2.1209 0.001112 750.94 773.18 2.1146 

200 0.001143 841.04 858.18 2.3103 0.001139 837.7 860.47 2.3031 

220 0.001175 929.89 947.52 2.4952 0.001169 925.89 949.27 2.4869 

240 0.001211 1020.82 1038.99 2.677 0.001205 1015.94 1040.04 2.6673 

260 0.001255 1114.59 1133.41 2.8575 0.001246 1108.53 1133.45 2.8459 

280 0.001308 1212.47 1232.09 3.0392 0.001297 1204.69 1230.62 3.0248 

300 0.001377 1316.58 1337.23 3.2259 0.00136 1306.1 1333.29 3.2071 

320 0.001472 1431.05 1453.13 3.4246 0.001444 1415.66 1444.53 3.3978 

340 0.001631 1567.42 1591.88 3.6545 0.001568 1539.64 1571.01 3.6074 

360 0.001823 1702.78 1739.23 3.877     

 P = 30000 kPa P = 50000 kPa 

0 0.000986 0.25 29.82 0.0001 0.000977 0.2 49.03 −0.0014 

20 0.000989 82.16 111.82 0.2898 0.00098 80.98 130 0.2847 

40 0.000995 164.01 193.87 0.5606 0.000987 161.84 211.2 0.5526 

60 0.001004 246.03 276.16 0.8153 0.000996 242.96 292.77 0.8051 

80 0.001016 328.28 358.75 1.0561 0.001007 324.32 374.68 1.0439 

100 0.001029 410.76 441.63 1.2844 0.00102 405.86 456.87 1.2703 

120 0.001044 493.58 524.91 1.5017 0.001035 487.63 539.37 1.4857 

140 0.001062 576.86 608.73 1.7097 0.001052 569.76 622.33 1.6915 

160 0.001082 660.81 693.27 1.9095 0.00107 652.39 705.91 1.889 

180 0.001105 745.57 778.71 2.1024 0.001091 735.68 790.24 2.0793 

200 0.00113 831.34 865.24 2.2892 0.001115 819.73 875.46 2.2634 

220 0.001159 918.32 953.09 2.471 0.001141 904.67 961.71 2.4419 

240 0.001192 1006.84 1042.6 2.6489 0.00117 990.69 1049.2 2.6158 

260 0.00123 1097.38 1134.29 2.8242 0.001203 1078.06 1138.23 2.786 

280 0.001275 1190.69 1228.96 2.9985 0.001242 1167.19 1229.26 2.9536 

300 0.00133 1287.89 1327.8 3.174 0.001286 1258.66 1322.95 3.12 

320 0.0014 1390.64 1432.63 3.3538 0.001339 1353.23 1420.17 3.2867 

340 0.001492 1501.71 1546.47 3.5425 0.001403 1451.91 1522.07 3.4556 

360 0.001627 1626.57 1675.36 3.7492 0.001484 1555.97 1630.16 3.629 

380 0.001869 1781.35 1837.43 4.001 0.001588 1667.13 1746.54 3.81 
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Fig. B.1: Mollier diagram for water (Source: Kim, C., Kim, H. and Mun, K., 2020. Use of the international 

association for the properties of water and steam (IAPWS) formulations, IAPWS-95 & IAPWS-IF97: Making of 
Mollier diagram and Ts diagram of water and steam. Thermal Science and Engineering Progress, 20, p.100691). 
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APPENDIX-C: Properties of refrigerant R-134a 
Table C.1: Saturated R-134a table. 
 

 

Temp. Sat. Press. Specific volume Specific internal energy Specific enthalpy Specific entropy 

(°C) (kPa) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

𝑻 𝑷 𝒗𝒇 ൈ 𝟏𝟎𝟑 𝒗𝒈 𝒖𝒇 𝒖𝒇𝒈 𝒖𝒈 𝒉𝒇 𝒉𝒇𝒈 𝒉𝒈 𝒔𝒇 𝒔𝒇𝒈 𝒔𝒈 

−70 8.3 0.675 1.97274 119.46 218.74 338.2 119.47 235.15 354.62 0.6645 1.1575 1.822 

−65 11.7 0.679 1.42983 123.18 217.76 340.94 123.18 234.55 357.73 0.6825 1.1268 1.8094 

−60 16.3 0.684 1.05268 127.52 216.19 343.71 127.53 233.33 360.86 0.7031 1.0947 1.7978 

−55 22.2 0.689 0.78678 132.36 214.14 346.5 132.37 231.63 364 0.7256 1.0618 1.7874 

−50 29.9 0.695 0.59657 137.6 211.71 349.31 137.62 229.54 367.16 0.7493 1.0286 1.778 

−45 39.6 0.701 0.45853 143.15 208.99 352.15 143.18 227.14 370.32 0.774 0.9956 1.7695 

−40 51.8 0.708 0.35696 148.95 206.05 355 148.98 224.5 373.48 0.7991 0.9629 1.762 

−35 66.8 0.715 0.28122 154.93 202.93 357.86 154.98 221.67 376.64 0.8245 0.9308 1.7553 

−30 85.1 0.722 0.22402 161.06 199.67 360.73 161.12 218.68 379.8 0.8499 0.8994 1.7493 

−26.3 101.3 0.728 0.1902 165.73 197.16 362.89 165.8 216.36 382.16 0.869 0.8763 1.7453 

−25 107.2 0.73 0.1803 167.3 196.31 363.61 167.38 215.57 382.95 0.8754 0.8687 1.7441 

−20 133.7 0.738 0.14649 173.65 192.85 366.5 173.74 212.34 386.08 0.9007 0.8388 1.7395 

−15 165 0.746 0.12007 180.07 189.32 369.39 180.19 209 389.2 0.9258 0.8096 1.7354 

−10 201.7 0.755 0.09921 186.57 185.7 372.27 186.72 205.56 392.28 0.9507 0.7812 1.7319 

−5 244.5 0.764 0.08257 193.14 182.01 375.15 193.32 202.02 395.34 0.9755 0.7534 1.7288 

0 294 0.773 0.06919 199.77 178.24 378.01 200 198.36 398.36 1 0.7262 1.7262 

5 350.9 0.783 0.05833 206.48 174.38 380.85 206.75 194.57 401.32 1.0243 0.6995 1.7239 

10 415.8 0.794 0.04945 213.25 170.42 383.67 213.58 190.65 404.23 1.0485 0.6733 1.7218 

15 489.5 0.805 0.04213 220.1 166.35 386.45 220.49 186.58 407.07 1.0725 0.6475 1.72 

20 572.8 0.817 0.03606 227.03 162.16 389.19 227.49 182.35 409.84 1.0963 0.622 1.7183 

25 666.3 0.829 0.03098 234.04 157.83 391.87 234.59 177.92 412.51 1.1201 0.5967 1.7168 

30 771 0.843 0.02671 241.14 153.34 394.48 241.79 173.29 415.08 1.1437 0.5716 1.7153 

35 887.6 0.857 0.0231 248.34 148.68 397.02 249.1 168.42 417.52 1.1673 0.5465 1.7139 

40 1017 0.873 0.02002 255.65 143.81 399.46 256.54 163.28 419.82 1.1909 0.5214 1.7123 

45 1160.2 0.89 0.01739 263.08 138.71 401.79 264.11 157.85 421.96 1.2145 0.4962 1.7106 

50 1318.1 0.908 0.01512 270.63 133.35 403.98 271.83 152.08 423.91 1.2381 0.4706 1.7088 

55 1491.6 0.928 0.01316 278.33 127.68 406.01 279.72 145.93 425.65 1.2619 0.4447 1.7066 

60 1681.8 0.951 0.01146 286.19 121.66 407.85 287.79 139.33 427.13 1.2857 0.4182 1.704 

65 1889.9 0.976 0.00997 294.24 115.22 409.46 296.09 132.21 428.3 1.3099 0.391 1.7008 

70 2117 1.005 0.00866 302.51 108.27 410.78 304.64 124.47 429.11 1.3343 0.3627 1.697 

75 2364.4 1.038 0.00749 311.06 100.68 411.74 313.51 115.94 429.45 1.3592 0.333 1.6923 

80 2633.6 1.078 0.00645 319.96 92.26 412.22 322.79 106.4 429.19 1.3849 0.3013 1.6862 

85 2926.2 1.128 0.0055 329.35 82.67 412.01 332.65 95.45 428.1 1.4117 0.2665 1.6782 

90 3244.5 1.195 0.00461 339.51 71.24 410.75 343.38 82.31 425.7 1.4404 0.2267 1.6671 

95 3591.5 1.297 0.00373 351.17 56.25 407.42 355.83 64.98 420.81 1.4733 0.1765 1.6498 

100 3973.2 1.557 0.00264 368.55 28.19 396.74 374.74 32.47 407.21 1.5228 0.087 1.6098 

101.2 4064 1.969 0.00197 382.97 0 382.97 390.98 0 390.98 1.5658 0 1.5658 
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Table C.2: Superheated R-134a tables. 
 

 

𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

 P = 50 kPa (−40.67°C) P = 100 kPa (−26.54°C) 

Sat. 0.36889 354.61 373.06 1.7629 0.19257 362.73 381.98 1.7456 

−20 0.40507 368.57 388.82 1.8279 0.1986 367.36 387.22 1.7665 

−10 0.42222 375.53 396.64 1.8582 0.20765 374.51 395.27 1.7978 

0 0.43921 382.63 404.59 1.8878 0.21652 381.76 403.41 1.8281 

10 0.45608 389.9 412.7 1.917 0.22527 389.14 411.67 1.8578 

20 0.47287 397.32 420.96 1.9456 0.23392 396.66 420.05 1.8869 

30 0.48958 404.9 429.38 1.9739 0.2425 404.31 428.56 1.9155 

40 0.50623 412.64 437.96 2.0017 0.25101 412.12 437.22 1.9436 

50 0.52284 420.55 446.7 2.0292 0.25948 420.08 446.03 1.9712 

60 0.53941 428.63 455.6 2.0563 0.26791 428.2 454.99 1.9985 

70 0.55595 436.86 464.66 2.0831 0.27631 436.47 464.1 2.0255 

80 0.57247 445.26 473.88 2.1096 0.28468 444.89 473.36 2.0521 

90 0.58896 453.82 483.26 2.1358 0.29302 453.47 482.78 2.0784 

100 0.60544 462.53 492.81 2.1617 0.30135 462.21 492.35 2.1044 

110 0.6219 471.41 502.5 2.1874 0.30967 471.11 502.07 2.1301 

120 0.63835 480.44 512.36 2.2128 0.31797 480.16 511.95 2.1555 

130 0.65479 489.63 522.37 2.2379 0.32626 489.36 521.98 2.1807 

 P = 150 kPa (−17.29°C) P = 200 kPa (−10.22°C) 

Sat. 0.13139 368.06 387.77 1.7372 0.10002 372.15 392.15 1.732 

−10 0.13602 373.44 393.84 1.7606 0.10013 372.31 392.34 1.7328 

0 0.14222 380.85 402.19 1.7917 0.10501 379.91 400.91 1.7647 

10 0.14828 388.36 410.6 1.822 0.10974 387.55 409.5 1.7956 

20 0.15424 395.98 419.11 1.8515 0.11436 395.27 418.15 1.8256 

30 0.16011 403.71 427.73 1.8804 0.11889 403.1 426.87 1.8549 

40 0.16592 411.59 436.47 1.9088 0.12335 411.04 435.71 1.8836 

50 0.17168 419.6 445.35 1.9367 0.12776 419.11 444.66 1.9117 

60 0.1774 427.76 454.37 1.9642 0.13213 427.31 453.74 1.9394 

70 0.18308 436.06 463.53 1.9913 0.13646 435.65 462.95 1.9666 

80 0.18874 444.52 472.83 2.018 0.14076 444.14 472.3 1.9935 

90 0.19437 453.13 482.28 2.0444 0.14504 452.78 481.79 2.02 

100 0.19999 461.89 491.89 2.0705 0.1493 461.56 491.42 2.0461 

110 0.20559 470.8 501.64 2.0963 0.15355 470.5 501.21 2.072 

120 0.21117 479.87 511.54 2.1218 0.15777 479.58 511.13 2.0976 

130 0.21675 489.08 521.6 2.147 0.16199 488.81 521.21 2.1229 

140 0.22231 498.45 531.8 2.172 0.1662 498.19 531.43 2.1479 

 P = 300 kPa (0.56°C) P = 400 kPa (8.84°C) 

Sat. 0.06787 378.33 398.69 1.7259 0.05136 383.02 403.56 1.7223 

10 0.07111 385.84 407.17 1.7564 0.05168 383.98 404.65 1.7261 

20 0.07441 393.8 416.12 1.7874 0.05436 392.22 413.97 1.7584 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

30 0.07762 401.81 425.1 1.8175 0.05693 400.45 423.22 1.7895 

40 0.08075 409.9 434.12 1.8468 0.0594 408.7 432.46 1.8195 

50 0.08382 418.09 443.23 1.8755 0.06181 417.03 441.75 1.8487 

60 0.08684 426.39 452.44 1.9035 0.06417 425.44 451.1 1.8772 

70 0.08982 434.82 461.76 1.9311 0.06648 433.95 460.55 1.9051 

80 0.09277 443.37 471.21 1.9582 0.06877 442.58 470.09 1.9325 

90 0.0957 452.07 480.78 1.985 0.07102 451.34 479.75 1.9595 

100 0.09861 460.9 490.48 2.0113 0.07325 460.22 489.52 1.986 

110 0.1015 469.87 500.32 2.0373 0.07547 469.24 499.43 2.0122 

120 0.10437 478.99 510.3 2.0631 0.07767 478.4 509.46 2.0381 

130 0.10723 488.26 520.43 2.0885 0.07985 487.69 519.63 2.0636 

140 0.11008 497.66 530.69 2.1136 0.08202 497.13 529.94 2.0889 

150 0.11292 507.22 541.09 2.1385 0.08418 506.71 540.38 2.1139 

160 0.11575 516.91 551.64 2.1631 0.08634 516.43 550.97 2.1386 

 P = 500 kPa (15.66°C) P = 600 kPa (21.52°C) 

Sat. 0.04126 386.82 407.45 1.7198 0.03442 390.01 410.66 1.7179 

20 0.04226 390.52 411.65 1.7342 — — — — 

30 0.04446 398.99 421.22 1.7663 0.03609 397.44 419.09 1.7461 

40 0.04656 407.44 430.72 1.7971 0.03796 406.11 428.88 1.7779 

50 0.04858 415.91 440.2 1.827 0.03974 414.75 438.59 1.8084 

60 0.05055 424.44 449.72 1.856 0.04145 423.41 448.28 1.8379 

70 0.05247 433.06 459.29 1.8843 0.04311 432.13 457.99 1.8666 

80 0.05435 441.77 468.94 1.912 0.04473 440.93 467.76 1.8947 

90 0.0562 450.59 478.69 1.9392 0.04632 449.82 477.61 1.9222 

100 0.05804 459.53 488.55 1.966 0.04788 458.82 487.55 1.9492 

110 0.05985 468.6 498.52 1.9924 0.04943 467.94 497.59 1.9758 

120 0.06164 477.79 508.61 2.0184 0.05095 477.18 507.75 2.0019 

130 0.06342 487.13 518.83 2.044 0.05246 486.55 518.03 2.0277 

140 0.06518 496.59 529.19 2.0694 0.05396 496.05 528.43 2.0532 

150 0.06694 506.2 539.67 2.0945 0.05544 505.69 538.95 2.0784 

160 0.06869 515.95 550.29 2.1193 0.05692 515.46 549.61 2.1033 

170 0.07043 525.83 561.04 2.1438 0.05839 525.36 560.4 2.1279 

 P = 800 kPa (31.30°C) P = 1000 kPa (39.37°C) 

Sat. 0.02571 395.15 415.72 1.715 0.02038 399.16 419.54 1.7125 

40 0.02711 403.17 424.86 1.7446 0.02047 399.78 420.25 1.7148 

50 0.02861 412.23 435.11 1.7768 0.02185 409.39 431.24 1.7494 

60 0.03002 421.2 445.22 1.8076 0.02311 418.78 441.89 1.7818 

70 0.03137 430.17 455.27 1.8373 0.02429 428.05 452.34 1.8127 

80 0.03268 439.17 465.31 1.8662 0.02542 437.29 462.7 1.8425 

90 0.03394 448.22 475.38 1.8943 0.0265 446.53 473.03 1.8713 

100 0.03518 457.35 485.5 1.9218 0.02754 455.82 483.36 1.8994 

110 0.03639 466.58 495.7 1.9487 0.02856 465.18 493.74 1.9268 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

120 0.03758 475.92 505.99 1.9753 0.02956 474.62 504.17 1.9537 

130 0.03876 485.37 516.38 2.0014 0.03053 484.16 514.69 1.9801 

140 0.03992 494.94 526.88 2.0271 0.0315 493.81 525.3 2.0061 

150 0.04107 504.64 537.5 2.0525 0.03244 503.57 536.02 2.0318 

160 0.04221 514.46 548.23 2.0775 0.03338 513.46 546.84 2.057 

170 0.04334 524.42 559.09 2.1023 0.03431 523.46 557.77 2.082 

180 0.04446 534.51 570.08 2.1268 0.03523 533.6 568.83 2.1067 

 P = 1200 kPa (46.31°C) P = 1400 kPa (52.42°C) 

Sat. 0.01676 402.37 422.49 1.7102 0.01414 404.98 424.78 1.7077 

50 0.01724 406.15 426.84 1.7237 — — — — 

60 0.01844 416.08 438.21 1.7584 0.01503 413.03 434.08 1.736 

70 0.01953 425.74 449.18 1.7908 0.01608 423.2 445.72 1.7704 

80 0.02055 435.27 459.92 1.8217 0.01704 433.09 456.94 1.8026 

90 0.02151 444.74 470.55 1.8514 0.01793 442.83 467.93 1.8333 

100 0.02244 454.2 481.13 1.8801 0.01878 452.5 478.79 1.8628 

110 0.02333 463.71 491.7 1.9081 0.01958 462.17 489.59 1.8914 

120 0.0242 473.27 502.31 1.9354 0.02036 471.87 500.38 1.9192 

130 0.02504 482.91 512.97 1.9621 0.02112 481.63 511.19 1.9463 

140 0.02587 492.65 523.7 1.9884 0.02186 491.46 522.05 1.973 

150 0.02669 502.48 534.51 2.0143 0.02258 501.37 532.98 1.9991 

160 0.0275 512.43 545.43 2.0398 0.02329 511.39 543.99 2.0248 

170 0.02829 522.5 556.44 2.0649 0.02399 521.51 555.1 2.0502 

180 0.02907 532.68 567.57 2.0898 0.02468 531.75 566.3 2.0752 

 P = 1600 kPa (57.90°C) P = 2000 kPa (67.48°C) 

Sat. 0.01215 407.11 426.54 1.7051 0.0093 410.15 428.75 1.6991 

60 0.01239 409.49 429.32 1.7135 — — — — 

70 0.01345 420.37 441.89 1.7507 0.00958 413.37 432.53 1.7101 

80 0.01438 430.72 453.72 1.7847 0.01055 425.2 446.3 1.7497 

90 0.01522 440.79 465.15 1.8166 0.01137 436.2 458.95 1.785 

100 0.01601 450.71 476.33 1.8469 0.01211 446.78 471 1.8177 

110 0.01676 460.57 487.39 1.8762 0.01279 457.12 482.69 1.8487 

120 0.01748 470.42 498.39 1.9045 0.01342 467.34 494.19 1.8783 

130 0.01817 480.3 509.37 1.9321 0.01403 477.51 505.57 1.9069 

140 0.01884 490.23 520.38 1.9591 0.01461 487.68 516.9 1.9346 

150 0.01949 500.24 531.43 1.9855 0.01517 497.89 528.22 1.9617 

160 0.02013 510.33 542.54 2.0115 0.01571 508.15 539.57 1.9882 

170 0.02076 520.52 553.73 2.037 0.01624 518.48 550.96 2.0142 

180 0.02138 530.81 565.02 2.0622 0.01676 528.89 562.42 2.0398 

 P = 3000 kPa (86.20°C) P = 4000 kPa (100.33°C) 

Sat. 0.00528 411.83 427.67 1.6759 0.00252 394.86 404.94 1.6036 

90 0.00575 418.93 436.19 1.6995 — — — — 

100 0.00665 433.77 453.73 1.7472 — — — — 
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𝑻 𝒗 𝒖 𝒉 𝒔 𝒗 𝒖 𝒉 𝒔 

(°C) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) (m3/kg) (kJ/kg) (kJ/kg) (kJ/kg-K) 

110 0.00734 446.48 468.5 1.7862 0.00428 429.74 446.84 1.7148 

120 0.00792 458.27 482.04 1.8211 0.005 445.97 465.99 1.7642 

130 0.00845 469.58 494.91 1.8535 0.00556 459.63 481.87 1.804 

140 0.00893 480.61 507.39 1.884 0.00603 472.19 496.29 1.8394 

150 0.00937 491.49 519.62 1.9133 0.00644 484.15 509.92 1.872 

160 0.0098 502.3 531.7 1.9415 0.00683 495.77 523.07 1.9027 

170 0.01021 513.09 543.71 1.9689 0.00718 507.19 535.92 1.932 

180 0.0106 523.89 555.69 1.9956 0.00752 518.51 548.57 1.9603 

 P = 6000 kPa P = 10000 kPa 

90 0.001059 328.34 334.7 1.4081 0.000991 320.72 330.62 1.3856 

100 0.00115 346.71 353.61 1.4595 0.00104 336.45 346.85 1.4297 

110 0.001307 368.06 375.9 1.5184 0.0011 352.74 363.73 1.4744 

120 0.001698 396.59 406.78 1.5979 0.001175 369.69 381.44 1.52 

130 0.002396 426.81 441.18 1.6843 0.001272 387.44 400.16 1.567 

140 0.002985 448.34 466.25 1.7458 0.0014 405.97 419.98 1.6155 

150 0.003439 465.19 485.82 1.7926 0.001564 424.99 440.63 1.6649 

160 0.003814 479.89 502.77 1.8322 0.001758 443.77 461.34 1.7133 

170 0.004141 493.45 518.3 1.8676 0.001965 461.65 481.3 1.7589 

180 0.004435 506.35 532.96 1.9004 0.002172 478.4 500.12 1.8009 
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CO AND PO ATTAINMENT TABLE 

 

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs) after the 
completion of the course and a correlation can be made for the attainment of POs to analyze the gap. 
After proper analysis of the gap in the attainment of POs necessary measures can be taken to overcome 
the gaps. 

Table for CO and PO attainment 

Course 

Outco

mes 

Expected Mapping with Programme Outcomes 

(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 
P
O-
1 

P
O-
2 

PO-
3 

P
O-
4 

P
O-
5 

PO
-6 

PO-
7 

P
O-
8 

P
O-
9 

PO-
10 

PO-
11 

PO-
12 

CO‐1 

CO‐2 

CO‐3 

CO‐4 

CO‐5 

CO‐6 

The data filled in the above table can be used for gap analysis. 
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Absolute temperature, 81, 121, 142, 144, 159, 202 
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Carnot efficiency, 173, 194 
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Carnot heat engine, 138-140, 144, 146, 148, 164-165, 
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Carnot heat pump, 155 

Carnot principles, 140 

Carnot refrigeration cycle, 140, 233 

Carnot vapour cycle, 226-227, 231, 251-252 

Celsius scale, 19, 21 

Chemical energy, 35, 54, 60, 195 

Chemical equilibrium, 10, 24-25 

Chemical reactions, 10, 35, 135, 180, 197, 199, 225, 
237 

Closed system, 7-8, 20, 22, 25, 37, 46, 48, 61, 96, 140, 
149, 159, 165, 170-172, 175-176, 180, 188, 195, 199-
201, 203, 210, 212-213, 243, 248, 250 

Coefficient of performance (COP), 129 

Cold air standard assumptions, 238, 240, 244, 247, 252, 
254 

Combustion, 5, 128, 153, 190, 225, 237-238, 241-245, 
252-254 

Combustion efficiency 253-254 

Combustion process 238, 244, 252 

Compressed liquid, 69, 72-73, 76, 79-80, 85, 88, 90, 
163, 229, 251 

Compressed liquid region 72 

Compressibility factor, 65, 82-83, 85, 90 

Compression-ignition engine, 242 

Conduction, 39-40, 54 

Conservation of energy principle, 47 

Conservation of mass, 59, 96-97, 109 

Constant enthalpy process, 118 

Constant pressure process, 184, 235 

Constant temperature process, 13 

Constant volume gas thermometer, 18-20 

Constant volume process, 13, 184 

Continuum, 6, 9, 14-15, 25-26 

Control mass, 7, 20, 98 

Control surface, 8, 96-100, 114, 174 

Control volume, 1, 8, 14, 20, 22, 25, 40, 49, 95-101, 
103, 105-110, 112-116, 173-176, 180, 182, 188, 204-
205, 209-210 

Convection, 39-40, 54 

Convective heat transfer coefficient, 39 

Critical point, 71-73, 79, 81-85, 90-91, 227 

Cut-off ratio, 244, 252 

Cycle, 1, 13, 43, 48, 63, 121-123, 125-131, 138- 140, 
142, 144, 146-147, 149-150, 160-161, 164-165, 169, 
177, 181, 187-188, 223-255 

Dead state, 195-196, 200-201, 209-210, 216, 219 
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Decrease of exergy principle, 202-203 

Density, 1, 9, 13-14, 16, 20, 23, 25-28, 33-34, 51-52, 67 

Diesel cycle, 243-245, 249-250, 252, 254 

Diffuser, 103, 114-116 

Dimensions, 23 

Dual cycle, 244-245 

Duct, 201 

Effectiveness, 215 

Efficiency, 3, 95, 121-122, 128-131, 133, 138, 140-146, 
150, 153-154, 157, 165, 173, 177-179, 181, 189, 190, 
193-194, 205-210, 212-220, 225-226, 230-233, 230-
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Electric power, 8, 153 

Electric work, 54, 131, 133-134, 199, 215-216 

Emissivity, 39 

Energy, 1, 3-4, 6, 10, 13, 20-22, 25-26, 28, 31-40, 42, 
44-56, 58-62, 64-66, 68, 73, 76-78, 80, 84-88, 92, 95-
96, 98-116, 118, 121, 123-125, 128, 132-136, 141, 145, 
147-148, 150, 152, 153-155, 159, 168, 170-173, 175-
176, 178-179, 185, 187, 190, 193-202, 204-205, 207, 
210-212, 214, 217-221, 224, 229, 235, 237-238, 243-
245 

Energy analysis, 49, 64, 95-96, 98, 100-102, 104, 106, 
108, 110, 112, 114, 116, 118 

Energy balance, 47-48, 105-108, 110-113, 121, 141, 
173, 211, 214 

Energy transfer, 22, 40, 54, 193-194, 197, 210 

Enthalpy 31-32, 48-55, 65, 76-78, 80, 86-89, 91-92, 
100, 103, 104-106, 110, 118-119, 151, 168, 187, 228, 
235, 238, 251 

Entropy, 25, 29, 76, 80, 157-191, 193-194, 198, 200, 
202-204, 208-209, 212, 217-218, 238 

Entropy balance, 157, 170, 172-174, 180, 202, 209 

Entropy generation, 170, 173, 177, 180, 183, 185-187, 
190, 198, 202-203, 218 

Environment, 193, 196-199, 201-203, 208-210, 216-
219, 221 

Equation of state, 44, 81-84 

Equilibrium, 1, 2, 10-13, 15-22, 24-26, 37-38, 42-43, 
48, 51, 55-58, 69-71, 73-74, 81, 84, 86, 93, 118, 135-
136, 139, 179-180, 189, 195-196, 209, 219, 225-226 

Evaporation, 241-242 

Exact differential, 162 

Exergy, 193-210, 212-221 

Exergy balance, 193-194, 203-205, 207-210, 213-215 

Expansion, 9, 11-13, 18, 28, 41-43, 48-49, 55-58, 62, 
85, 102, 108, 112, 114-115, 118-119, 126-127, 134-
140, 146, 148-149, 152, 171, 177-178, 189,195, 198-
199, 212, 225-228, 231, 233-236, 238-239, 241, 243, 
244, 247-250, 252, 254 

Extensive properties, 9, 20, 101 

Externally reversible, 137, 152-153, 216, 251 

Fahrenheit scale, 19, 21 

First law of thermodynamics, 31-32, 34, 36, 38, 40, 42, 
44, 46-50, 52, 54, 56, 58, 60, 62, 64-66, 95, 122-124, 
126, 132-133, 146, 149, 151, 153, 158-159, 165, 194, 
205, 213, 223, 243 

Fixed mass, 7, 20, 238, 241 

Flow energy, 99-100, 108, 110, 115, 118, 201, 214, 235 

Force, 10, 15, 20, 22-23, 28, 35, 38-45, 55, 57-58, 93, 
100, 135, 136, 148 

Fourier’s law, 39 

Four stroke engine, 241 

Friction, 131, 133, 135-136, 140, 176, 197, 225-226,  

Fuel, 103, 128, 195, 237-238, 241-242, 245, 253-254 

Gage pressure, 15 

Gas, 3-7, 9, 11-13, 15-16, 18-20, 34-35, 37, 41-44, 48-
53, 55-58, 61-63, 67-68, 71, 73, 81-85, 90-91, 93, 104, 
108, 113, 115, 117, 119, 123-126, 128, 134-136, 139, 
144, 146, 148-150, 152-153, 166-168, 176, 184, 187, 
195, 223-225, 236-242, 244-245, 249-251, 253-254 
Gas constant, 44, 53, 55, 81 

Gas phase, 68, 236 

Gas power cycles, 68, 236 

Gas turbine engine, 128, 225, 238-241, 245, 253-254 

Generalized compressibility chart, 83 

Gibbs equations, 166 

Gravity, 10, 14, 25, 27-28, 33 

Heat, 3, 5, 10, 13, 24, 31-32, 36-41, 46-55, 59, 61-64, 
68-70, 73, 77, 84, 89, 91-93, 95-96, 98, 101-109, 112-
119, 121, 123-155, 157-160, 162, 164-166, 170, 171-
174, 177-178, 180-186, 188-190, 193-213, 215-220, 
224, 226-228, 230-240, 242-246, 248-254 

Heat engines, 48, 121, 125-126, 128, 130, 140-144, 
150, 153, 154, 159, 172, 205-206, 210, 226  

Heat exchangers, 95, 106, 207 

Heat pump, 48, 124, 130-131, 136, 145-146, 153-155, 
188, 207, 215, 216, 219, 220, 233, 236 
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Heat transfer, 24, 32, 37-40, 254 

Ice point, 19, 25 

Ideal cycle, 225-227, 234, 238, 244-245, 251-252, 255 

Ideal gas, 3, 13, 19, 20, 44, 51-52, 56, 61-62, 81-85, 91, 
113, 115, 119, 144, 148, 150, 166-168, 176, 184, 187, 
238, 244, 249-250 

Ideal gas behaviour, 19, 52, 56, 81-82, 85, 91 

Ideal gas equation of state, 81-82 

Ideal gas temperature scale, 19, 144, 148, 150 

Ideal vapour compression refrigeration cycle, 233-236, 
245, 251, 253, 255 

Independent properties, 10, 20, 74, 90 
Inexact differentials, 41, 47 

Intensive properties, 9, 10, 13, 20, 24, 50-51, 60, 74, 84, 
90-91, 163 

Internal energy, 31-38, 50-55, 59, 61-62, 76-77, 80, 86-
88, 92, 99-100, 110, 123-124, 136, 159, 168, 187, 197,  
199, 218, 238 

Internally reversible, 137, 152, 164-165, 180, 185, 187, 
204, 225-227, 230, 233, 235, 238, 245, 251 

Inversion line, 118 

Inversion temperature, 118, 119 

Irreversibilities, 121-122, 135, 137-138, 140, 144, 146, 
153, 170, 171-172, 174, 176-177, 179-180, 183, 185-
187, 190, 195-196, 202-204, 206, 210, 225-226 

Irreversible process, 135-137, 148, 152, 162, 169-171, 
187, 216-217 

Isentropic efficiency, 157, 177-178, 181, 189-190, 205 

 220, 253, 254 

Isentropic process, 164, 168-169, 175, 177, 181, 227, 
246 

Isobaric process, 56, 169, 187 

Isochoric process, 13, 56-57, 169, 187 

Isolated system, 8, 20, 24-25, 171-172, 179, 188, 202-
203, 210 

Isothermal efficiency, 178 

Isothermal process, 44, 56, 169, 177-178, 187, 227 

Jet propulsion cycle, 241 

Kelvin Planck statement, 130-133, 141, 147-148, 151 
Kelvin scale, 19, 21 

Kinetic energy, 3, 26, 33-35, 47, 54, 102-105, 107-108, 
110-111, 114-116, 175, 178, 197, 212, 218-219  

Latent heat, 73, 77, 84, 89, 91, 125 

Latent heat of fusion, 73 

Latent heat of vaporization, 91  

Liquid phase, 68-69, 71, 84  

Liquid vapour dome, 227, 232 

Macroscopic, 1-2, 5-6, 8, 22, 26-27, 31-24, 54, 179 

Manometer, 16-17, 20, 23, 25, 28-29 

Mass flow rate, 34, 91-92, 97-98, 100-101, 104, 106, 
109, 113-114, 116-117, 155, 174, 189-190, 213, 219, 
253-254 

Mass transfer, 24, 171, 174, 197, 203-204, 212 

Maximum inversion temperature, 118-119 

Mean effective pressure, 248-250, 254-255 

Mean temperature of heat addition, 230-231, 233 

Mechanical energy, 22 

Mechanical equilibrium, 10 

Microscopic energy, 33 

Mixing chamber, 105-106, 190, 207, 209, 219 

Mollier diagram, 163 

Multistage compression with intercooling, 184 

Newton’s law of cooling, 39 

Nozzle, 8, 95, 102-103, 108, 110-111, 114-115, 177-
179, 181, 190, 197, 207, 218-219, 241 

Nuclear energy, 35, 54, 60 

Open cycle, 225, 237-239, 242, 252 

Open system or control volume, 8, 25, 34, 38, 95-96, 
180, 194 

Otto cycle, 243-245, 248, 252-254 

Overall efficiency, 253 

Path, 6, 9, 11-13, 20, 26, 40-43, 52, 69, 157, 161-162, 
166, 169, 171, 195 

Path function, 41, 162, 166 

Perpetual motion machine, 121 

Phase, 10, 19, 37, 49, 60, 62, 65-74, 76-79, 84-85, 89-
91, 106-107, 125, 127, 137-139, 157, 225-228, 233, 
236, 240, 245 

Phase change process, 72-73, 127, 137 

Phase equilibrium, 10 

Point function, 41 

Polytropic process, 44, 168-169, 180, 183, 189 

Potential energy, 3, 26, 33-35, 49, 54, 5, 102, 104-105, 
108, 110, 112-113, 175-176, 197, 218 
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Power, 3-4, 7-8, 21, 32, 39, 40, 43-46, 48, 61, 69, 81, 
95, 101, 103, 111-112, 116-118, 127-128, 132-133, 
138, 153-155, 161, 173, 176, 181, 187-189, 210, 218-
220, 223-228, 230-234, 236-238, 240-242, 244-246, 
248, 250-255 

Power cycle, 181, 223-227, 233, 236, 241, 245 

Pressure, 1-2, 5-20, 23-29, 42-43, 49-58, 61-65, 67-74, 
76-89, 91-93, 99-100, 102-105, 107-108, 111-113, 115-
119, 127, 129, 136-137, 148, 150-151, 153, 155, 164, 
175-179, 181-184, 189-190, 195-199, 201, 214, 217, 
219-220, 225-229, 231-232, 235, 238-242, 244-246, 
248-255 

Pressure ratio, 177, 184, 239-241, 252, 254 

Principle of corresponding states, 83 

Process, 1-3, 10-13, 20, 24-26, 31-32, 34-38, 40-44, 46-
52, 54-58, 60-64, 68-74, 77, 84, 92-93, 100-102, 106, 
108-119, 121-128, 132-141, 146-154, 157-159, 161-
172, 174-190, 195-205, 207-220, 223, 225-228, 230-
236, 238-254 

Properties, 1-2, 8-13, 17-18, 20, 24-25, 32-33, 37, 40-
41, 48-51, 54, 59-60, 65-66, 72, 74, 76-81, 84-86, 88-
91, 95, 97, 100-101, 105, 108-110, 112-114, 121-122, 
142, 144, 146, 162-163, 165-166, 168, 179, 196, 200-
201, 241-242 

Property diagrams, 12, 72, 74-75, 89, 163, 168, 171, 
180, 236 

Property tables, 65-66, 76, 78-81, 84, 162-163, 168, 
182, 229, 238 

Pure substances, 65-68, 70, 72, 74, 76, 78, 80, 82, 84, 
86, 88, 90, 92, 157-158, 162 

Quality, 17-18, 21, 78, 85, 89, 92, 110-112, 116-117, 
124, 134, 145, 150, 157-161, 163, 169-170, 15, 180-
181, 186-189, 204, 213, 227-228, 232-234, 251 

Quasi-equilibrium process, 12, 20, 43, 48, 56, 74 

Quasi-static process, 12, 26 

Radiation, 39-40, 54, 154, 195 

Rankine cycle, 223-224, 227-233, 245, 251-253 

Reciprocating engine, 223-234, 237, 241-245 

Reduced pressure, 83 

Reduced temperature, 83  

Reference state, 66, 80, 162-163, 167, 180 

Refrigerants, 80-81, 236 

Refrigeration, 32, 48, 118, 121, 129, 140, 145, 160-161, 
165, 173, 223-236, 244-247, 251, 253, 255 

Refrigeration cycle, 140, 160-161, 165, 223-224, 233-
236, 244, 246, 251, 253 

Refrigerators, 4, 121, 125, 131, 144, 159, 172, 207, 223, 
235-236, 245 

Reverse Carnot cycle, 234 

Reversible adiabatic compression, 139-140, 149, 165 

Reversible adiabatic expansion, 139, 149, 189 

Reversible adiabatic process, 164, 175, 188 

Reversible process, 133-138, 140, 144, 146, 148, 152, 
158, 162, 165-166, 169-172, 175-176, 180, 182-183, 
185, 187-188, 196, 204, 207, 209-210, 212, 216-217, 
225-227, 230, 233, 245 

Reversible work, 175, 184, 204, 207-208, 210-211, 
214, 218 

Saturated liquid, 69, 72-74, 76-79, 84-86, 88, 91, 112, 
115, 117, 155, 163-164, 181-182, 189, 220, 227-228, 
234-235 

Saturated vapour, 69, 72-74, 76-79, 82, 84-86, 90-92, 
117, 163, 181-182, 189, 220, 227-228, 234-235, 253 

Saturated vapour line, 79, 85, 91 

Saturation pressure, 70, 73, 76, 87-89, 113, 214, 232, 
246 

Saturation temperature, 69-70, 72-3, 77, 79, 86-88, 214-
215 

Second law efficiency, 193, 205-209, 212-214, 216-
220, 255 

Second law of thermodynamics, 43, 121-124, 126, 128, 
130-134, 136, 138, 140-142, 144, 146-148, 150-154, 
157-159, 163, 181, 193-194 

Sensible energy, 35 

Shaft work, 44, 54, 101, 104, 175-176, 180, 197, 199, 
238 

Simple compressible substance, 169 

Sink, 96, 124-127, 140, 145, 150, 154-155, 185-186, 
194, 198, 210, 218, 233-234, 236 

Solids, 14-15, 31-32, 34-35, 51, 55, 67-68, 135-136, 
166, 179-180 

Source, 4, 48, 80, 99, 104, 121-122, 124-127, 131, 137, 
139-140, 145, 150, 153, 155, 160, 185, 188-189, 194-
198, 201, 205, 210-211, 218, 220, 227, 231, 233, 236, 
238 

Specific gravity, 14, 25, 27-28 

Specific heat, 31-32, 49-55, 61-64, 119, 125, 151, 166-
168, 189, 211, 238-240, 244, 246, 249-250, 252-254 

Specific heat at constant pressure, 50 

Specific heat at constant volume, 50-51, 55 

Specific heat ratio, 240, 252 



Basics of Thermodynamics | 257 

 

Specific properties, 9, 24 

Specific volume, 14, 20, 26-28, 51-52, 60, 65, 72-74, 
76-78, 80-82, 88, 91-92, 100, 107, 111, 119, 164, 176, 
187, 201, 227, 229, 240 

Specific weight, 14 

Spring work, 45, 54 

State postulates, 10 

Steady flow devices, 95, 101-102, 127, 138, 158, 175-
177, 180-181, 205, 210, 225, 228-229, 236 

Steady flow processes, 108, 110, 115, 157 

Steady flow systems, 241 

Steam power, 101, 127-128, 132-133, 138, 154, 161, 
181, 189, 223-228, 231-233, 237, 240-241, 245, 251-
253  

Stefan-Boltzmann law, 39 

Subcooled liquid, 79 

Sublimation, 70-71, 74, 84 

Superheated vapour, 69, 72, 76, 79, 85, 87, 116, 180, 
219 

Superheated vapour region, 72, 85 

Surroundings, 7, 10, 22, 31, 37-40, 47, 55, 59, 62-63, 
67, 92, 98, 101-10, 115, 123, 130, 132-137, 148, 152, 
170-172, 178-179, 182, 188-190, 195-199, 201, 203-
204, 209-216, 219-220, 236, 238, 253  

System, 1-13, 15-28, 31-43, 45-51, 54-59, 61-63, 65, 
68-69, 72, 77, 91-93, 95-99, 101, 105, 110, 121-124, 
126, 128-129, 131-142, 146-152, 157-159, 161-165, 
170-173, 175-176, 179-182, 188-190, 193-204, 209-
210, 212-213, 215-219, 223-224, 229, 235-237, 240-
241, 243, 245, 248, 250 

Temperature, 1-3, 5, 7-10, 13-14, 17-22, 25-29, 33, 35, 
37-40, 44-47, 49-56, 61-63, 65, 67-74, 76-93, 103, 105, 
108, 110-113, 115-119, 121-127, 129-132, 134-148, 
150-151, 153-155, 157, 159-160, 162-168, 170, 172, 
180-182, 184-186, 188-190, 194-199, 202-203, 205-
206, 208, 210-220, 225-227, 230-235, 238, 240-242, 
246-255 

Thermal conductivity, 8, 25, 39 

Thermal efficiency, 128-129, 131, 178, 205, 230-231, 
240, 244-246, 248-250, 253-255 

Thermal energy, 22, 40 

Thermal equilibrium, 1-2, 10, 17-18, 21-22, 37-38, 51, 
93, 118, 189, 219 

Thermodynamic property relations, 165-166, 180, 184 

Thermodynamic temperature scale, 19, 121, 142, 144-
146, 148, 150 

Thermodynamics, 1-9, 11, 13, 15-21, 23-25, 27, 29, 31-
67, 69, 71, 73, 75-77, 79, 81, 83, 85, 87, 89, 91, 93, 95, 
97, 99, 101, 103, 105, 107, 109, 111, 113, 115, 117, 
119, 121-155, 157-163, 165, 167, ,169, 171, 173, 175, 
177, 179-181, 183, 185, 187, 189, 191, 193-197, 199-
203, 205-207, 209, 211, 213, 215, 217, 219-221, 223, 
225, 227, 229, 231-233, 235, 237, 239, 241, 243, 245, 
247, 249, 251, 253, 255 

Total energy, 33-34, 37, 46-47, 100, 134 

Totally reversible, 137-139, 165, 204, 226 

Triple line, 74 

Triple point, 19, 25, 70-71, 80, 84, 90 

Universal gas constant, 81 

Unrestrained expansion, 41, 135-136 

Unsteady flow process, 108 

Useful work, 194-200, 203, 206-207, 209-214, 218-
219, 220 

Vacuum pressure, 14-15, 20 

van der Waals equation of state, 83 

Vapour power cycles, 226-227 

Water vapour, 7, 81 

Work, 3-4, 13, 24, 27, 31-32, 36-50, 52, 54-58, 61-65, 
80, 92, 96, 98-106, 108-109, 111-117, 121, 123-142, 
144-152, 154-155, 157, 159-160, 164-167, 171, 173, 
175-178, 180, 181-184, 187-190, 193-220, 225-229, 
231-240, 244-255 

Work transfer, 24, 31, 37-41, 45, 47-48, 50, 52, 54, 101, 
112-113, 126-127, 134, 197, 199, 203 

Working fluid, 13, 44, 62, 65, 104, 115, 127, 129, 138-
139, 142, 149, 164-165, 167, 176-178, 181, 184, 187-
188, 225-229, 232, 234-240, 245-246, 248, 250, 254 

Zeroth law of thermodynamics, 17, 25, 142 
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