Introduction to Engineering Thermodynamics






Introduction to Engineering
Thermodynamics

CLAIRE YU YAN



©@OSO

Introduction to Engineering Thermodynamics by Claire Yu Yan is licensed under a
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

except where otherwise noted.

Book cover image by Pexels from Pixabay

This book was produced with Pressbooks (https: //pressbooks.com) and
rendered with Prince.


https://creativecommons.org/licenses/by-nc-sa/4.0/
https://pixabay.com/users/pexels-2286921/?utm_source=link-attribution&utm_medium=referral&utm_campaign=image&utm_content=1852945
https://pixabay.com/?utm_source=link-attribution&utm_medium=referral&utm_campaign=image&utm_content=1852945

Contents

Licensing Info

Image Use
About the Author

Acknowledgements

Accessibility Statement

Attributions

For Students: How to Access and Use this Textbook

Attributions
For Instructors
Preface

Nomenclature

1. Basic Concepts and Definitions

1.0 Chapter introduction and learning objectives

1.1 What is thermodynamics about?

1.2 System and surroundings

1.3 Extensive and intensive properties

1.4 State, process, and cycle

1.5 Chapter review

2. Thermodynamic Properties of a Pure Substance

2.0 Chapter introduction and learning objectives

ix

xii
xiii
Xiv

xvii
xviii
XXi

xXxii

10
15
21
24
34

37



2.1 Pure substance

2.2 Thermodynamic properties

2.3 Phase diagrams

2.4 Thermodynamic tables
2.5 Chapter review

2.6 Key Equations

3. Ideal and Real Gasses

3.0 Chapter introduction and learning objectives

3.11deal gas and ideal gas equation of state

3.2 Real gas and compressibility factor

3.3 Chapter Review

3.4 Key Equations

4. The First Law of Thermodynamics for Closed Systems

4.0 Chapter introduction and learning objectives

4.1 Internal energy in a system

4.2 Heat transfer across a boundary

4.3 Work

4.4 The first law of thermodynamics for closed systems

4.5 Chapter review

4.6 Key equations

5. The First Law of Thermodynamics for a Control

Volume

5.0 Chapter introduction and learning objectives

5.1 Enthalpy

38
39
56
67
78
79

83
85
92
101
102

105
106
116
18
143
158
159

165
167



5.2 Mass and energy conservation equations in a control

volume

5.3 Applications of the mass and energy conservation

equations in steady flow devices

5.4 Chapter review

5.5 Key equations

6. Entropy and the Second Law of Thermodynamics

6.0 Chapter introduction and learning objectives

6.1 Heat engine
6.2 Refrigerator and heat pump

6.3 The second law of thermodynamics: Kelvin-Planck

and Clausius statements

6.4 Carnot cycles

6.5 Entropy and entropy generation

6.6 The second law of thermodynamics for closed
systems
6.7 Specific entropy of a state

6.8 Applications of the second law of thermodynamics in

closed systems
6.9 The second law of thermodynamics for open systems

6.10 Applications of the second law of thermodynamics in

open systems
6.11 Chapter review

6.12 Key equations

Appendix A: Thermodynamic Properties of Water

Appendix B: Thermodynamic Properties of Ammonia
Appendix C: Thermodynamic Properties of R134a

176

181

209
210

217
220
228
236

244
258
274

277
287

296
303

319
321

325
345
363



Appendix D: Thermodynamic Properties of Carbon

Dioxide

Appendix E: Critical Properties of Selected Fluids

Appendix F: Triple Point of Selected Substances

Appendix G: Properties of Various Substances

Glossary

Versioning History

375

384
385
389
396
406



Licensing Info

This work is licensed under a CC-BY-NC-SA
license

00

You are free to:

» Share — copy and redistribute the material in any medium or

format
* Adapt — remix, transform, and build upon the material for any

purpose, even commercially.

The licensor cannot revoke these freedoms as long as you follow the

license terms.

Under th€ following terms:

* Attribution — You must give appropriate credit, provide a link

Licensing Info | ix


https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://wiki.creativecommons.org/wiki/Best_practices_for_attribution

to the license, and indicate if changes were made. You may do
so in any reasonable manner, but not in any way that suggests
the licensor endorses you or your use.

* NonCommercial — You may not use the material for
commercial purposes.

* ShareAlike — If you remix, transform, or build upon the
material, you must distribute your contributions under the
same license as the original.

No additional restrictions — You may not apply legal terms or

technological measures that legally restrict others from doing
anything the license permits.

Image Use

The images, graphs, and tables created for this text by the authors
are licensed under a CC-BY-NC-SA license.

All other image licenses can be found in the Media Attribution at
the bottom of the page.

Attribute images using the best practices for attribution: TASL
(Title - Author - Source - License)

» Example Attribution: Cover Photo by Alex
Holyoake on Unsplash, under the Unsplash License

x | Licensing Info


https://wiki.creativecommons.org/wiki/NonCommercial_interpretation
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://wiki.creativecommons.org/wiki/best_practices_for_attribution
https://unsplash.com/photos/gkbo_YnBY1U
https://unsplash.com/@stairhopper?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/@stairhopper?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://pressbooks.bccampus.ca/s/photos/path?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/license

Media Attributions

e CCBY NC SA © Creative Commons

Licensing Info | xi


https://creativecommons.org/about/downloads/
https://creativecommons.org/

About the Author

Dr. Claire Yu Yan is an associate professor of teaching in the School
of Engineering, Faculty of Applied Science, University of British
Columbia, Okanagan. She teaches core engineering courses in the
field of thermofluids, such as thermodynamics, fluid mechanics,
fluid machinery, and heating, ventilation, and air conditioning
(HVAC). In the past years, Dr. Yan has taught several thousands
of students of diverse backgrounds. She has a strong passion for
teaching innovations, in particular, open and engagement
pedagogies and strives to make sustained contributions to support
holistic student success and wellbeing through her teaching
practices and scholarship of teaching and learning. Beyond
teaching, Dr. Yan is an active contributor to UBC and the broader
communities through her outreach program and committee work.
Dr. Yan is a registered P.Eng. with EGBC (Engineers and
Geoscientists BC), and a member of CEEA (Canadian Engineering
Education Association) and ASEE (American Society for Engineering

Education).

Email: yuyan@ubc.ca

Website: https: //engineering.ok.ubc.ca /about /contact /yu-
claire-yan

xii | About the Author


mailto:yu.yan@ubc.ca
https://engineering.ok.ubc.ca/about/contact/yu-claire-yan/
https://engineering.ok.ubc.ca/about/contact/yu-claire-yan/

Acknowledgements

This book project is funded by UBC Okanagan ASPIRE-2040
Learning Transformations Fund (OER Stream). The author would
like to thank two academic assistants, Amaiya Khardenavis and
Wyatt Shenfield, for their help with book formatting and editing.
The author would also like to thank the following colleagues, Donna
Langille (UBC Okanagan library), Erin Fields (UBC Vancouver
Library), Claire Swanson (UBC Vancouver Library), and Kristen
Morgan (UBC Okanagan Centre for Teaching & Learning), for their
continued support during the development of the book.

Acknowledgements | xiii



Accessibility Statement

Open Access refers to an alternative academic publishing model in
which research outputs (including peer-reviewed academic journal
articles, theses, book chapters, and monographs) are made freely
available to the general public for viewing, and often for reuse.

We are always committed to make our OER (open educational
resources) more accessible to a wide range of users. This book
follows the guidelines from OER Accessibility Toolkit published on
Open UBC.The following checklist provides the accessibility
features of this book.

Accessibility Checklist

xiv | Accessibility Statement


https://open.ubc.ca/oer-accessibility-toolkit/

Element

Accessibility Features

Organizing
Content

Contents is organized under headings and
subheadings
Headings and subheadings are used sequentially

Images

Images that convey information include
Alternative Text (alt-text) descriptions of the
image’s content or function.

Graphs and Charts include contextual or
supporting details in the text surrounding the
image.

Images do not rely on colour to convey
information.

Images that are purely decorative contain empty
alternative text descriptions.

Tables

Notes on “tables with merged cells”

Tables include row and column headers.

Table includes title or caption.

Tables in the main body of the book do not have
merged or split cells.

Table has adequate cell padding.

Some thermodynamic tables in the Appendices
have merged cells. It is difficult to change the
layout because of the nature of the tables.

Accessibility Statement | xv



* The weblink is meaningful in context, does not
use generic text such as “click here” or “read
more”.

Notes on “weblinks open new tabs”

* Most examples in this book require reading data
from the thermodynamic tables in the
Appendices. Hyperlinks are created for the
thermodynamics tables. They are set to open in
new tabs intentionally because in this way
students can easily extract thermodynamic data
without loosing track of the example solution.

* Most images in the webbook are associated with
their source images, which usually have a higher
resolution. When clicking on the images in the
webbook, their source images will open in new
tabs. This setting is intentional because it is
easier for students to follow the flow of the
content while referring to the source images (if
needed) without interruptions.

Weblinks

* Equations are created using LaTeX and are
rendered using MathJax. All equations can be
displayed as high-resolution, accessible equation
in pop-up windows.

» To trigger such display, right-click any equation

Formulas in the book, then select “Math Settings”, “Zoom

Trigger”, and then “Hover”. Users only need to set

this setting once, and all equations in the book

will show in pop-up windows when a reader
hovers a mouse over the equation in the
webbook.

» Font size is 12 point or higher for body text.
Font Size » Font size is 9 point for footnotes or end notes.
* Font size can be zoomed to 200%.

If you have problems accessing this book, please contact the

xvi | Accessibility Statement



author, Dr. Claire Yu Yan at yu.yan@ubc.ca. Please include the details
of the issue, such as

* A description of the issue

* The location of the issue in the book (e.g., chapter, section, or
paragraph). Please provide a web address or page description if
possible.

* The computer, software, browser, and any assistive technology
you are using that can help us diagnose and solve your issue,
e.g., Windows 11, macOS 12.5 Monterey, Firefox (Version
104.0.1), NVDA screen reader, and so on.

We will do our best to fix the issue.

Attributions

This section is partially adapted from Open UBC, which is licensed
under a

Creative Commons Attribution-ShareAlike 4.0 International
License, except where otherwise noted.

Accessibility Statement | xvii


mailto:yu.yan@ubc.ca
https://open.ubc.ca/oer-accessibility-toolkit/
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/

For Students: How to Access

and Use this Textbook

This textbook is available in the following formats:

* Online webbook. You can read this textbook online on a
computer or mobile device in one of the following browsers:
Chrome, Firefox, Edge, and Safari.

* PDF. You can download this book as a PDF to read on a
computer (Digital PDF) or print it out (Print PDF).

* Mobile. If you want to read this textbook on your phone or
tablet, you can use the EPUB (eReader) file.

You can access the online webbook and download any of the
formats for free from the book’s website. Look for the “Download

this book” drop-down menu and select the file type that you would
like to download.

Comparison of different formats

xviii | For Students: How to Access
and Use this Textbook


https://pressbooks.bccampus.ca/thermo1

Internet . Required
Format required? Device apps Features
Option to enlarge
text;
An Internet | Compatible with
browser browser text-to-
Online Yes t:Ca%rlré?uter, (Chrome, speech tools;
webbook honé Firefox, Ability to see
p Edge, or enlarged equations
Safari) and images when
hovering the mouse
over an equation or
image
Adobe Ability to highlight
Cfirr?trélrlter’ Reader (for and annotate the
PDF No Ffor rint readingona | text. If reading on
co ponl ) computer) or | the computer, you
Py only) | 4 printer can zoom in
Option to enlarge
Computer
' | An eReader text, change font
EPUB No tz;lbgrelté app style, size, and
P colour

Tips for Using this Textbook

¢ Search the textbook

o If using the online webbook, you can use the search bar

in the top right corner to search the entire book for a key

word or phrase. To search a specific chapter, open that

chapter and use your browser’s search feature by hitting
[Cntr] + [f] on your keyboard if using a Windows computer

or [Command] + [f] if using a Mac computer.

o The [Cntr] + [f] and [Command] + [f] keys will also allow

you to search PDF and EPUB files if you are reading them

on a computer.

o If using an book app to read this textbook, the app should

have a built-in search tool.
* Navigate the textbook

For Students: How to Access and Use this Textbook | xix




o This textbook has a table of contents to help you navigate
through the book easier. If using the online webbook, you
can find the full table of contents on the book’s homepage
or by selecting “Contents” from the top menu when you are
in a chapter.

* Annotate the textbook

o If you would like to highlight or write on your textbooks,
you can do so by getting a print copy, using the Digital PDF
in Adobe Reader, or using the highlighting tools in eReader
apps.

» Display high-resolution, accessible equations

o All equations are written in LaTeX and are rendered using
MathJax. They can be displayed as enlarged, high-
resolution, and accessible equations in pop-up windows.
To enable such display, right-click any equation in the
book, then select “Math Settings”, “Zoom Trigger”, and
then “Hover”. You only need to set this setting once, and all
equations in the book will show in pop-up windows when
you hover a mouse over the equation in the webbook.

* Display enlarged images

° Most images have hyperlinks. If using the online webbook,
you can click an image. A separate tab will open to show the
enlarged or more detailed image.

* Study the glossary terms

° You can access the glossary terms in the section “Glossary”
or in each chapter. If using the online webbook, you can
hover your mouse over a glossary term. A small pop up
window will display the definition of the glossary term.

* Assess your learning

o Each section of the book consists of practice problems. You
can receive immediate feedback on your mastery of key
concepts by practicing those problems.

xx | For Students: How to Access and Use this Textbook



Attributions

This section is partially adapted from Introduction to Drafting and
AutoCAD 2D by Wally Baumback, which is licensed under a Creative
Commons Attribution 4.0 International License, except where
otherwise noted.

For Students: How to Access and Use this Textbook | xxi


https://opentextbc.ca/autocad2d
https://opentextbc.ca/autocad2d
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

For Instructors

Dear instructors,

Thank you for your interest in this open textbook. I hope you
find it a valuable addition to your existing teaching material.

I would love to hear your feedback and adoption decision for
your course. Your feedback will be highly appreciated and will be
used for future improvement of the textbook.

Please take a few minutes to fill in the survey, which can be
accessed in the following ways:

1. Survey link
2. QR code:

Thank you for your time and support on this open textbook
development.

xxii | For Instructors


https://ubc.ca1.qualtrics.com/jfe/form/SV_1ztQv5BcSFXwurA
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2022/08/Adoption_survey_qrcode-1.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2022/08/Adoption_survey_qrcode-1.png

Regards,

Claire Yu Yan, Ph.D., P.Eng.
Associate Professor of Teaching
School of Engineering
Faculty of Applied Science
The University of British Columbia, Okanagan
yuyan@ubc.ca
Webpage

For Instructors | xxiii


mailto:yu.yan@ubc.ca
https://engineering.ok.ubc.ca/about/contact/yu-claire-yan/




Preface

This book aims to help students develop a fundamental
understanding of classical thermodynamics and its engineering
applications. It features concise explanations of key concepts, step-
by-step engineering examples, and interactive practice problems at
the end of each section.

The book consists of seven chapters. It is suitable for a one-
term, introductory engineering thermodynamics course at the
undergraduate level. It may also be used as self-learning materials
or a supplement to other thermodynamics books.

Chapter 1: Basic Concepts and Definitions

This chapter introduces basic concepts and definitions in
thermodynamics, such as open and closed systems; extensive and
intensive  properties; equilibrium states, quasi-equilibrium
processes, and cycles. It lays a foundation for students to
understand the key concepts in the subsequent chapters.

Chapter 2: Thermodynamic Properties of a Pure Substance

This chapter introduces thermodynamic properties, phase
diagrams, and thermodynamic tables of pure substances. Students
will learn how to determine thermodynamic properties of pure
substances by using thermodynamic tables, and how to illustrate
states and processes in phase diagrams. This chapter prepares
students with essential skills for performing comprehensive
analyses of various thermodynamic processes and cycles.

Chapter 3: Ideal and Real Gases

This chapter explains the concepts of “ideal” gas, ideal gas law,
real gas, and compressibility factor. Students will learn the
difference between an “ideal” and real gases, and at what conditions
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the ideal gas model may be used as an approximation for evaluating
properties, such as pressure, temperature, and volume of a gas.

Chapter 4: The First Law of Thermodynamics for Closed
Systems

This chapter explains the concepts of heat, work, and the first law
of thermodynamics for closed systems. Through examples, students
will learn how to apply the first law of thermodynamics to
engineering problems involving closed systems.

Chapter 5: The First Law of Thermodynamics for a Control
Volume

This chapter extends the concept of energy conservation to open
systems with a focus on steady-state, steady flows (SSSF). Students
will learn how to use the first law of thermodynamics to analyze
processes in typical SSSF devices, such as pipes, turbines,
compressors, heat exchangers, expansion valves, and mixing
chambers.

Chapter 6: Entropy and the Second Law of Thermodynamics

This chapter introduces the concepts of reversible and
irreversible processes, Carnot cycles, entropy and entropy
generation, and the second law of thermodynamics. Students will
learn the applications of the second law in both closed and open
systems.
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Nomenclature
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Symbol Physical Meaning Common SI Units

2

Area m

Eonstant—pressure specific J/kg-K  or ki/kg-K
eat

Eg:tstant-volume specific I/ke-K or Ki/kg-K

Total stored specific energy J/kg  or Kkl/kg

Total stored energy I or K
Force N or kN
Gravitational acceleration m/ s?
Specific enthalpy I/kg or ki/kg
Enthalpy J or kI

Heat capacity ratio -

N> || |e(qiEie Q]2

Spring constant N/m or kN/m
KE Kinetic energy ] or K
m Mass kg
PE Potential energy J or kI
P Pressure Pa or kPa
Q Heat J or kI
R Gas constant J/kg-K or kJ/kg-K
S Specific entropy J/kg-K  or KI/kg-K
S Entropy I/kg or ki/kg
t Time s
T Temperature Kelvin (K)
u Specific internal energy J/kg or ki/kg
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U Internal energy J or kI
v Specific volume m? /kg
V Volume m°
V Velocity m/s
1% Work w or kW
Quality of saturated
Z liquid-vapor two-phase -
mixture
z Height m
Compressibility factor -
Greek Symbols
Symbol Physical Meaning Common SI Units
P Density kg/m?
n Efficiency -
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1. BASIC CONCEPTS AND
DEFINITIONS
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1.0 Chapter introduction and
learning objectives

Classical thermodynamics is a macroscopic approach to the study
of thermodynamics. This chapter introduces basic concepts and
definitions used in classical thermodynamics. It lays the foundation
for a comprehensive analysis of different thermodynamic processes
and cycles to be presented in this book.

Learning Objectives

After completing the chapter, you should be able to

1. Explain the basic scope of engineering
thermodynamics and its common areas of application

2.  Demonstrate an understanding of fundamental
concepts, such as system and its surroundings, closed
and open systems, extensive and intensive properties,
equilibrium state, quasi-equilibrium process, and
cycle

1.0 Chapter introduction and learning
objectives | 9



1.1 What is thermodynamics
about?

You probably have this experience; when you rub your hands quickly
for a few minutes, your hands will start to feel warmer. How is this
common phenomenon related to thermodynamics? Well, when you
rub your hands quickly, your muscles do work. This work is then
converted to heat; therefore, you feel warmer. Heat and work are
two forms of energy. Work can be converted to heat, as seen in this
daily example. However, can heat be converted to work? Can we use
heat to produce work?

Heat engine is a device that produces work continuously by
absorbing heat from a high-temperature heat source and rejecting
the waste heat to a low-temperature heat sink. Since the 17t
century, various heat engines were invented in an attempt to
harness work from heat. Figure 1.1.1 illustrates Watt's engine
invented by Scottish engineer James Watt in the late 18t century.
Watt's engine is one of the most successful early heat engines.
Its main components are a boiler (not shown in the figure) and a
condenser, each connecting to a piston-cylinder device. The two
valves, V and V’, control the flow of steam into and out of the
cylinder. When valve V opens, valve V' remains closed. Steam from
the boiler enters the cylinder, pushing the piston up until it reaches
the top of the cylinder. Then valve V’ opens, and valve V closes. The
steam in the cylinder escapes to the condenser and is condensed,
creating a vacuum in the cylinder. Consequently, the piston moves
downward under atmospheric pressure. The reciprocating motion
of the piston drives the pivoting beam DEF, which then powers the
pump chained to the beam. Watt’s engine demonstrates how heat
is converted to work. This conversion relies on the phase change of
a working fluid, e.g., water, in the Watt’s engine. The boiler in the
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Watt’s engine is the heat source, where the hot steam is generated;
and the condenser is the heat sink, where the hot steam is cooled
and condensed to liquid water. All heat engines need a working fluid
circulating in a specially-arranged set of equipment, which operates
between a high-temperature heat source and a low-temperature
heat sink. Figure 1.1.2 is a schematic drawing of a heat engine. The
yellow circle represents the heat engine consisting of a set of
equipment.

Figure 1.1.1 Watt’s heat engine

What is thermodynamics? | 11


https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Watt7783.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Watt7783.png

Hot source (7,,)

Cold sink (T,)

Figure 1.1.2 Schematic drawing of a heat engine

By examining Figure 1.1.2, you might notice that a certain amount of
heat is not converted to work. It is true that not all of the heat from a
heat source can be converted to useful work! Heat engines and their
underlying principles are governed by the two fundamental laws of
thermodynamics, the first and second laws of thermodynamics. We
will briefly introduce the two laws here and will provide detailed
explanations in Chapters 4-6.

* The first law of thermodynamics is about energy conservation.
Energy can neither be created nor destroyed. It can only be
converted between different forms.

* The second law of thermodynamics explains why all real
processes are irreversible, and how the irreversibility of a
process is quantified with the concept of entropy generation. In
reality, all processes always occur in the direction of producing
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positive entropy generation due to the existence of
irreversibilities. From the second law of thermodynamics, we
can estimate the theoretical limit of efficiency that a real
thermodynamic process or system can possibly achieve.

Thermodynamics emerged in the early 19 century with the
inventions of heat engines. It originally focused on the scientific
theories of heat-work conversion, and the operations and efficiency
improvement of heat engines. Nowadays, the applications of
thermodynamics have extended to all fields related to energy
conversion and conservation. In engineering fields, the principles of
thermodynamics are widely used in the design of thermal systems,
such as power plants using different energy sources (e.g., steam,
gas, nuclear, hydro, wind, and solar), air conditioning and
refrigeration systems, jet engines, biomedical devices, and chemical
processes, to name but a few. Figure 1.1.3 is a schematic drawing
of a nuclear power plant, whose performance and efficiency are
governed by the fundamental principles of thermodynamics.
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Figure 1.1.3 Nuclear Power Plant
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Practice Problems

a An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=505#h5p-25

Media Attributions

» Watt’s Heat Engine © Caltrop is licensed under a Public
Domain license

* Schematic drawing of a heat engine © Brundl15 is licensed
under a CC BY-SA (Attribution ShareAlike) license
* Nuclear Power Plant © Anynobody is licensed under a CC BY-
SA (Attribution ShareAlike) license
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1.2 System and surroundings

In thermodynamics, a system refers to a selected quantity of matter
in the case of closed systems or a selected region in space in the
case of open systems, see Figure 1.2.1. The rest of the universe
outside the system is called surroundings, and the surface that
separates the system and its surroundings is called boundary. A

boundary may be fixed or movable, real or imaginary, rigid or
flexible.

SURROUNDINGS

'.1 SYSTEM

T BOUNDARY

Figure 1.2.1 System and surroundings

A system interacts with its surroundings through two mechanisms:

1. Mass transfer

2. Energy transfer (i.e., in the form of heat and work)

A system of a fixed mass is a closed system, which can only interact
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https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Fig1-5-System_boundary2.svg_.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Fig1-5-System_boundary2.svg_.png

with its surroundings through energy transfer. Mass cannot cross
the boundary of a closed system. For example, a sealed bottle of
soft drink, Figure 1.2.2, can be modelled as a closed system because
there is a fixed amount of liquid in the bottle. When you take the
bottle out of your cooler, the liquid will warm up slowly due to
the temperature difference between the bottle and the ambient
air (surroundings). In other words, the system (the liquid in the
bottle) interacts with its surroundings (the ambient air) through
energy transfer (in the form of heat transfer). Figure 1.2.3 illustrates
a piston-cylinder device, which can also be modelled as a closed
system. The amount of the fluid in the cylinder (the system) remains
constant as the piston moves. Only the transfer of energy, in the
form of heat and work, may happen across the system boundary
consisting of the cylinder walls and the lower surface of the piston.

Boundary

(e.g., bottle as
outlined in yellow)

System
(e.g., drink in the
bottle)

Figure 1.2.2 A sealed bottle of soft drink as an example of closed systems
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Work (W)

System

Heat ()

Figure 1.2.3 Piston cylinder device as an
example of closed systems

An open system, also called control volume, is a selected region
in space. An open system always exchanges mass with its
surroundings. It may exchange energy with its surroundings in the
form of heat and work, but energy transfer is not a necessary
condition for a system to be an open system. In other words, an
open system doesn't have to exchange heat or work with its
surroundings at all. Figure 1.2.4 illustrates an open system, which
typically encloses a device that involves mass flow through its inlet
and outlet. Figure 1.2.5 illustrates the outdoor condensing unit of an
air conditioner. It may be treated as an open system because the
coolant can enter and leave the condensing unit (the system) via its
connecting coolant lines.

1.2 System and surroundings | 17


https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Fig.-1-6_Piston-Cylinder.jpg
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/06/Fig.-1-6_Piston-Cylinder.jpg

N
Mﬂss Flﬂw —
Control Volume

Worle (W)
Energy Flow  Heat (D)

Figure 1.2.4 Open system (also called control volume)

Fan

Condenser

Compressor

Figure 1.2.5 Outdoor condensing unit of an air conditioner as
an example of open systems
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If a system doesn’t allow the exchange of mass and energy with its
surroundings, it is called an isolated system. An isolated system is
an idealized, hypothetical system. In reality, no device is absolutely
isolated.

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=507#h5p-51

Media Atcributions

» System and Surroundings © Krauss is licensed under a CC BY-
SA (Attribution ShareAlike) license

* Piston Cylinder © Israel Urieli adapted by DIANA
BAIRAKTAROVA is licensed under a CC BY-SA (Attribution
ShareAlike) license

* Open system © Israel Urieli adapted by DIANA BAIRAKTAROVA
is licensed under a CC BY-SA (Attribution ShareAlike) license

* Outdoor condensing unit of an air conditioner © Jackie Bese is
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1.3 Extensive and intensive
properties

From the macroscopic perspective, a system is viewed as a
continuous, homogeneous matter called continuum, which consists
of a huge number of interacting molecules distributed throughout
the system. The interactions between the molecules are so frequent
that the physical or bulk properties of the system do NOT depend
on the behaviour of individual molecules. This hypothesis is valid
in a wide range of engineering applications. It allows the physical
properties of a system, such as pressure, density, and temperature,
to be defined as a continuous function at any point of the system.

The following thermodynamic properties are typically used to
describe the interactions between a system and its surroundings:

* massm

» pressure P

* temperature "

* volume Y and specific volume ¥

* internal energy [J and specific internal energy U
* enthalpy [ and specific enthalpy

* entropy S and specific entropy §

These properties can be classified into two categories based on
their dependence on the mass of a system. More detailed
explanations of their physical meanings can be found in Chapter 2.

* Extensive properties depend on the mass of a system.
Properties, such as mass 1, volume Y/, internal energy [J
, enthalpy [, and entropy S are extensive properties. Their
values change accordingly as the mass of a system changes.
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» Intensive properties are independent of the mass of a system.
Pressure PP, temperature ’J°, specific volume v, specific
internal energy U, specific enthalpy }, and specific entropy 8
are intensive properties.

Let us consider a container of air at 101 kPa and 20°C. If the
container is divided into two compartments and all other conditions
remain unchanged, see Figure 1.3.1, the air in each compartment
is still at 101 kPa and 20°C. The pressure and temperature of the
air are not affected by the changing mass in each compartment;
therefore, pressure P and temperature ‘] are intensive properties.
On the other hand, the mass and volume of the air in each of
the compartments are different from the original values in the
container. Both of them depend on the mass of the system;
therefore, mass and volume are extensive properties.

All specific properties are intensive properties, as they refer to
the corresponding extensive properties per unit mass, e.g., specific

volumep = VYV / m and specific internal energy ¢ = U / m.

Air
m =2 kg Air Air
V=1.67 11'13 Divide the Extensive properties | Extensive properties
container into m;=0.5m=1kg m;=0.5m=1kg
two equal V;=0.5/=0.83 m* ¥,=0.57=0.83 m?
P=101kPa compartments
Intensive properties | Intensive properties
T=20°C ?Zl;zzlglckPa P,=P=101 kPa
i T;=T=20°C
p:12 kg/m3 p=p=12kgm’ o= p=12kg/md
v =0.83 m?/kg v=v=083m¥kg | v,=v=083m¥kg

Figure 1.3.1 Intensive and extensive properties
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Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=508#h5p-53
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1.4 State, process, and cycle

If a system is isolated from its surroundings or is free from any
unbalanced potentials, such as forced flows of mass or energy, the
system will eventually reach a uniform condition called equilibrium.
A system in equilibrium has uniform properties throughout the
system. The following equilibrium conditions are commonly
considered in thermodynamics.

* A system that features spatially-uniform temperature is
in thermal equilibrium.

* A system free from chemical reactions is in chemical
equilibrium.

 If there is no tendency for a system to change its pressure over
time, the system is in mechanical equilibrium.

 For a system consisting of a mixture of multiple phases, such as
liquid water and water vapour, if the composition of the mixture
remains constant over time, the system is in phase equilibrium.

State refers to the condition of a system, which may be described
by a unique set of properties, such as pressure, temperature, and
specific volume. The state of a system in equilibrium is called
equilibrium state. A system may change from one state to another
state through a process. Let us consider a container of water
initially at 10°C and 101 kPa, as an example. We set the water in the
container as the system. The water is heated until its temperature
reaches 50°C, while its pressure is kept constant 101 kPa. We may
say that the water undergoes a constant-pressure, heating process
with an initial state of 10°C and 101 kPa and a final state of 50°C and
101 kPa.

Typically, there are many possible paths that a system may take

24 | 1.4 State, process, and cycle



between two states; therefore, the exact path of a process is
extremely important and must be clearly specified in order to
describe a process! Here are the definitions of some common
processes.

* Isobaric process: the pressure remains constant in a process.

* Isochoric process: the specific volume remains constant in a
process.

» Isothermal process: the temperature remains constant in a
process.

* Adiabatic process: no heat transfer occurs between a system
and its surroundings in a process.

 Isentropic process: the entropy remains constant in a process.

Figure 1.4.1 shows a compression process as the piston moves from
the right to the left. States 1 and 2 represent the initial and final
states. Each point along the process path represents an equilibrium
state. If all states in a process are equilibrium states, the process
is called quasi-equilibrium process. In this book, we will deal with
systems in equilibrium; therefore, all states thereafter refer to
equilibrium states, and all processes refer to quasi-equilibrium
processes.
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Figure 1.4.1 Schematic of a process. States 1 and 2 represent
the initial and final states; each point along the process path
represents an equilibrium state.

If a system undergoes a series of processes and finally returns
to its initial state, we say that the system completes a cycle.
Thermodynamic cycles are the basis for the operation of thermal
equipment. For example, the vapour-compression refrigeration
cycle is often used in conventional refrigerators and air
conditioners, as shown in Figure 1.4.2. The cycle consists of four
main devices: compressor, condenser, expansion valve, and
evaporator. A working fluid called refrigerant circulates through
these devices connected by tubes. The refrigerant in the cycle
experiences phase changes between vapour and liquid, as shown in
Figure 1.4.3. Phase diagrams (see details in Chapter 2) are commonly
used to analyze a process or a cycle. Figure 1.4.4 illustrates the
temperature-specific entropy, I’ — g, diagram for the vapour-
compression refrigeration cycle, where the numbered dots
represent different states and the lines with arrows represent
different processes in this cycle. For example, the number “1” in
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Figure 1.4.3 and Figure 1.4.4 refers to the state of the refrigerant at
the inlet of the compressor or the exit of the evaporator. The line 1-2
in Figure 1.4.4 refers to the compression process in the compressor.

— — L
‘_/- Cool fluid
4 Expansion
Evaporator valve
HEAT Warm fluid
Low pressure Radiator fins
vapor

Condenser

N

High pressure
vapor

(s ) Compressor pump

Figure 1.4.2 Refrigerator working on the vapour compression cycle
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Figure 1.4.3 Vapour compression cycle
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210 3 = ¥apor superheat removed in condenser

3to 4 = ¥apor converted to liguid in condenser

4 10 5 = Liguid flazhes into liguid + vapor across expansion valve
5101 = Liguid + vapor converted to all wapor in evaporator
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Figure 1.4.4 Temperature-specific entropy (T-s) diagram of a vapour
compression cycle

Otto cycle is another thermodynamic cycle. It is an ideal cycle that
modells the operation of internal combustion engines. Figure 1.4.5
shows the cycle consisting of four strokes. The pressure-volume
diagram, Figure 1.4.6, illustrates different processes in this cycle.

1. Intake stroke, line O-1 in Figure 1.4.6. During the intake
stroke, the inlet valve opens and the outlet valve remains
closed. Air is drawn into the cylinder as the piston moves to
the bottom dead center (BDC).

2. Compression stroke, line 1-2 in Figure 1.4.6. During the
compression stroke, both valves remain closed. The air is
compressed as the piston moves from BDC to the top dead
center (TDC).
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Ignition and power stroke, line 2-3-4 in Figure 1.4.6. During
this stroke, both valves remain closed. The piston is at TDC
momentarily while the fuel-air mixture is ignited by the
spark. The burning of the fuel-air mixture generates a large
force, pushing the piston from TDC to BDC.

Exhaust stroke, line 4-1-0 in Figure 1.4.6. During the
exhaust stroke, the outlet valve opens and the inlet valve
remains closed. The piston remains at BDC momentarily,
allowing a certain amount of heat to release to the
surroundings. Then the piston moves from BDC towards
TDC to reject the exhaust and more heat to the
surroundings.

STROKE 1 STROKE 2 STROKE 3 STROKE 4
{

=S¥,
N

INTAKE ~ COMPRESSION  IGNITION EXHAUST

Figure 1.4.5 Four-stroke combustion engine
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Figure 1.4.6 Pressure-volume diagram of an Otto cycle

Practice Problems
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@ An interactive H5P element has been excluded
from this version of the text. You can view it

online here:

https: //pressbooks.bccampus.ca/
thermol/?p=509#h5p-6

Practice Problems

@ An interactive H5P element has been excluded from
this version of the text. You can view it online here:

Media Atcributions

* Schematic of a process © Israel Urieli adapted by DIANA
BAIRAKTAROVA is licensed under a CC BY-SA (Attribution
ShareAlike) license

» Refrigerator © DigitalNet99 is licensed under a CC BY-SA
(Attribution ShareAlike) license
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Vapour compression cycle © WGisol is licensed under a CC
BY-SA (Attribution ShareAlike) license

T-s diagram of a vapour compression cycle © Keenan Pepper is
licensed under a CC BY-SA (Attribution ShareAlike) license
Four-stroke combustion engine © Pearson Scott Foresman is
licensed under a CC BY-SA (Attribution ShareAlike) license

Pressure-volume diagram of an Otto cycle © Luc1992 is
licensed under a CC BY-SA (Attribution ShareAlike) license
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1.5 Chapter review

Thermodynamics has a wide range of applications in many
engineering fields, in particular, the fields related to energy
conversion and conservation. In this chapter, we have introduced
some fundamental concepts and definitions used in the study of
engineering thermodynamics.

An important skill that students need to develop, when
performing thermodynamic analysis on devices, is to identify the
system, its surroundings, and their interactions. There are three
types of systems: closed system, open system, and isolated system,
defined in terms of their ability to transfer mass and energy with
the surroundings.

In this book, we consider systems in equilibrium. Each equilibrium
state possesses a unique set of thermodynamic properties, which
can be classified as extensive and intensive properties. When a
system undergoes a process from one equilibrium state to another
equilibrium state, its thermodynamic properties will change
accordingly. The process path must be clearly specified when
describing a process. Students need to understand the definitions
of the common processes, including isobaric, isothermal, isochoric,
adiabatic, and isentropic processes.
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2. THERMODYNAMIC
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2.0 Chapter introduction and
learning objectives

An equilibrium state in a process has a unique set of thermodynamic
properties. In this chapter, we will introduce common
thermodynamic properties, phase diagrams, and thermodynamic
tables. Through examples, we will demonstrate how to use
thermodynamic tables to determine thermodynamic properties of a
pure substance at a given state. The International Systems of Units
(ST units) will be used for all properties and examples.

Learning Objectives

After learning this chapter, you should be able to

*  Demonstrate an understanding of common
thermodynamic properties

* Interpret phase diagrams, including P — T,
P — v,andT' — g diagrams for pure substances

e  Use thermodynamic tables to determine properties
of pure substances
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2.1 Pure substance

A pure substance refers to a matter that has a homogeneous and
definite chemical composition. A pure substance may exist in a
single phase, such as liquid water, ice, and CO2 gas. It can also exist
as a multi-phase mixture, such as a mixture of liquid water and
water vapour in equilibrium.

Air is a common working fluid used in many thermal devices.
Can air be treated as a pure substance? Although air is a mixture
consisting of roughly 78% of nitrogen, 21% of oxygen, and trace
amounts of other gases and moisture, air is homogeneous and has
distinct properties without phase changes in its composition in
many thermodynamic processes. In such conditions, we can treat
air as a pure substance.

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=878#h5p-54
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2.2 Thermodynamic
properties

Pure substances are widely used in thermodynamic cycles. For
example, in the vapour-compression refrigeration cycle, Figure
14.2, refrigerant Rl134a is used as the working fluid, which is
circulated through a compressor, condenser, expansion valve, and
evaporator via the connecting tubes.

In steam power plants, water is used as the working fluid. Figure
2.2.1 shows a coal-fired steam power plant. Purified water flows
vertically up the tube-lined walls of the boiler, where it turns into
steam. Steam flows into the boiler drum (17), separating from any
remaining water, and then flows into the pendant superheater (19),
where its temperature and pressure increase rapidly to around 200
bar and 570°C. The superheated steam is piped to the high-pressure
turbine (11), where both its pressure and temperature are reduced.
The steam is then returned to the boiler reheater (21). After being
reheated, it enters the intermediate-pressure turbine (9) and then
the low-pressure turbine (6). The steam, now just above its boiling
point, is brought into thermal contact with the cold water in the
condenser (8), where it is condensed rapidly back into water. The
water then passes a feed pump (7), a de-aerator (12), a feed heater
(13), and an economizer (23) before being returned to the boiler
drum.
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Figure 2.2.1 Steam power plant: water is used as the working fluid.

In both cycles, the working fluids, water and R134a, are pure
substances. Their properties, such as pressure and temperature,
continuously change as they flow through different devices in the
cycles. How are the changes of fluid properties related to the overall
performance of a device, such as the aforementioned steam power
plant and refrigerator? To answer this question, we need to
understand the thermodynamic properties of pure substances at
different states of a process or a cycle.

The common properties of a pure substance include pressure,
temperature, specific volume, density, specific internal energy,
specific enthalpy, and specific entropy. These properties are
interrelated to each other. Thermodynamic tables or equations of
state are commonly used to determine the thermodynamic
properties of a pure substance. Appendices A-D provide
thermodynamic tables for selected pure substances. The ideal gas
equation of state will be introduced in Chapter 3.
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2.2.1 Pressure

Consider a normal force exerted by an object on a surface. Pressure
is defined as the normal force per unit area of the surface.

P=F/A
where
" force perpendicular to a surface, in kN or N
A surface contact area, in m?
P: pressure, in kPa or Pa

In the SI units, force is usually expressed in Newtons, N, or kilo
Newtons, kN, and area in meter squared, mz; therefore, pressure is
expressed in Pascal, 1 Pa =1 N/mz, or kilo-Pascal, 1kPa =1 kN/mz.
Other common SI units include 1 bar =100 kPa, 1 atm =101.325 kPa,
and 1 MPa = 10° Pa =1000 kPa.

Pressure depends on the normal force and the contact area. If you
stand up tall on a flat horizontal surface, the pressure on your feet
is your weight divided by the total contact area of your feet on the
surface. If you lift up one foot, the pressure on your other foot will
double as the contact area is decreased by half.

Pressure in a fluid acts equally in all directions at a given point
in that fluid; therefore, pressure is a scalar quantity. It is important
to note that although pressure is a scalar quantity, pressure force,
F — P, is avector and is always perpendicular to the contact
surface.

Pressure in a fluid is commonly measured by pressure gauges
(Figure 2.2.2) or U-tube manometers (Figure 2.2.3). Most pressure
gauges are calibrated to show the gauge pressure or vacuum
pressure, which is the difference between the absolute pressure
and the atmospheric pressure.
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Gauge pressure:

Pgauge — Labs™ Patm
Vacuum pressure:
P, vac — Latm™ P abs

where
P, absolute pressure of a fluid at a given point in the
fluid
P,;,,,: atmospheric pressure
Pgauge: gauge pressure. It is commonly used when
P > Py Pgauge is always a positive number.
Pvac: vacuum pressure. It is commonly used when

P,y > Pops- Py is always a positive number.

Figure 2.2.2 Pressure gauge
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Figure 2.2.3 U-tube Manometer

Example 1

Consider a piston-cylinder device containing a gas. The
mass of the piston is 10 kg. The diameter of the piston is 20
cm. The atmospheric pressure is 1 atm = 101.325 kPa. What
is the absolute pressure of the gas in the cylinder assuming
the piston is in static equilibrium? The friction between the
piston and the cylinder is negligible.
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Figure 2.2.e1 Piston cylinder
device showing acting forces

Solution

There are three forces acting on the piston:

*  Weight of the piston F}, = mg

e  Force due to the atmospheric pressure
Fotm = P, ath
e Force due to the gas pressure F gas = Pgas A

As the piston is in static equilibrium, the resultant force
on the piston is zero.

ZF:FgaS_(Fw+Fatm):0

Therefore, the absolute pressure of the gas is
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Pgas = Fotm + mg/A
= 101.325 + (10 x 9.8/1000)/ (7 x 0.12) = 104.44 kPa

The gauge pressure of the gas is

Pgauge = L'gas — Patm = 3.12 kPa

2.2.2 Temperature

Temperature is another measurable thermodynamic property,
which indicates the hotness or coldness of a body. Thermometer
is a common device for temperature measurement. If two bodies
have the same temperature readings on a thermometer, the two
bodies must have the same temperature. In other words, they are
in thermal equilibrium. This seemingly obvious observation is called
the zeroth law of thermodynamics: if two bodies are in thermal
equilibrium with a third, the three bodies must be in thermal
equilibrium with each other. This law establishes the basis for
temperature measurement; it allows us to compare the
temperatures of different bodies, no matter if they are in contact or
not.

Temperature can be expressed on different temperature scales,
such as Celsius or Kelvin scales in the SI units and Fahrenheit or
Rankine scales in the Imperial units. For example, a room
temperature may be expressed as 20°C or 68 F. All temperature
scales are calibrated based on two easily reproducible
temperatures, such as the freezing and boiling temperatures of
water at the standard atmospheric pressure.

A temperature expressed in Kelvin in the SI units or in Rankine
in the Imperial units is called absolute temperature. An absolute
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temperature of zero indicates the state of the minimum energy
of a matter. Absolute temperature, also called thermodynamic
temperature, is an important property in thermodynamic analyses.
The conversion between the Celsius and Kelvin scales is

T (K) =T(°C) + 273.15
AT (K) = AT(°C)

2.2.3 Density and specific volume

Density is defined as the mass per unit volume of a body. Specific
volume is the reciprocal of density.
p=m/V
v=V/m=1/p
where
M: mass, in kg
V: volume, in m®
: specific volume, in m? /kg
P: density, in kg / m>

Both temperature and pressure may affect the density and
specific volume of a fluid. The density and specific volume of a
gas are strong functions of both temperature and pressure. For
example, when a gas is compressed, its pressure will increase,
causing the density of the gas to increase and the specific volume
of the gas to decrease. When a gas is heated, its temperature will
increase. Consequently, the density of the gas will decrease and the
specific volume of the gas will increase.

On the contrary, the density and specific volume of a liquid
depend much more strongly on the temperature than on the
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pressure; therefore, it is common to assume that the density and
specific volume of a liquid are functions of temperature only.

Example 2

A container consists of two sections separated by a
membrane. Section A contains 0.5 kg of air. Its volume is
0.75 m>. Section B contains air of density 0.6 kg/ms. Its
volume is 0.5 m®. If the membrane is broken, and the air in
the two sections mixes and reaches a uniform state, what is
the specific volume of the air at the final state?

I L
Section A Section B
0.5 kg of air 0.5 m* of air
0.75 m? 0.6 kg/ m?

Figure 2.2.e2 Two sections filled with air

Solution

The masses and volumes in sections A and B at the initial
state are
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my = 0.5 kg

V4 =0.75 m®
mp = pVp = 0.6 Xx 0.5 = 0.3 kg
VB =0.5 m3
The two sections reach a uniform state at the final state;
therefore,

Myotal = M4 +mp = 0.5+ 0.3 = 0.8 kg

Viotal = V4 + Vg = 0.75 + 0.5 = 1.25 m®
Therefore,

Viotal = Viotal /Miotar = 1.25/0.8 = 1.5625 m® /kg

2.2.4 Internal cnergy and SpCCiﬁC internal cnergy

The essence of the first law of thermodynamics is energy
conservation. We need to understand different forms of energy
in a system. Internal energy, kinetic energy, and potential energy
constitute the total stored energy of a system if the system is free of
magnetic, electric, and surface tension effects.

E=U+KFE+ PE
where
- total stored energy, in J or kJ
K E: kinetic energy, in J or kJ
P E): potential energy, in J or kJ
U’ internal energy, in J or kJ

Internal energy is associated with the motions and structure of
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the molecules of a system in a microscopic level. A system, no
matter how tiny it is, contains a significantly large number of
molecules in various modes of random motions, such as translation,
rotation, and vibration. Although it is difficult to predict the
behaviour of individual molecules, the statistical average can be
calculated by using statistical theory. From a statistical standpoint,
the internal energy of a system is considered to be the sum of the
kinetic and potential energies of the collection of all molecules in
the system. Maxwell explains the relation between the molecular
velocity (a microscopic quantity) and the temperature (a
macroscopic quantity) of a gas: as the temperature increases, the
gas molecules move faster causing the mean microscopic kinetic
energy of all molecules to increase; therefore, the internal energy
of the system increases. In other words, the internal energy of
a substance is strongly associated with the temperature of the
substance; therefore, internal energy is a form of thermal energy.
For example, the internal energy of 1 kg of water at 500 kPa
increases from about 83.88 kJ to 167.47 kJ when its temperature
increases from 20°C to 40°C. In general, temperature has a
dominant effect on the internal energy of a system although other
factors, such as pressure, phase, and chemical composition may also
have an effect on the internal energy of a system.

From a macroscopic standpoint, a thermodynamic system, as a
whole, has both kinetic and potential energies when it is in motion
and is positioned at an elevation on Earth. The kinetic and potential
energies are two forms of mechanical energy. They must be
described with respect to an external reference frame. When a
system experiences a change of elevation or velocity, the kinetic and
potential energies of the system will convert between each other.
For example, a rock falling from a cliff gains kinetic energy but
losses potential energy because its elevation decreases with respect
to the ground.

In general, the total stored energy of a thermodynamic system
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consists of the internal, kinetic, and potential energies. However,
the kinetic and potential energies are insignificant compared to the
internal energy in many cases, and thus can be neglected.

E , U , K FE, and PF are extensive properties as their values
depend on the mass of a system. The relation of their corresponding
intensive properties is expressed as

e = u + ke + pe
where
e=F / m: total specific energy, in J/kg or kl/kg
u=U / m.: specific internal energy, J/kg or k]/kg
ke = K E /m: specific kinetic energy, J/kg or kI /kg
pe = PE/m: specific potential energy, J/kg or ki/kg
The internal energy and specific internal energy are important

properties for the analysis of closed systems, which will be
explained in detail in Chapters 4-6.

2.25 Enthalpy and SpCCiﬁC enthalpy

Enthalpy is an important thermodynamic property for the analysis
of open systems or control volumes, where mass transfer is always
accompanied by energy transfer. Enthalpy is calculated as the sum
of the internal energy, [/, and the flow work, PV, of the fluid

flowing into or out of a control volume.
H=U-+PV
Now, what is flow work and why is it written as PVY? Let us

consider a fluid element entering a control volume of a pipe section,
see Figure 2.2.4. The control volume is illustrated as the red, dashed-
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lined rectangle. The fluid element, just before it enters the control
volume, is at an equilibrium state and has an internal energy, [J,
and a pressure, P. The fluid element carries its internal energy as
it flows into the control volume. In addition, the fluid element must
overcome the resistance from the downstream flow in the pipe. In
other words, a certain amount of work must be done to force the
fluid element into the control volume. We call such work essential
to maintain the continuous flow of a fluid through a control volume
as flow work. Refer to Figure 2.2.4, the flow work can be calculated
as

W fiow work = FL = (PA)L = P(AL) = PV

where ' — P A is the pressure force acting on the cross-
section, or the left control surface, of the control volume. A is the
cross-sectional area of the left control surface. [, is the distance
that the fluid element travels from its original position to where
it just enters the control volume completely. Y — A], is the
volume of the fluid element.

For flow through an open system or control volume, both the
internal energy carried by the fluid throughout the flow and the
flow work required to maintain the flow contribute to the change
of energy in a control volume. Therefore, it is common to combine
the internal energy and the flow work as a new thermodynamic

property, enthalpy, H.

Enthalpy, similar to the internal energy, is an extensive property
because its value depends on the mass of a system. Its
corresponding intensive property is called specific enthalpy, or
enthalpy per unit mass of a substance.

h=H/m=u+ Pv
where
h: specific enthalpy, in J/kg or kI/kg
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H: enthalpy, inJ or kJ

M: mass, in kg

P: pressure, in Pa or kPa

U: specific internal energy, in J/kg or ki/kg
v: specific volume, in m* /kg

% Muid element The same Nuid
BEFQRE it element AFTER it
enters the C.V, cmters the C.Y,

P

A H||-|.=n !"-:I. sl
(C.¥)

(LU
L

Figure 2.2.4 Flow work

2.2.6 Entropy and specific entropy

Some processes occur spontaneously in nature, such as salt
dissolving in water. But some processes cannot occur
spontaneously in nature. For example, water at 80°C and 10°C can
mix in a container and eventually reach a thermal equilibrium. The
mixture, however, cannot separate spontaneously into water at
80°C and water at 10°C. In other words, the process of separating
the mixture is “irreversible” and cannot happen spontaneously. We
may use a thermodynamic property called entropy to help us
understand the physics of such phenomena.
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Entropy is a measure of the lack of order resulting from the
dispersal of energy and matter. Every spontaneous process is
accompanied by an increase in the entropy (or disorder) of the
universe. From a statistics point of view, it is more probable that
the dispersal of energy and matter in a process is rather “random”
than “orderly” If we consider a fixed amount of gas in an isolated
container, as illustrated in Figure 2.2.5. The probability of the
molecules having a random distribution is much higher than the
probability of them having an “orderly” distribution. Entropy is a
concept to represent the degree of the “randomness” or “disorder”
of a system. Such “disorder” was explained in statistical theories by
early scientists such as Maxwell, Boltzmann, and Gibbs. Nowadays,
entropy has been generally recognized as an important
thermodynamic property associated with the “quality” aspect of the
energy of a system; while energy represents the “quantity” aspect
of the energy of the system. Both energy and entropy are of great
importance in thermal analysis. The first law of thermodynamics,
see Chapters 4 and 5, addresses the concepts of energy and energy
conservation. The second law of thermodynamics is closely
associated with the concepts of entropy and entropy generation,
which explain why a process in nature only occurs in the direction
of decreasing the quality of energy or increasing the entropy of the
universe. These concepts will be explained in detail as we study the
second law of thermodynamics in Chapter 6.

Entropy, S, is an extensive property as its value depends on the
mass of a system. The common SI units for entropy include ki/
K and J/K. Its corresponding intensive property is called specific
entropy, s = S / M. Its common SI units are kJ /kgK or J/kgK.
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Figure 2.2.5 Illustration of ordered and disordered systems

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=879#h5p-26

Practice Problems
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under a CC BY-SA (Attribution ShareAlike) license
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2.3 Phase diagrams

A pure substance may exist in any of the three phases: solid, liquid,
and vapour, at certain temperatures and pressures. When its
temperature or pressure changes, a substance may transition from
one phase to another. For example, liquid water at 1 atm turns into
ice when its temperature drops to the freezing point of 0°C. The
equilibrium state of a pure substance and its phase transitions are
commonly illustrated in phase diagrams. Figure 2.3.1 is a three-
dimensional P — ¢ — T" phase diagram, where the three axes
are pressure, specific volume, and temperature, respectively. This
phase diagram clearly shows the single phase regions of solid, liquid,
and vapour or gas, as well as three two-phase regions, where solid-
liquid, liquid-vapour, or solid-vapour coexist in equilibrium. The
three-dimensional P — ¢ — T" phase diagram can be projected
to generate two-dimensional phase diagrams, such as P — T,
P — v, and T — ¢ diagrams. When analyzing processes and
cycles, these two-dimensional phase diagrams are commonly used,
and therefore will be discussed in detail here.
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Figure 2.3.1 Pressure-specific volume-temperature (P-v-T) diagram

2.3.1 P-T diagram

Figure 2.3.2 shows a generic pressure-temperature, P — T,
diagram, from which we can observe three single-phase regions,
three curves representing the two-phase mixtures, and two unique
points: the triple point and the critical point.

The single phase regions are labeled as solid, liquid, and vapour or
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gasinthe P — [ diagram. The liquid and vapour phases are often

called compressed liquid and superheated vapour, respectively.

In the P — T diagram, the two-phase regions appear as curves
separating different single phases. The curve that lies between the
liquid and vapour phases is called vaporization line. Each point on
the vaporization line represents an equilibrium state of saturation;
the substance is either a saturated liquid, a saturated vapour, or
a two-phase liquid-vapour mixture. The temperature and its
corresponding pressure at each point on the vaporization line are
called saturation temperature, T sat » and saturation pressure, PS at
, respectively. Each saturation temperature corresponds to a unique
saturation pressure, and vice versa. A liquid (or vapour) starts to
evaporate (or condense) when its temperature and pressure reach
Tsat and Psat' The saturation properties of selected fluids can be

found in the thermodynamic tables in Appendices A-D.

The curve that represents the transition between the solid and
liquid phases is called fusion line. Each point on the fusion line
has a unique set of temperature and pressure called freezing
temperature and freezing pressure, respectively. Along the fusion
line, the substance may exist as a saturated liquid, a solid, or a two-
phase solid-liquid mixture.

The curve below the triple point is called sublimation line, across
which a substance can change directly from solid to vapour or vice
versa without a transition through the liquid phase. Each point on
the sublimation line represents an equilibrium state, at which the
substance may exist as a saturated vapour, a solid, or a two-phase
solid-vapour mixture.

The vaporization, fusion and sublimation lines meet at the triple
point, at which the three phases, solid, liquid, and vapour, coexist
in equilibrium. Appendix F lists the triple points of a selection of
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pure substances. It is noted, from Figure 2.3.2, that the liquid phase
cannot exist below the triple point pressure. When a substance is at
a pressure lower than the triple point pressure, it can only transition
between the solid and vapour phases.

The critical point in the P — 7T diagram is where the
vaporization line ends. The pressure and temperature at the critical
point are called critical pressure, P.., and critical temperature, Tc
, respectively. A state above the critical point has a pressure
P > P, and a temperature T" > T7,; therefore, it is referred to
as a supercritical state. A substance at a supercritical state is called
supercritical fluid, which has a unique characteristic: no distinct
liquid and gas phases can exist anymore in the supercritical zone.
In this book, we will mainly focus on the subcritical zone, where

P<P.

Supercritical fluid

Pressure

Critical point

Vapour
I T, Gas

Temperature

Figure 2.3.2 P-T diagram
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Figure 2.3.3 P-T diagram for CO2

Example 1

Review the P-T diagram for COg, as shown in Figure 2.3.3.

1. What s the lowest pressure for liquid CO2 to exist?
2. Is COz at 100 bar, 275 K a solid, liquid or gas?
3. CO2 at 100 bar, 275 K is cooled in an isobaric
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process. At approximately what temperature will CO2
start to change its phase? Will it change to a liquid or
a solid? Draw the process line.

Solution:

1. From the P-T diagram, the liquid phase can only
exist when the pressure is great than the triple point
pressure. From Appendix F, Table F1, COz has a triple
point pressure of 517 kPa and a triple point
temperature of 216.55 K (-56.60 °C), respectively;
therefore, the lowest pressure for liquid CO2 to exist
is 517 kPa.

2. From the P-T diagram, Figure 2.3.el, CO2 at 100 bar,
275 K is in the liquid phase.

3.  The isobaric process is shown as the horizontal,
yellow line with a constant pressure of 100 bar, see
Figure 2.3.el. At approximately 220 K, the isobaric
process line meets the fusion line, and the liquid CO2
starts to change to solid COz.
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Figure 2.3.e1 P-T diagram for CO2, showing the solution to example 1

2.3.2 T-v and P-v diagrams

In many thermodynamic cycles, a working fluid experiences phase
changes between liquid and vapour in the subcritical zone, such as
water in a steam power plant and R134a in a vapour-compression
refrigeration system. The liquid-vapour phase change can be
illustrated in the 7" — ¢ and P — ¢ diagrams, as shown in
Figures 2.3.4 and 2.3.5. In these diagrams, we can clearly see the
three regions: compressed liquid region, saturated liquid-vapour
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region, and superheated vapour region. The curve that separates
the compressed liquid region and saturated liquid-vapour region is
called the saturated liquid line. Any point on the saturated liquid
line represents a saturated liquid state. In a similar fashion, the
curve that lies between the saturated liquid-vapour region and the
superheated vapour region is called the saturated vapour line. Any
point on the saturated vapour line represents a saturated vapour
state. The two saturation lines meet at the critical point.

It is important to note that the liquid state is commonly called
compressed liquid or subcooled liquid, and the vapour state is
commonly called superheated vapour. In the liquid-vapour, two-
phase region, the corresponding isothermal and isobaric processes
coincide and remain as horizontal lines. This indicates that, during
the phase change process, both temperature and pressure remain
constant, ie., ' = Ty and P = P, ;.

Constant
pressure lines

Critical

point P

Compressed
liquid regio

Saturated

liquid-vapour
A region
Saturated
liquid line
Saturated
vapour line

v(log)

Figure 2.3.4 T-v diagram
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Figure 2.3.5 P-v diagram

2.3.3 The saturated liquid-vapour two-phase
region

For a saturated liquid-vapour, two-phase mixture, we define quality
x to denote the mass fraction of the saturated vapour in the mixture.

Mg
r=—-"
Mmix

where
M g: mass of the saturated vapour, in kg or g

Myniq: mass of the saturated liquid-vapour mixture, in kg
org
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X: quality of the saturated liquid-vapour mixture,
dimensionless

With the concept of quality, we can calculate the specific volume,
specific internal energy, specific enthalpy, and specific entropy for
a saturated liquid-vapour, two-phase mixture by using the following

equations.
v=uvs+z (v, —vy) =(1— z)vs+ 2,
u=1us+z(uy —uyr) = (1 — x)uy + zu,
h=hs+x(hg —h¢) = (1 — x)hy + zhy
s=sf+x(sg—s5) =(1— x)sy+xsg
where

0, Uf, and Vyg: specific volumes of the two-phase
mixture, saturated liquid, and saturated vapour,
respectively, in m> /kg

U, Uf, and Ug: specific internal energies of the two-
phase mixture, saturated liquid, and saturated vapour,
respectively, in k] /kg

h. hf, and hg: specific enthalpies of the two-phase
mixture, saturated liquid, and saturated vapour, respectively,
in kI/kg

S8, Sf, and Sg: specific entropies of the two-phase
mixture, saturated liquid, and saturated vapour, respectively,
in kJ/kgK

Practice problems
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2.4 Thermodynamic tables

Thermodynamic tables are commonly used to determine the
properties of a substance at a given state. This book includes the
tables for four pure substances: water, ammonia, R134a, and carbon
dioxide. The data in these tables are obtained from NIST Chemistry
WebBook, SRD 69, which consists of the thermophysical properties

of various common fluids.

Appendix A: Thermodynamic Properties of Water

» Table Al: Saturated water
* Table A2: Superheated vapour, water
» Table A3: Compressed liquid water

Appendix B: Thermodynamic Properties of Ammonia

* Table Bl: Saturated ammonia
» Table B2: Superheated ammonia

Appendix C: Thermodynamic Properties of R134a

» Table Cl: Saturated R134a
» Table C2: Superheated R134a

Appendix D: Thermodynamic Properties of Carbon Dioxide

» Table DI: Saturated CO2
» Table D2: Superheated CO3

Tables Al, Bl, Cl, and D1 are the tables for the saturated fluids.
They are used to find the properties of the corresponding fluids in
saturated liquid, saturated vapour, and two-phase regions. Tables
A2, B2, C2, and D2 are the superheated vapour tables for finding the
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properties of the fluids in the superheated vapour region. Table A3
is the compressed liquid table for water.

In these tables, the specific volume, specific internal energy,
specific enthalpy, and specific entropy are tabulated as functions
of the pressure and temperature. Among those thermodynamic
properties, P, T, and ¥ are measurable properties, and U, }, and
S cannot be measured directly; they are calculated with respect to
predefined reference states. The reference states for the tables in
this book are clearly stated in Appendices A-D.

It is important to note that thermodynamic tables can be
generated with respect to different reference states. Because the
values of U, h, and § strongly depend on the reference state, it is
not surprising to see different values of U, h, and 8 from different
sources. This may cause inconvenience or errors when performing
calculations. To avoid unnecessary confusion and to reduce the
chance of errors, thermodynamic tables from the same source
should be used in calculations because, in most thermodynamic
analyses, we are concerned about the changes in specific internal
energy, specific enthalpy, and specific entropy, or Ay, Ah, and

As.

How do we determine if a fluid is a compressed liquid, superheated
vapour, or two-phase liquid-vapour mixture? How do we find the
fluid properties at a certain state? By examining the tables in
Appendices A-D, you probably have noticed that all properties in
these tables are intensive properties. To determine the fluid
properties at a certain state, we will need to know two intensive
properties from this list: P, T, U, U, h, S, and &. The following
flow charts demonstrate the procedure.

Case 1: both T and P are given. You may draw a P — T diagram

(see Figure 2.3.2) to help you better understand the flow chart in
Figure 2.4.1.
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BothPand T
are known

Find Psa at the given T,
from the saturated table

Compare Psat
and the given P

P>Psat P=Psa P<Psat

'

Com.p"?SSEd Saturated liquid, saturated vapour, Superheated
liguid . vapour
or WVO-phaSE mixture

; I

Read the
Is the saturated Read the superheated
vapour table
compressed liquid table table p

available?

Yes 'T
cfr:;?e;:ee d Read the saturated table
liquid table v=v; U=U; ,h=h;,s=s; (at the given T)

Figure 2.4.1 Flow chart for determining fluid properties from thermodynamic
tables if P and T are known

Case 2: both T and x are given. You may draw a [’ — o diagram
(see Figure 2.3.4) to help you better understand the flow chart in
Figure 2.4.2.
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Both T and x
are known

[ O<x<1? )
x=0 x=1
L 0O<x<1 ¥
Saturated liquid. Read the Saturated vapour. Read the
saturated table: T=Tsu , P=Psa,

saturated table: =Ty, P=Psa,
V=Vr, u=ur, h=hy, s=s; V=Vg, U=Ug, h=hg, $=S¢

Two-phase mixture. Read the saturate table. T=Ty, , P=Ps, . Calculate v=v;+ x(vg-vy),
u=ur+ X(Ug-ug), h=hy+x(hg-hy) and s=sr+x(s¢-S¢)

Figure 2.4.2 Flow chart for determining fluid properties from thermodynamic
tables if T and x are known

Case 3: both T and v are given. You may draw a [’ — g diagram

(see Figure 2.3.4) to help you better understand the flow chart in
Figure 2.4.3.

Both Tand v
are known

Read the saturated table.
Find vy and vy at the given T.

[ ‘ Vi<v<yg?

v<vy vzv, Vi<V, V=g

Saturated liquid. Read the
saturated table: T=Tsy, P=Psar,
v=vy, u=uy, h=hy, s=sy

Compressed
liquid

Saturated vapour. Read the
saturated table: T=Tsa, P=Psar,
V=Vg, U=lUg, h=hg, s=Sg

Superheated
vapour. Read the
superheated table

Is the
compressed liquid

T=Tear, P=Psa . Calculate x=(v-v)/(vg-vy)
table available?

Two-phase mixture. Read the saturate table. ‘

I—Yes

Read the
compressed Read the saturated table. v=vy
liquid table Ju=ur,h=hy,s=s¢ (at the given T)

Figure 2.4.3 Flow chart for determining fluid properties from
thermodynamics tables if T and v are known
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Case 4: temperature T and one of u, h and s are given. The
procedure is exactly the same as for case 3. Replace ¥ with the given
U, h, or 8 in the flow chart, Figure 2.4.3.

The compressed liquid table is presented only for water in the
pressure range of 0.5-50 MPa in this book. When the compressed
liquid tables are not available for a specific fluid or in a specific
range, the saturated liquid properties at the same temperature may
be used as an approximation, ie., U~ Urar, U = UfrarT,
h ~ hf@T,andS ~ Sfar.

The tables in Appendices A-D are presented with a small
temperature increment. Linear interpolations, see Figure 2.4.4, are
often used if the given temperature or other properties cannot be
found directly from these tables.

Y1 — Yo
)—

Yy =1y + (z — o
1 — X

where (:1,', y) is the state, at which the property & is known and
the property Y is to be found. (330, yO) and (;131 , yl) indicate

the properties of two known states, between which the unknown
state (:13, y) is located. To improve the accuracy, the two states

should be selected as close as possible to the unknown state.
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Y1

(x,y)

Xo X1

Figure 2.4.4 Linear interpolation

The following examples demonstrate how to use these tables to find
the properties of a compressed liquid, superheated vapour, and
liquid-vapour mixture.

Example 1

Determine the properties of water at T=150°C and P=100
kPa.
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Solution:

1. Both temperature and pressure are given for water.
Use the flow chart for case 1, Figure 2.4.1.

2. From Table Al: at T=150°C, Psqt = 0.47617 MPa =
476.17 kPa.

3. Because P=100 kPa < 476.17 kPa, or P < Pgqt , water at
this state is a superheated vapour.

4. From Table A2: at T=150°C and P=100 kPa,
v=1.93665m3/kg, u=2582.94 kJ/kg
h=2776.60 ki/kg, s=7.6148 kl/keK

Example 2

Determine the properties of ammonia at T=0°C and v
=0.2 m® /kg.

Solution:

1. Both T and v are given for ammonia. Use the flow
chart for case 3, Figure 2.4.3.

2. From Table Bl: at T=0°C, vy =0.001566 m> /kg and vy
= 0.289297 m® /kg.
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3. Because vf < v < vg , ammonia at this state is a
liquid-vapour two-phase mixture. Its pressure and
quality are

P = P, = 0.42939 MPa = 429.39 kPa

v — vy 0.2 — 0.001566
= = = 0.68965
¥ vy —v;  0.289297 — 0.001566

From Table Bl: at T=0°C,
uf=342.48 kJ/kg and ug = 148117kl /kg
hi=34316kI/kg and hy = 1605.39 kI/kg
s7=14716 kI /kgk and sq = 6.0926 kl/kgK

Therefore, the specific internal energy, specific
enthalpy, and specific entropy of this two-phase
mixture are

u=us + z(ug — uy)

= 342.48 + 0.68965 x (1481.17 — 342.48) = 1127.78 kJ /kg
h=hs+z(hy — hy)

= 343.16 + 0.68965 x (1605.39 — 343.16) = 1213.66 kJ /kg
s=sp+x(sg — sf)

= 1.4716 + 0.68965 x (6.0926 — 1.4716) = 4.6585 kJ /kgK

Example 3
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Refrigerant R134a has a specific enthalpy h = 420 kJ/kg at
T=20°C. Determine the pressure P and specific volume v of
R134a at this state.

Solution:

1. Refer to case 4 as both T and h are given for R134a.
Because the procedures for cases 3 and 4 are the
same, the flow chart for case 3, Figure 2.4.3, is used
by replacing v with h.

2. From Table CI: at T=20°C, hj=409.75 kJ/kg. Because
h =420 kI/kg > hq , R134a at this state is a
superheated vapour.

3. From Table C2:
At T=20°C and P; = 100 kPa: hy = 420.31 kJ/
kg, v1 = 0.233731 m> /kg
At T=20°C and P; = 150 kPa: hy = 419.33 kI /
kg, v2 = 0.154053 m® /kg

Because 419.33 kI /kg < 420 kJ/kg < 420.31 kI /kg,
the pressure of R134a at the given state must be
between 100 kPa and 150 kPa. Use linear
interpolation to calculate the pressure and specific
volume at the given state.

Pressure
_P-P  h-M
"PB-P hy—Mh

2.4 Thermodynamic tables | 75



. P—-100 420 —420.31
" 150 — 100 419.33 — 420.31
. P=115.82kPa

Specific volume
V— U1 h — hl

V9 — V1 - hg — hl
. v —0.233731 420 —420.31
"7 0.154053 — 0.233731  419.33 — 420.31

- v = 0.208527 m? /kg

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca,

thermol/?p=881#h5p-52
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Media Attributions

* Linear interpolation © ElectroKid is licensed under a Public

Domain license
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2.5 Chapter review

An important step in thermodynamic analysis is to predict the
thermodynamic properties, in particular, the intensive properties
at different states of a process or a cycle. In this chapter, we have
introduced common thermodynamic properties of pure substances,
and how to use phase diagrams and thermodynamic tables to
determine the phase of a fluid and its corresponding properties at a
given state. Below are the key takeaways:

* Pure substances may be used as working fluids in thermal
devices. A pure substance may exist as a single-phase matter,
such as solid, liquid, vapour or gas, or a saturated two-phase
mixture.

* The state of a pure substance can be illustrated in the
P — T, T — v,and P — g phase diagrams.

* A state of a pure substance is fixed by two independent,
intensive properties.

o For a single-phase fluid, if two intensive properties from
the list: T", P, v, u, h, and § are known, then the state
is fixed.

o For a two-phase mixture, if two properties from the list:
T, P, v, U, h, 8 and the quality ¢ are known, then the
state is fixed.

* The properties of a fixed state can be extracted from the
thermodynamic tables directly or by using linear interpolations.

« P — T, T — v, and P — g diagrams are of particular
importance in thermodynamic analysis. It is highly
recommended that students relate the appropriate phase
diagrams to the flow charts in Section 2.4, when practicing how
to locate a state and how to read thermodynamic tables.
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2.6 Key Equations

Pressure, temperature, and specific volume

Pressure P = F / A

Absolute and gauge — _

pressures gaug P, gauge — P, abs P, atm
Absolute and vacuum _

pressures v vac Patm - Pabs
Density p=m / \%

Specific volume v = V/m = ]./p

Conversion of

temperatures in Kelvin T (K) = T(OC) + 273.15
and Celsius degrees

Energy, enthalpy, and entropy

E=U+KE+PE
Total stored energy

in a system = mu + % mV? 4+ mgz (V : velocity)

'é“gg;l stored specific e — E —u+ l V2 4 gz (V : velocity)
gy in a system m 2

Enthalpy H=U + PV

ggggg}i]c internal u=U /m

Specific enthalpy h = H/m and h = + Pv

Specific entropy S = S/m
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Saturated liquid-vapour two-phase mixtures

My
Quality r = ——
Mmiz
Specific volume v=v;+x(vy —vy) =(1— z)vs + v,

Specific internal

u=1uy+x(ug —us) = (1 — x)uy + zu,

energy
Specific enthalpy h=h¢+x(hy —hy) =(1— x)hs + zh,
Specific entropy s=s;+a(sg—sp)=(1— z)sy+xs,

Compressed liquid (when the compressed liquid tables are not
available)

Specific volume V= vVfar

Specific internal energy | 4y &~ u for

Specific enthalpy h~ h far
Specific entropy § = Sfar
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3. IDEAL AND REAL GASSES
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3.0 Chapter introduction and
learning objectives

Thermodynamic tables are commonly used to evaluate
thermodynamic properties of a pure substance. This method is
accurate, but may be time consuming for complicated calculations.
It would be desirable if, for some special cases, a simple method
with relatively good accuracy could be developed for evaluating
thermodynamic properties.

This chapter introduces the concepts of “ideal” gas, ideal gas
equation of state (EOS), real gas, and compressibility factor. It
explains the difference between “ideal” and real gases, and at what
conditions the ideal gas model may be used as an approximation for
evaluating thermodynamic properties of simple gases.

Learning Objectives

After completing the module, you should be able to

e Understand the limitation of the ideal gas equation
of state

e Apply the ideal gas equation of state in solving
engineering problems as appropriate

*  Explain the difference between “ideal” and real
gases

e Calculate the compressibility factor of a pure
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substance at a given state

* Identify if a substance may be treated as an ideal or
real gas for a given condition based on its
compressibility factor
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3.1 Ideal gas and ideal gas

equation of state

Consider a container of fixed volume filled with a gas. When the
container is heated, the gas temperature will increase, causing the
gas pressure to increase. The variations of gas pressure and
temperature are governed by the equations of state. An equation of
state (EOS) is an expression that relates pressure, temperature, and
specific volume of a gas.

The simplest equation of state is the ideal gas equation of state,
which is expressed as
Pv=RT o PV=mRT
where
M mass, in kg
V: volume, in m®
V: specific volume, in m® /kg
T': absolute temperature, in K
P: pressure, in kPa or Pa
R: gas constant in kJ/kgK or J/kgK

A gas which obeys the ideal gas EOS is called an ideal gas. The
ideal gas model is a hypothetical model. It approximates the
P — v — T behaviour of a gas at high temperatures and low

pressures in the superheated vapour region.

When a gas is at a state near the saturation region or its critical
point, the gas behaviour deviates from the ideal gas model
significantly. For example, Figure 3.1.1 shows the [ — ¢ diagram
for water. Steam in the shaded region is either at a high
temperature or a low pressure. The ideal gas model is valid in this
region with a relative error of less than 1%. Moving out of the
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shaded region and towards the saturated vapour line or the critical
point, the relative error increases significantly because the ideal gas
EOS can no longer represent the gas behaviour in these regions.

A common mistake that students tend to make is to use the ideal
gas EOS in all calculations without evaluating its suitability for the
given conditions. It is important to note that, although many gasses

may be treated as ideal gases in a certain range of pressures and
temperatures, the ideal gas EOS is NOT valid for gases in all
conditions. Therefore, it cannot be used without verification. The
compressibility factor in Section 3.2 explains how to verify if a gas is

an “ideal” or real gas.
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Figure 3.1.1 T-v diagram for water
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Example 1

Two tanks contain methane. For the given conditions,
methane can be treated as an ideal gas.

. Tank 1 has a volume of 0.3 rn3, andisata
temperature of 20°C and a pressure of 300 kPa.

o Tank 2 contains 1.5 kg of methane, and is at a
temperature of 30°C and a pressure of 800 kPa.

The partition between the two tanks is removed to allow
methane in the tanks to mix and reach equilibrium. What is
the equilibrium pressure if the temperature of the two
tanks is 25°C at equilibrium?

I =
Tank 1 Tank 2
20°C 30°C
300 kPa 800 kPa
0.3 m?* 1.5 kg of CH,

Figure 3.1.el Rigid tanks containing methane

Solution

Methane is treated as an ideal gas at the given conditions.
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From Table G1: R=0.5182 kJ /kgK for methane.

Apply the ideal gas law PY — i R to both initial
and final conditions of methane in the two tanks.

Tank 1 at the initial condition:

P1 Vl = 1T RT1
PV, 300 x 0.3
"7 RTy ~ 05182 x (273.15 + 20) 8
Tank 2 at the initial condition:
P2V2 = my RTz
_ myRT, 1.5 x0.5182 % (273.15 + 30) . 3
=t = 200 = 0.2945 m

The two tanks are in equilibrium at the final state.
mg =my + mg = 0.5925 4 1.5 = 2.0925 kg
V3 = V1 + V3 = 0.3 +0.2945 = 0.5945 m*
PV = m3 Ry T

msRT;  2.0025 x 0.5182 x (273.15 + 25)
Py — _ — 543.8 kP
3 Vs 0.5925 S

The equilibrium pressure of the two tanks at the final
state is 543.8 kPa.

Important note:

e The temperature must be expressed in Kelvin when
applying the ideal gas EOS.

Example 2
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Consider 1 kg of oxygen in a piston-cylinder device
undergoing a thermodynamic cycle consisting of three
processes.

3 Process 1—2: isochoric
o Process 2—3: isothermal expansion
*  Process 3—>1: isobaric compression

At state 1, T1= 300 K, P1=1.5 atm. At state 2, Po>= 3 atm.
Treat oxygen as an ideal gas at the given conditions.

1. Sketch the cycle ona P — ¢ diagram.
2. Determine the temperature, T2, at state 2, and the
specific volume, v3, at state 3.

Solution

1. The cycle ona P — ¢ diagram

pt

Figure 3.1.e2 P-v diagram of a cycle consisting of three processes
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2. Oxygen is treated as an ideal gas at the given
conditions.

From Table GI: R=0.2598 kJ /kgK for oxygen.

Apply the ideal gas law Py — R to the three
processes.

Process 1—>2 is an isochoric process; therefore,
the specific volume remains constant in the process,
V1 = Vg

.+ Pv=RT
\therefore v_1 = \displaystyle\
frac{RT_1KP_1}
and  v_2=\displaystyle\frac{RT_2}P_2}

U1 = V2 and R = constant

T P
. Tl I Pl
P, 3
STy =T X =2 =300 x — = 600K
=X 15

Process 2—3 is an isothermal expansion process;

therefore, T3 = T5 = 600 K.

Process 3—»1is an isobaric compression process;
therefore,
P; =P, =1.5atm = 1.5 x 101.325 = 152 kPa

RT3  0.2598 x 600
P 152

v3 = =1.026 m® /kg

The temperature at state 2 is 600 K and the specific
volume at state 3 is 1.026 m> /kg.
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Important note:

e The temperature must be expressed in Kelvin when
applying the ideal gas EOS.

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=1325#h5p-27

Media Attributions

» T-v diagram for water © Israel Urieli adapted by DIANA
BAIRAKTAROVA is licensed under a CC BY-SA (Attribution

ShareAlike) license
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3.2 Real gas and
compressibility factor

The P — p — T relation of a real gas doesn't obey the ideal gas
EOS. For a gas at a given range of pressures and temperatures, we
may calculate its compressibility factor to evaluate the suitability of
the ideal gas EOS for the given condition.

The compressibility factor is a dimensionless correction factor to
account for the deviation of the real gas behaviour from the “ideal”
gas model. It is defined as

Z = Pv/RT o Py= ZRT
where
7, compressibility factor, dimensionless
?: specific volume, in m? /kg
T': absolute temperature, in K
P: pressure, in kPa or Pa
R: gas constant, in kJ /kgK or J/kgK

The compressibility factor of an ideal gas is exactly one. For real
gases, the compressibility factor may be very different from one.
Figures 3.2.1 and 3.2.2 illustrate the compressibility factors of

hydrogen and nitrogen, respectively, over a range of pressures and
temperatures. It can be seen that the compressibility factor changes
with both pressure and temperature. As the pressure approaches
zero, the compressibility factor tends to converge to one. In other
words, a real gas may behave like an ideal gas at “low” pressures
regardless of its temperature.

From Figures 3.21 and 3.2.2, it can be seen that the

compressibility charts for different gases may vary largely. It is
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therefore more practical to use a generalized compressibility chart,
as shown in Figure 3.2.3, where the pressures and temperatures
are normalized with respect to the critical pressure and critical
temperature of a gas. The reduced pressure Pr and reduced
temperature T}, are defined as

P, r — P / P crit
T, = T/ Terit
where
P: pressure, in kPa or Pa
P, ;;: critical pressure, in kPa or Pa. P,.;; and P must
have the same unit.
PT: reduced pressure, dimensionless
T': absolute temperature, in K
Tcrit: critical temperature, in K

T’ reduced temperature, dimensionless

The compressibility factor is thus plotted as a function of Pr and
Tr' The generalized compressibility chart can be viewed as a
graphical representation of the gas behaviour over a wide range
of pressures and temperatures. It is valid for many substances,
especially those that have simple molecular structures. From Figure
3.2.3, it can be seen that the smallest compressibility factor occurs
at the critical point, P, = 1 and T, = 1. This indicates that a
real gas deviates significantly from the ideal gas behaviour near its
critical point. As P, — Q or T, > 2, the compressibility factor
Z —> 1.Inother words, a real gas behaves like an ideal gas at “low”
pressures and “high” temperatures.
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Hydrogen: Compressibility factor

1.8
1.6
1.4 —100 K
12 —200 K
—300K

500 K

Terit=33.1 K —700 K
Pcrit=1.3 MPa

0.8
0.6
0.4
0.2

Compressibility factor

0 2 6 10 14 18 22 26 30 34 38 42 46 S0
Pressure (MPa)

Figure 3.2.1 Compressibility factor of hydrogen

Nitrogen: Compressibility factor

1.8
16
1.4 —100K
12 —150K

200 K
—300 K

Terit=126.2 K —400 K
Pcrit=3.4 MPa
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0 1 1 1 1 1 1 1 1 1 1

0 5 015 220 =25 =30 - 35 40 =45 = 5()
Pressure (MPa)

Compressibility factor

Figure 3.2.2 Compressibility factor of nitrogen
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Lee-Kesler Simple Fluid Compressibility Factor
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Figure 3.2.3 Lee-Kesler simple fluid compressibility factor

Typically, thermodynamic tables or real-gas EOS are used for
evaluating the relation of pressure, temperature, and specific
volume of real gases. If neither tool is available, the generalized
compressibility chart may be used instead as a fast and reasonably
accurate tool, especially for substances with simple molecular
structures. Below is the procedure of how to use the generalized

compressibility chart, followed by examples.

1. Find the critical pressure, Pcrit’ and critical temperature,

T..,;+, of a substance from Appendix E

2. Calculate the reduced pressure, P., and reduced temperature,

T’., of the substance at the given condition

3. Estimate the compressibility factor, /7, from Figure 3.2.3.
4. Apply Py = Z R'T to determine the unknown specific

volume (if needed)
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Example 1

Find the compressibility factor of the following
substances at the given conditions. Is it reasonable to treat

them as ideal gases at the given conditions?

1. Methane at -50°C, 4.1 MPa
2. Ammonia at 600°C, 500 kPa

Solution
1. Methane at -50°C, 4.1 MPa
First, find the critical properties of methane from
Table E1.
Tt = 190.6 K, P,..;; = 4.60 MPa
Second, calculate the reduced temperature and

reduced pressure.

T 273.15 — 50
= =1.17
iy 190.6
P 4.10
7 = = = 0.89
" P,y 4.60
From Figure 3.2.3, the compressibility factor

7 =~ 0.78 << 1;therefore, methane at the
given condition cannot be treated as an ideal gas.

1 =

2. Ammonia at 600°C, 500 kPa
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First, find the critical properties of ammonia from
Table E1.

Tcrit =405.4 K, Pcrit = 11.34 MPa

Second, calculate the reduced temperature and
reduced pressure.

T  273.15+ 600

I = T - w054 2D
P 0.5
P. = — — 0.04
P, 11.34

From Figure 3.2.3, the compressibility factor
7 =~ 1], therefore, ammonia can be treated as an
ideal gas at the given condition. Note that the
reduced temperature of ammonia is greater than 2
and the reduced pressure is very small, indicating
the given state is far away from the critical point.

Example 2

Calculate the specific volume of steam at 3 MPa, 350°C
by using three methods: (1) superheated water vapour table,
(2) ideal gas EOS, and (3) compressibility factor. How
accurate is each of the methods?

Solution
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Method 1: use the steam table.

From Table A2: P=3 MPa and T=350°C, therefore,
v=0.09056 m> /kg

Method 2: use the ideal gas EOS alone
From Table GI: R=0.4615 kJ /kgK for steam.

" Pv=RT
RT  0.4615 x (273.15 + 350) .
LU= = 3000 = 0.09586 m* /kg

The relative error in comparison to method 1 is

10.09586 — 0.09056|
error% NETE x 100% = 5.85%

Method 3: use the ideal gas EOS corrected by the
compressibility factor

From Table El: Pcrit=22.06 MPa, T¢rit=647.1 K for
water.

Calculate the reduced pressure and reduced
temperature at the given condition:

P 3
P..  22.06
T 273.15 + 350

Tou  647.1

Estimate the compressibility factor from Figure

323 7 ~ 0.94

Calculate the specific volume at the given

= 0.136

P, =

10y = = 0.963

condition by incorporating the compressibility
factor

. Pv=ZRT
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\begin{align*} \therefore v =
\displaystyle\ frac{ZRTHP} &amp;=
\displaystyle\ frac{0.94\ times0.4615\
times(273.15 + 350){3000} \ \&amp;= 0.09011
\ \rm{m~™3/kg} \end{align*}

The relative error in comparison to method 1 is

|0.09011 — 0.09056|
error% = 0.05056 x 100% = 0.497%

Comment:

Method 1 gives the most accurate value for specific
volume among the three methods, as the steam table is
specific for water vapour at different pressures and
temperatures. Method 2 assumes steam as an ideal gas.
This method is easy to use but gives the least accurate
result. Method 3, by correcting the ideal gas EOS with the
compressibility factor, improves the accuracy of the
calculation.

Practice Problems

a An interactive H5P element has been excluded
from this version of the text. You can view it

online here:
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Media Actributions

» Lee-Kesler compressibility factor © Israel Urieli adapted by
Diana Bairaktarova is licensed under a CC BY-NC-SA

(Attribution NonCommercial ShareAlike) license
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3.3 Chapter Review

The ideal gas EOS is the simplest model to relate the pressure,
temperature, and specific volume of a gas. It can be used for
thermodynamic analysis if the compressibiliy factor of a gas at a
given condition approaches one, or the gas behaves like an “ideal”
gas. It is important to note that, despite its simplicity, the ideal gas
EOS cannot be used in all conditions. Its suitability at a given state
must be verified.

A real gas doesn't obey the ideal gas EOS at a given state. For a
real gas, the compressibility factor can be incorporated to improve
the accuracy of the prediction of the P — ¢ — T relation. The
compressibility factor of a gas may be obtained from the generalized
compressibility chart.
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3.4 Key Equations

Ideal gas equation of
state (mass form)

Pv = RT and PV = mRT

M . mass
R : gas constant
WV : volume
D : specific volume
T - temperature in Kelvin

Compressibility

factor

7 = Pv/RT
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4. THE FIRST LAW OF
THERMODYNAMICS FOR
CLOSED SYSTEMS

4. The First Law of Thermodynamics
for Closed Systems | 103






4.0 Chapter introduction and
learning objectives

The first law of thermodynamics is the law of energy conservation:
the energy can neither be created nor destroyed; it is conserved in
a system. This chapter explains the fundamental concepts of heat
and work, and the first law of thermodynamics. Examples are given
to illustrate the applications of the first law of thermodynamics in
closed systems.

Learning Objectives

After completing the chapter, you should be able to

e Determine the internal energy of real substances
by using thermodynamic tables

*  Calculate the internal energy of ideal gases by using
constant-volume specific heat

e  (Calculate different forms of work, such as the
boundary work in various processes and the spring
work due to the deformation of a spring

. Explain the differences between work, heat, and
energy stored in a system

e Explain the physical meaning of the first law of
thermodynamics

*  Apply the first law of thermodynamics to closed
systems
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4.1 Internal energy in a system

The total energy of a system may consist of internal energy, kinetic
energy, potential energy, and other forms of energy. For a system
free of magnetic, electric, and surface tension effects, its total
energy and corresponding specific energy can be expressed as
EF=U+ KFE+ PE
e =u+ ke + pe

where |/, U, KFE, and P[ represent the total energy,
internal energy, kinetic energy, and potential energy of a system,
respectively; e, u, ke, and PE are their corresponding specific
energies. Recall from Chapter 2, internal energy [J is a form of
thermal energy. A system at different states may have different
internal energies due to different temperature and pressure at each
state; therefore, [J is a state function. It is important to note that
the change in internal energy in a process depends on the initial and
final states, not on the path of the process. For example, although
the three processes in Figure 4.1.1 undergo different paths, their
changes in internal energy, /A [J, between the two states 1and 2 are
the same because the three processes have identical initial states
and identical final states.

The first law of thermodynamics gives the relation between the
total energy stored in a system and the energy transferred into or
out of the system in the form of heat and work. In this chapter, we
will firstly introduce the common methods of determining internal
energy and work, and then the first law of thermodynamics and its
applications to closed systems.
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Figure 4.1.1 P- v diagram showing different process paths with
the same initial and final states

4.1.1 Using thermodynamic tables to determine
specific internal energy u

For pure substances with available thermodynamic tables, the
specific internal energy can be read from the thermodynamic
tables, then the internal energy can be found from

U =mu
where

M mass of a system, in kg
U internal energy, in kJ
U: specific internal energy, in kJ/kg
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Example 1

Complete the table, and label each state on the P-T, T-v
and P-v diagrams.

Subst OT P v u Pha

ubstanc - K

e C kPa | m”/kg kg / 1 se
6

1 Water 0 500

> Ri34a | * 01

Solution
1. Water at 60°C and 500 kPa

From Table Al: Psat = 0.01995 MPa = 19.95 kPa at
60°C. The given pressure P = 500 kPa > Pgat :
therefore, water at the given state is a compressed
liquid.

From Table A3: v = 0.001017 m* /kg and u = 251.08
kJ/kg for the given state.
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Figure 4.1.e1 Water is a compressed liquid at the given state, as
illustrated on the phase diagrams.

2. R134a at 40°C and 0.1 m®/kg

From Table C1: vg = 0.019966 m®/kg at 40°C. The
given specific volume v = 0.1 m? /kg >vg; therefore,
R134a at the given state is a superheated vapour.

From Table C2:

v =0.080629 m* /kg and u = 410.00 kJ /kg
at 40°C and 300 kPa

v = 0123226 m3 /kg and u = 411.22 kI /kg at
40°C and 200 kPa

Use linear interpolation to find P and u at the
given condition

.. P—300 _  0.1-0.080629
" 200300  0.123226 — 0.080629
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Figure 4.1.e2 R134a is a superheated vapour at the given state, as

illustrated on the phase diagrams.

In summary, the table below gives the final answers to

the question.

T P v u
Substance oc kPa m® /kg KI/kg Pha
1 Water 60 500 oootor7 | %10 Compress
> R134a 40 254.5 01 410.5 Superh
2 5 vapo
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4.1.2 Constant-volume specific heat

When a substance absorbs heat, its temperature tends to increase.
Different substances require different amounts of heat for a given
temperature rise. For example, it requires 4.18 kJ of heat to warm
up 1kg of water by 1°C. But it only requires 2.22 kJ of heat to warm
up the same amount of gasoline by 1°C. In other words, water and
gasoline have different energy storage capacities. Specific heat, also
called heat capacity, is an important property used to quantify the
energy storage capacity of a substance. Specific heat is defined as
the energy required to raise the temperature of one unit mass (i.e.,
1kg) of a substance by one degree (i.e., 1°C, or 1K),
1 4Q

m 0T
where

(' specific heat, in kJ /kgK

M mass of a substance, in kg

—: the amount of heat supplied to or extracted from a
oT

substance per unit change of temperature, in kJ/K

The specific heat of a substance may be measured in an isochoric
or isobaric process; they are therefore called constant-volume
specific heat, C,,, and constant-pressure specific heat, C ,
respectively. Both Cv and Cp are properties of a substance. They
can be used to calculate the changes of specific internal energy,
/\ 1, and specific enthalpy, /A h, respectively, in a process involving
ideal gases, liquids and solids. The constant-volume specific heat is
introduced below in detail and the constant-pressure specific heat
will be introduced in Chapter 5.
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Constant-volume specific heat is defined as the energy required
to raise the temperature of one unit mass (i.e., 1 kg) of a substance by
one degree (i.e., 1°C, or 1 K) in an isochoric process. Mathematically,
it is expressed as,

ou
CU — -

oT ),
where

Cv: constant-volume specific heat, in kJ/kgK
U: internal energy, in kJ/kg
T temperature, in K or °C

The constant-volume specific heat of selected ideal gases can be
found in Appendix G, Table Gl. For example, oxygen has Cv =

0.658 kI/kgK. If we heat up 1 kg of oxygen at 300 K in a sealed,
rigid tank, it will require 0.658 kJ of heat for the temperature of the
oxygen to rise from 300 K to 301 K.

It is important to note that although (), is typically measured in
isochoric processes, it is a property of a substance. The use of CU

is NOT limited to isochoric processes. As can be seen in the next
section, for ideal gases Cv can be used to calculate the change in

specific internal energy, Ay, in ANY processes.

4.1.3 Using Cy to calculate Au for ideal gases

A gas behaves like an ideal gas as its compressibility factor 7/ — 1
. The specific internal energy of an ideal gas is a function of
temperature only, 14 — f(T); therefore,

112 | 4.1 Internal energy in a system



ou du
or ), \dT ),
The change in specific internal energy between two states in any

process involving ideal gases can be found from

Au=uy —uy = Cy(Ty, — T1)
where
U: specific internal energy, in kJ/kg
T temperature, in K or °C
Cv: average constant-volume specific heat. Table Gl

provides the values of Cv for selected ideal gases.

The above equation provides a convenient way for estimating
/\ 1 of ideal gases in a process. Its accuracy depends on the change
in temperature in a process. In many cases, especially, those with
small temperature variations, this method is reasonably accurate
and can be used for ideal gases when the thermodynamic tables
are not available. If the thermodynamic tables are available or high
accuracy is required for the process analysis, it is preferable to use
the thermodynamic tables to determine 4 at different states first,
and then Aqy.

Example 2

Two kilograms of air is heated from 10°C to 40°C.
Calculate the change in internal energy, /A [J, in this

4.1 Internal energy in a system | 113



process. Will your answer be different if the process is
isochoric or isobaric?

Solution
Air is treated as an ideal gas. From Table Gl:
C, = 0.718 kJ /kgK; therefore,
Au = C,(Ty — Ty) = 0.718 x (40 — 10) = 21.54 kJ /kg
AU = mAu =2 x 21.54 = 43.08 kJ

The change in internal energy in this process is 43.08 kI.
As Cv is a property of the substance (e.g., air in this
example), the answer will be the same regardless of the
type of the process.

Practice Problems

a An interactive H5P element has been excluded
from this version of the text. You can view it

online here:
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Practice Problems
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4.2 Heat transfer across a

boundary

The total energy stored in a system may change when energy is
transferred into or out of the system. For a closed system, the
energy transfer is achieved via two mechanisms: heat and work, as
illustrated in Figure 1.2.3.

Heat transfer takes place when a temperature difference exists
between a system and its surroundings. As heat transfer must cross
the system boundary, it is a boundary phenomenon. The heat
transfer between two states during a process can be written as

1Q2=/125Q

Different from internal energy, heat transfer is NOT a state
function. It is a path function because the amount of heat that is
absorbed or rejected by a substance in a process depends not only
on the initial and final states, but also on the process path. Although
heat transfer is NOT a property of a system, it has a significant
effect on the changes of properties of the system in a process.

Specific heat transfer refers to the amount of heat transfer per
unit mass of a substance. It is defined as

q=—
m

where
M.: mass of a system, in kg
Q: amount of heat transfer in a process, in kJ

@: amount of specific heat transfer in a process, in kl/kg
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Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=1451#h5p-32
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4.3 Work

Work is a form of mechanical energy associated with a force and
its resulting displacement. When a force [’ moves a body from one
position to another, it does work on that body over the distance, see

Figure 4.3.1.

2
1W2:/ Fdx
1

The common SI units for work are kJ and J.

F—

AX

< ».
Il L

0 X1 ). X

v

Figure 4.3.1 Work done due to a force acting on a block over a distance

4.3.1 Boundary work

Work associated with the expansion and compression of a gas is
commonly called boundary work because it is done at the boundary
between a system and its surroundings.

Let us consider a piston-cylinder device, as illustrated in Figure
4.3.2. The gas in the cylinder exerts an upward force, ' — P A
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, where P is the gas pressure, and A is the cross-sectional area
of the piston. Upon receiving heat, the gas will tend to expand,
pushing the piston up. We will assume the expansion process is
quasi-equilibrium, and the piston moves up an infinitesimal
distance (. The boundary work done by the gas to the surroundings
in this infinitesimal process is
dW = Fd = (PA)d = P(Ad) = PAYV; therefore,
the total boundary work between two states in a process can be

written as

2
1W2:/ PdV
1

where
P: pressure, in kPa or Pa
V: volume, in m*

1 W5 :boundary work, in kJ or J

Specific boundary work refers to the boundary work done by a
unit mass of a substance. It can be written as

2
1Wo2 = / Pdv
1

P: pressure, in kPa or Pa

where

?: specific volume, in m? /kg
1 W2 : specific boundary work, in kl /kg or J/kg
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W, =Fd=pAd=pAV

Figure 4.3.2 Boundary work caused by the expansion of gas in
a piston-cylinder device

From the integral equations for | W2 and 1 W9, we can tell that the
boundary work and specific boundary work between any two states
in a process can be illustrated graphically as the area under the
process curve in the P — ¥ and P — ¢ diagrams, respectively.
For example, the shaded area in Figure 4.3.3 represents the specific
boundary work between states 1 and 2 in the compression process
A. The three compression processes, A, B, and C in Figure 4.3.3 have
different specific boundary work because of their different paths.
By comparing the areas under the process curves, we can tell that
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process A has the smallest specific boundary work and process C
has the largest specific boundary work.

Figure 4.3.3 demonstrates that the boundary work and specific
boundary work in a quasi-equilibrium process are path functions;
they depend on the initial and final states as well as the process
path. Boundary work can be defined as positive or negative. Here
is a common sign convention: the boundary work in an expansion
process is positive. This is because the change of volume in an
expansion process is positive. Likewise, the boundary work in a
compression process is negative.

Pa

dv " v

Ta 'Hl

r

Figure 4.3.3 P-v diagram showing the specific boundary work as the shaded
area under the P-v curve
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Example 1

Consider a rigid sealed tank of a volume of 0.3 m?
containing nitrogen at 10°C and 150 kPa. The tank is heated

until the temperature of the nitrogen reaches 50°C. Treat

nitrogen as an ideal gas.

1. Sketch the processona P — V diagram
2. Calculate the boundary work in this process
3. Calculate the change in internal energy in this

process

Solution

1. P — V diagram
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Figure 4.3.e1 Isochoric process in a rigid sealed tank

2. The boundary work is zero because the volume
of nitrogen remains constant in the process.

2
1W2:/ PdV =0
1

3. Change in internal energy in the process

From Table G1:
R=0.2968 kJ/kgK and Cy= 0.743 k] /kgK

The mass of nitrogen:
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PV =mRT
PV 150 x 0.3

=— = = 0.5355 k
RT  0.2968 x (273.15 + 10) 8

The change in internal energy:

AU = mAu =mC, (T, — T1)
= 0.5355 x 0.743 x (50 — 10) = 15.9 kJ

Nitrogen absorbs 15.9 kJ of heat in this process.

Example 2

Consider 0.2 kg of ammonia in a reciprocating
compressor (piston-cylinder device) undergoing an
isobaric expansion. The initial and final temperatures of the
ammonia are 0°C and 30°C, respectively. The pressure
remains 100 kPa in the process.

1. Sketch the process ona P — ¢ diagram

2. Calculate the boundary work in this process

3. Calculate the change in internal energy in this
process

Solution:

1. P — p diagram
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Figure 4.3.e2 An isobaric expansion process in the
superheated vapour region

2. Boundary work

From Table B2: for the initial state 1at T = 0°C, P =
100 kPa,

v; = 1.31365 m® /kg
u; = 1504.29 kJ /kg

For the final state 2 at T = 30°C, P =100 kPa,
vy = 1.46562 m® /kg
us = 1554.1 kJ/kg

Graphically, the specific boundary work is the
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shaded rectangular area under the process line in
the P - v diagram.

2
1Wo = mqwy = m/ Pdv = mP(vy — v1)
1
= 0.2 x 100 x (1.46562 — 1.31365) = 3.0394 kJ

3. Change in internal energy

AU = mAu = m(ug — uy)
= 0.2 x (1554.1 — 1504.29) = 9.962 kJ

Example 3

Consider air undergoing an isothermal expansion. The
initial and final pressures of the air are 200 kPa and 100 kPa
respectively. The temperature of the air remains 50°C in
the process. Treat air as an ideal gas.

1. Sketch the process ona P — ¢ diagram
2. Calculate the specific boundary work in this

process
3. Calculate the change in specific internal energy in

this process

1. P — p diagram
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Figure 4.3.e3 Isothermal expansion process

2. Specific Boundary work

From Table GlI: R = 0.287 kJ/kgK for air. The ideal
gas, air, undergoes an isothermal process.

‘- Pv=RT
RT (%) P1

and — = —

P,

S P =
v V1
2 2
1W2:/ Pd'l):/ Ed'l)
1 1 v
2
— RT/ Liv = RTINY — RTInEL
1 v

U1 P,
200
— 0.287 x (273.15 + 50)In o — 64.285 kJ

3. The process is isothermal; therefore, the temperature
remains constant and the change in internal energy is zero.
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4.3.2 Polytropic process and its boundary work

A polytropic process refers to any quasi-equilibrium
thermodynamic process, which can be described with the following
mathematical expression.

PV"™ = constant or Pv" = constant

where
P: pressure, in kPa or Pa
WV: volume, in m>

?: specific volume, in m? /kg

M polytropic exponent, dimensionless

By adjusting m to different values, the above two simple
expressions can be used to represent the relations of pressure-
volume or pressure-specific volume of various processes that are
encountered in real thermal systems, including the isobaric,
isochoric, and isothermal processes. Table 4.3.1 lists the polytropic
exponents corresponding to an ideal gas undergoing an isobaric,
isochoric, and isothermal process, respectively.
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Figure 4.3.4 shows different polytropic processes of an ideal gas.
In many actual thermodynamic processes, the polytropic exponents

are typically in the range of ] < n < k, where k — _P. Cp

v

and Cv are the constant-pressure and constant-volume specific

heats, respectively.

F |

Isentropic
| 1] Polytropic
|II |~
a % 3\ Isobaric
"-._"".\I el
- n=>0
o Isutheé “‘3;%
=
7
"
E by
Isochoric  |j<p {k‘i.‘;ﬁ;_“'
n=k
n = oo

Specific volume, v

Figure 4.3.4 Different processes of an ideal gas

The boundary work and corresponding specific boundary work in

a polytropic process can be calculated by using the following

equations. Detailed derivations are left for the readers to practice.

The following expressions are valid for both real and ideal gases.
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If n £ 1,

if n=1,

{_{W_{2}={P}_\mathbf{l};\ mathb
b{V}_\mathbf{I{InH{\displaystyle\
frac{\mathbb{V}_\mathbf{2}{\ mathb
b{V}_\mathbf{l}}}={P}_\mathbf{2}\ ma
thbb{V}_\mathbf{2{In}{\displaystyle\
frac{\mathbb{V}_\mathbf{2}{\ mathb
b{V}_\mathbf{IJ}\\

{_{fW_{2}={P}_\mathbf{1}\ mathb
b{V}_\mathbf{i{In}{\displaystyle\
frac{{P}_\mathbf{I}{{P}_\mathbf{2}}}
={P}_\mathbf{2}\ mathbb{V}_\mathbf
{2H{InH{\displaystyle\
frac{{P}_\mathbf{I}{{P}_\mathbf{2}}}
\\

The following two expressions are valid only for ideal gases in an

isothermal process ( 13, = 1)-
If n= ]_,

\
D _{lW_{2-{mRT}H{In}{\displaystyle\
frac{\mathbb{V}_\mathbf{2}{\ mathb
b{V}_\mathbf{l}}={{mRT}H{InH{\display
style\
frac{{P}_\mathbf{1}}{{P}_\mathbf{2}}}
\\

” P,
jwy = RTIn 2 = RTIn" %
o Py

where
1 Wy :boundary work, in kJ or J
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1 W2 : specific boundary work, in kJ/kg or J/kg
P: pressure, in kPa or Pa

V: volume, in m®

: specific volume, in m? /kg

T absolute temperature, in K

R: gas constant, in kI/kgK or J/kgK

M mass, in kg

Example 4

Consider an ideal gas undergoing a polytropic process. At
the initial state: P1=200 kPa, v1=0.05 m> /kg. At the final
state: v2=0.1m°> /kg. For n=1.3 and n=1,

1. Sketch the two processes ona P — q diagram.
Which process has a larger specific boundary work?

2. Calculate the specific boundary work and verify
your answer to the question in part 1.

Solution:

1. P — p diagram
From the P — ¢ diagram, the area under the
process line for 93, — 1] is greater than that for
n = 1.3; therefore, the isothermal process with
n, — 1] has alarger specific boundary work.
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Figure 4.3.e4 Polytropic processes of an ideal gas illustrated on the
P-v diagram

2.For , = 1.3, find the final pressure P2 first.
s Pyt = Py

n 1.3
P=P (”—1> — 200 x (%) — 81.225 kPa

V2 0.1
Pyvy — P
Wy = 2V2 1U1
1—n
81.225 x 0.1 — 200 x 0.05
- - . X2 _ 6.258 kJ/kg

For 5, — 1, the process is isothermal; therefore,
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1W2 = Plvlln (’U_z)
U1

0.1
— 200 x 0.05 x In~— = 6.931 kJ /k
BB 05 ke

Compare the specific boundary work in these two
processes, the isothermal process (n=1) has a larger specific
boundary work than the polytropic process with n =1.3.
The calculation results are consistent with the observation
from the P — g diagram.

4.3.3 Spring work

Spring work is a form of mechanical energy required to compress or
expand a spring to a certain distance, see Figure 4.3.5. Spring force
and spring work can be expressed as follows:

F=Kzx

2
1

where
" spring force, in kN or N
K: spring constant, in kN/m or N/m
Wspringi spring work, in kJ or J
&1 and X29:initial and final displacements, in m, measured
from the spring’s rest position.
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S

Figure 4.3.5 Work done by the spring force due to the
displacement from the spring’s rest position.

Alinear spring with spring constant K=100 kN/m is
mounted on a piston-cylinder device. At the initial state,
the cylinder contains 0.15 m? of gas at 100 kPa. The spring is
uncompressed. The gas is then heated until its volume
expands to 0.2 m?>. The piston’s cross-sectional area is 0.1
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m?. Assume the piston is frictionless with negligible weight
and the process is quasi-equilibrium,

1. Write an expression of the gas pressure as a
function of the gas volume in this process
Sketch the process ona P — VY diagram

3. Calculate the total work done by the gas
during this expansion process

4.  If the spring is not mounted on the piston,
the gas in the cylinder will expand isobarically
after being heated. To reach the same final
volume, 0.2 m3, how much work must be done
by the gas in the expansion process?

S

Figure 4.3.e5
Piston-cylinder device with
a spring loaded on top of
the piston

Solution:
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1. Analyze the forces acting on the piston, see below.

Any
Paosition

Initial
Position

Figure 4.3.e6 Forces acting on the piston in equilibrium

Three forces acting on the piston are in equilibrium.

ZF: 0: Fgas — L'spring + Fotm

'.'PgasA:Kw'i'Path:K% b g AL
K(V—V))
gas — 2 + Potm

At the initial state: Pgas = 100 kPa, V = Vl.

Substitute the two values,
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y K(V—V1)
. 100 = T + Patm
... Patm = 100 kPa,

with K=100 kN/m, A = 0.1 m?, Patm = 100 kPa and V=
0.15 m°, the gas pressure can be expressed as a function of
the gas volume.

100(V — 0.15)
Pus = + 100
0.1
. Ppas = 10V — 1400

where gas pressure is in kPa and Y/ is in m°.

2. P — V diagram

From part 1, Pgas is a linear function of volume V.
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P .

Figure 4.3.e7 P-V diagram showing the process from the
initial to the final states

3. During the expansion process, the gas has to overcome
the resistance from the springand. At the same time, the
gas pressure and volume increase until the gas reaches the
final state. The total work done by the gas is the shaded
area of the trapezoid in the P — VY diagram.

At the final state, V5 — (.2 m?3; therefore,

P52 = 10* x 0.2 — 1400 = 600 kPa

The total work done by the gas is
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(Pgas,Z I Pgas,l)(v2 - Vl)

2

600 + 100)(0.2 — 0.15
= (600 + )2( ) =17.5kJ

4. If the gas expands isobarically from V' = 0.15 m? to
Vz =0.2m?, the work done by the gas will be

1Waa = Pyas1 (Vo — Vy)
=100 x (0.2 — 0.15) =5kJ
1 Wa,, is the shaded area of the rectangle. The
difference between 1 W and 1 WW5,, is the gas work used

to overcome the resistance of the spring, as shown in the
shaded area of the triangle.

Wspring = 1W2 — 1W2a = 17.5 — 5 = 12.5 kJ
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1W2 = 1W2a+wspring

.y

Figure 4.3.e8 P-V diagram showing the total work and its
compositions

Practice Problems

a An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=1452#nh5p-33

4.3 Work | 141


https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/07/P-V_4.3_ex5_3-2.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/07/P-V_4.3_ex5_3-2.png
https://pressbooks.bccampus.ca/thermo1/?p=1452#h5p-33
https://pressbooks.bccampus.ca/thermo1/?p=1452#h5p-33

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it

online here:
https: /pressbooks.bccampus.ca

thermol/?p=1452#nh5p-34

Media Attributions

* Boundary work © Kh1604 is licensed under a CC BY-SA

(Attribution ShareAlike) license
» Work done by the spring force © Svjo is licensed under a CC
BY-SA (Attribution ShareAlike) license
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4.4 The first law of
thermodynamics for closed
systems

The first law of thermodynamics is essentially an energy
conservation law. Both heat and work are energy transfer
mechanisms. They play an important role in the first law of
thermodynamics. Table 4.41 summarizes the main differences
between heat and work, and internal energy.

Table 4.4.1 Comparison of heat, work and internal energy

Heat and Work Internal Energy
Both heat and work are
Characteristic | €RETEY transfer mechanisms. | Internal energy is a
They are not properties of a property of a system.
system.
Interaction Both heat and work must A system possesses a
with the cross the boundary between a | total energy and an
system system and its surroundings. | internal energy.
Both heat and work are path | Internal energy is a
Magnitude functions; their magnitudes state function,; its
g depend on the states and the [ magnitude depends on
specific process path. the state only.

The first law of thermodynamics states that the change in the total
energy stored in a system equalsthe net energy transferred tothe
system in the formof heat and work.

Aenergy = +in — out

The change in the total energy of a system during a process from
states 1to 2 can be expressed as

AE=FEy —E; =1Q2 —1 W,
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If the changes in the kinetic and potential energies of the system

are negligible, ie, AKE = APE = (), then the first law of
thermodynamics for a closed system can be simplified as
AU =U; —U; =1Q2 —1 W,
where
- total energy stored in a system
U’ internal energy of a system
Q: heat transfer in a process. A common sign convention:
positive sign (+) for the heat transfer into a system, and
negative sign (-) for the heat transfer out of a system. In
short, the sign for heat transfer: in (+), out (-). See Figure
W: work done by or to a system. A common sign
convention: positive sign (+) for the work output (work done
by a system to its surroundings), and negative sign (-) for the
work input (work done by the surroundings to the system).
In short, the sign for work: in (-), out (+). See Figure 4.4.1.
Subscripts 1 and 2 refer to the initial and final states of a
process.
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Surroundings

QM)

Heat
)0
Closed System
(m = constant)
W)
Work
W)

Figure 4.4.1 A common sign convention for heat and work transfer to a closed
system

The following procedure may be followed when solving problems
with the first law of thermodynamics.

1. Sketch the physical system described in the problem and show
its main components.

2. Set up an appropriate closed system by drawing the system
boundary. How a system is set up may determine if a means of
energy transfer can be regarded as heat or work.

3. Indicate the heat and work transferred into or out of the
system and their signs, see Figure 4.4.1.

4. Identify the type of the processes (e.g., isobaric, isothermal,
isochoric, polytropic, or isentropic). Show the processes on the
P — vand T — ¢ diagrams if possible, and list all of the

known and unknown states.
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5. Apply the first law of thermodynamics to the closed system,
eliminating the terms that are not applicable to the system.

6. Solve for the unknowns by combining the first law of
thermodynamics with the ideal gas law, thermodynamic tables,
and other physical laws as appropriate.

The following examples demonstrate how to apply the first law of
thermodynamics to closed systems.

Example 1

Consider the vapour compression refrigeration cycle
consisting of a compressor, condenser, expansion device,
and evaporator as shown. The compressor must consume
work, I/Vinv from an external energy source such as
electricity. The evaporator and condenser absorb and reject
heat, () 7 and () 1, respectively. What is the relation

between W,,, Q g, and Q1,2
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Figure 4.4.e1 Vapor compression refrigeration cycle consisting of a
compressor, condenser, expansion device, and evaporator

Solution:

The vapour compression refrigeration cycle can be
regarded as a closed system with the initial and final states
being identical; therefore, AJ = ().

AU =0=Q-W
QL — Qg — (W) =0
Qg =Qr + Wiy

Note the sign convention for heat: in (+), out (-) and for

work: in (-), out (+). This relation can be interpreted as the

total energy transferred out of the cycle remains the same
as the total energy transferred into the cycle.
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Example 2

Arigid tank has two rooms, both containing R134a at the
following initial states.

Room A: m= 2 kg, P=200 kPa, v=0.132 m° /kg
Room B: m= 3 kg, P=500 kPa, T=100°C

A crack is developed in the partition between the two
rooms, which allows R134a in the tank to mix. Assume the
mixing takes place slowly until R134a in the whole tank
reaches a uniform state at 50°C. Find the heat transfer
during this process. The process can be treated as a quasi-
equilibrium process.

Room A Room B System
Boundary
2 kg 3 kg
200 kPa 500 kPa
0.132 m3/kg 100°C

Figure 4.4.e2 A rigid tank with two rooms

Solution:
First, set the whole rigid tank as the closed system.

Because the volume of the tank remains constant,
the boundary work during the mixing process is
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zero; therefore, from the first law of

thermodynamics,
AU:Q—W and W = 0
AU =Q

The heat transfer during the process depends on
the internal energies of the initial and final states.

\begin{align*} \Delta U &amp;=U_3 -
(U_1+U_2)\\&amp;=(m_1+m_2)u_{3} -
(m_{T}u_{1} +m_{2}u_{2}) \end{align*}

where the subscripts 1, 2, and 3 represent the

initial states of R134a in rooms A and B, and the final
state of R134a in the whole tank, respectively.

Second, find the specific internal energies, ui, u2, and us,
Room A at the initial state: P =200 kPa, v = 0.132
m®/kg
From Table C1, at T = -10°C, Psat = 200.6 kPa, vg =

0.09959 m> /kg. Since v > vg, R134a at this state is a
superheated vapour.

From Table C2, at P =200 kPa, T = 60°C, v =
0.132057 m® /kg ~ 0132 m> /kg

wy = 427.51kJ /kg

Va4 =miv; =2 x0.132 = 0.264 m?
Room B at the initial state: P =500 kPa, T = 100°C

From Table C1, at T =100°C, Psq = 3972.38 kPa.
Since P < Pgat, R134a at this state is a superheated
vapour.

From Table C2, at P =500 kPa, T =100 °C
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uz = 459.65 kJ /kg

vy = 0.058054 m* /kg

Vg = mevy = 3 x 0.058054 = 0.1742 m?

The final state of R134a in the whole tank: T = 50°C

Vi Va+Vp  0.264+0.1742

= = 0.0876 m® /k
Mot my +my 243 /ke

U3

From Table C1, at T = 50°C, vg = 0.015089 m> /kg.
Since v3 > vg, R134a at the final state is a
superheated vapour.

From Table C2,

At P =200 kPa, T = 50°C, v = 0.127663
m?> /kg, u = 419.29 kI /kg

At P =300 kPa, T = 50°C, v = 0.083723
m?> /kg, u = 418.19 kI /kg

Use linear interpolation,
_ P;—200  0.0876 — 0.127663 ug —419.29

300200  0.083723 — 0.127663  418.19 — 419.29
. P3 =291.2 kPa and
us = 418.287 kJ /kg
Last, substitute wj, u2 and ug into the simplified first law,
\beginf{align*} Q &amp;= \Delta U = (m_1 +
m_2)u_{3} - (m_{ju_{1} + m_{2Ju_{2})
\\&amp; = 5 \times 418.287 - (2 \times
427.51 + 3 \times 459.65) \ \ &amp;=-142.535
\ \rm{kJ\end{align*}
During the mixing process, the heat is transferred from
the tank to the surroundings; therefore, the sign for the
heat transfer is negative.
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Example 3

Consider 0.5 kg of ammonia in a piston-cylinder device
initially at P;=100 kPa, T1=0°C. The ammonia is compressed
until its pressure reaches P2=150 kPa in a polytropic
process with n=1.25. Calculate the heat transfer in this
process.

System
boundary

Figure 4.4.e3 Ammonia in a piston-cylinder
device

First, set ammonia in the piston-cylinder as the closed
system. From the first law of thermodynamics,

CAU=Q-W
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\therefore Q =W + \Delta U= W + m(u_2
-u_l)

Second, consider the boundary work in a polytropic
process. The specific volumes are unknowns

. PVy — PV, . m(P2U2 _Pl'Ul)
N 1—n N 1—n

w

Third, find the specific volumes and specific internal
energies at both initial and final states.

At the initial state: P; =100 kPa, Ty = 0°C. From
Table B, Pgat = 429.39 kPa at 0°C. Since P1 < Pgqt,
ammonia is a superheated vapour.

From Table B2,
v1=1.31365 m>/kg, w1 =1504.29 ki/kg.

At the final state P2 = 150 kPa. The process is
polytropic with n =1.25.
Pt = Py
1 2
P\ 100 1/1.25
SUp = (F;) =1.31365 x <ﬁ> =0.94974 m® /kg

From Table Bl: at T = -25 °C and P = 151.47 kPa =~
150 kPa, vg = 0.771672 m> /kg. Since v2 > vg, ammonia
at the final state is a superheated vapour.

From Table B2,

At P =150 kPa, T = 20°C, v = 0.938100
m?®/kg, u = 1535.05 kI /kg

At P =150 kPa, T = 30°C, v = 0.972207
m?® /kg, u = 1551.95 kJ /kg

Use linear interpolation,
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. Ty —20  0.94974 — 0.938100 uy — 1535.05

©30—-20  0.972207 — 0.938100  1551.95 — 1535.05
Ty =23.4°C and
uy = 1540.82 kJ /kg

Last, the heat transfer in this process can now be found

from

Pyvy; — P
Q=W+AU:m%+m(uz —’U.l)
_ 0.5 [ 180 0.94974 - 100 x 1.31365 (1540.82 — 1504.29)
1-1.25
= —3.928 kJ

During this process heat is rejected to the surroundings;
therefore, the sign for heat transfer is negative.

Example 4

A piston-cylinder device contains steam initially at 200°C
and 200 kPa. The steam is first cooled isobarically to
saturated liquid, then isochorically until its pressure
reaches 25 kPa.

1. Sketch the whole process on the P — g and
T — v diagrams

2. Calculate the specific heat transfer in the whole
process
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System
boundary

Steam

Figure 4.4.e4 Steam in a piston-cylinder

device
Solution:
1. P — pand T — o diagrams
P T %
200 kg
1/
2 ."ﬁ'-, 1 . A I5kFa
2011 I|;|'.1 o - .-
_fl-l-_f“. o s
- LY/ 7 A
ki e ;
35S x,/ .

1 =1y i v

Figure 4.4.e5 P-v and T-v diagrams of the whole process

2. Calculate the specific heat transfer

First, set the steam in the piston-cylinder device as a
closed system. From the first law of thermodynamics,

CAu=q—w
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Sg=Au+w=(uz3 —u)+tw
Second, analyze the processes.

The process is isobaric from state 1 to state 2, then
isochoric from state 2 to state 3. The specific work is
the shaded area of the rectangle shown in the
P — o diagram,; therefore,

w = Pl(vg —'vl) and UV = Vg

Third, determine the specific volumes and specific
internal energies at states 1 and 3.

At state 1, P; = 200 kPa and Ty = 200°C.

From Table A2,
vy = 1.08048 m® /kg, up = 2654.63 kl/
kg
State 2 is saturated liquid water at P2 = 200 kPa.
From Table Al,
At T =120 °C, P =198.67 kPa, vf = 0.001060
m’/kg
At T =125 °C, P = 232.24 kPa, v = 0.001065
m’/kg
Use linear interpolation,
vy — 0.001060 T, — 120 200 — 198.67

'~ 0.001065 — 0.001060 125 — 120  232.24 — 198.67
. v9 = 0.0010602 m® /kg
and Ty = 120.2°C
At state 3, P3 = 25 kPa. v3 =12 = 0.0010602 m> /kg.

From Table Al, vf < v3 < vg; therefore, state 3 is a
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two phase mixture of saturated liquid and saturated
vapour with T3 = Tgat =~ 65°C.

ve=0.001020 m> /kg, vg = 619354
m® /kg

uf = 272.09 kI /kg, g = 2462.42
ki/kg

The quality and specific internal energy of the two
phase mixture are

v3 —v;  0.0010602 — 0.001020 6
z = = — 6.5 x 10
v, —v;  6.19354 — 0.001020

ug = us + z(ug — uy)
=272.09 + 6.5 x 10°%(0.0010602 — 1.08048)
= 272.10kJ /kg

Note that state 3 is almost a saturated liquid with
very small quality; therefore, uz = ug,
Last, calculate the specific boundary work and specific
heat transfer in this whole process
w = Pl (’03 — U1 )
= 200 x (0.0010602 — 1.08048)
— —215.884 kJ /kg

\begin{align*} q &amp;=(u_3 -u_1)+ w
\\&amp;=(272.10 - 2654.63) + (-215.884) \ \&amp;=
-2598.4 \ \rm{kJ/kgh\end{align*}

In this cooling process, the volume decreases, resulting in
a negative specific boundary work. The temperature and
the internal energy decrease too. As a result, the specific
heat transfer is negative indicating a heat loss from the
system to its surroundings.
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Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=1454#h5p-35

Media Attributions

» Vapor compression refrigeration cycle © WGisol is licensed
under a CC BY-SA (Attribution ShareAlike) license
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4.5 Chapter review

Energy can be transferred to and from a closed system by two
mechanisms: heat transfer and work. Both heat transfer and work
have a significant effect on the total energy as well as the internal
energy stored in a system, as expressed in the first law of
thermodynamics.

When applying the first law of thermodynamics to a closed
system, it is important to evaluate the internal energy of the system
at various states of a process, and the boundary work and heat
transfer during the process.

* The internal energy is a property of a system. It is a state
function and is independent of the process path. In general, the
specific internal energy can be found by using thermodynamic
tables. For ideal gases, solids or liquids, the specific internal
energy can be calculated by using the constant-volume specific
heat.

* Heat transfer and boundary work are not properties of a
system. They are boundary phenomena and path functions.
Their magnitudes depend on the initial and final states as well
as the path of a process.

* The boundary work and specific boundary work in a process
can be expressed graphically as the area under the process
curve in the P — VY and P — g diagrams, respectively;
therefore, these diagrams are often used when evaluating the
boundary work in a process.
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4.6 Key equations

Constant-volume specific
heat

C, =

Change in specific internal
energy for all fluids

Au = uy —ug

Change in specific internal
energy for ideal gases

Au = Cv (T2 - Tl)

Specific heat transfer q=
2
Boundary work 1 W2 — / PdV
1
2
Specific boundary work 1Wy = / Pdv
1
Spring force F=Kx

Spring work

2
1
Wpring = /1 Fdzx :§K (m%

The first law of
thermodynamics for closed
systems

AU:UQ—Ul :1Q2_1W2
sassuming AKF = APE =0

Equations for polytropic Processes
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Process function

Pv" = constant

Boundary work for real
gases

it £ 1,

If m = 1,
{_{W_{2)~{P}_\mathbf{i}\m
thbb{V}_\mathbf{l}{In{\displays|
1
%]rgé{\mathbb{v}_\mathbf{Z}}{\n
athbb{V}_\mathbf{1}}}={P}_\mat
bf{2\mathbb{V}_\mathbf{2{In}|
\displaystyle\
frac{\mathbb{V}_\mathbf{2}{\nj
athbb{V}_\mathbf{1}}}\\
{_{JW_{2}={P}_\mathbf{l}\m
thbb{V}_\mathbf{l{In{\displayst
1
%Irg}{{P}_\mathbf{l}}{{P}_\mathb
{2}={P}_\mathbf{2\mathbb{V}]
\mathbf{2{In}{\displaystyle\
frac{{P}_\mathbf{1}}{{P}_\mathbf
I\
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= p——

=

o

Specific boundary work for
real gases

itn #£ 1

]f'n,:]_7
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itn £ 1

If m = 17
{_{JW_{2}={P}_\mathbf{l\m
thbb{V}_\mathbf{l{In{\displayst
1
%]r:}{\mathbb{v}_\mathbf{Z}}{\n
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Boundary work for ideal
gases
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Specific boundary work for fn=1 ,
ideal gases

(T in Kelvin)
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5. THE FIRST LAW OF
THERMODYNAMICS FOR A
CONTROL VOLUME
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5.0 Chapter introduction and
learning objectives

Many thermal devices, such as compressors, turbines, and heat
exchangers can be modelled as open systems. A common feature
of these devices is that they all have inlets and outlets, through
which a working fluid transfers both mass and energy into and
out of the devices. This chapter extends the concept of energy
conservation to open systems with a focus on steady-state, steady
flows (SSSF). Examples are given to illustrate the applications of
the first law of thermodynamics in typical SSSF devices such as
turbines, compressors, heat exchangers, expansion valves, and
mixing chambers.

Learning Objectives

After completing the chapter, you should be able to

*  Determine the enthalpy of real substances by using
thermodynamic tables

e Calculate the enthalpy of ideal gases, solids, and
liquids by using constant-pressure specific heat

e Calculate mass flow rate and volume flow rate

e Explain the differences between steady and
transient flows

e Explain the physical meanings of mass and energy
conservation
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e Apply the conservation equations of mass and
energy to steady-state, steady flow devices
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5.1 Enthalpy

Enthalpy is an important thermodynamic property for the analysis
of energy conservation in open systems. It combines the internal
energy and flow work associated with the flowing fluid (see Section
2.2.5 for details). The following sections explain how to determine
the specific enthalpy at a given state.

5...1 Using thermodynamic tables to determine

specific enthalpy h

As described in Chapter 2, thermodynamic tables can be used to
determine thermodynamic properties, such as pressure,
temperature, specific volume, specific internal energy, specific
enthalpy, and specific entropy of a pure substance at a given
condition. After the specific enthalpy is found, the enthalpy can
then be calculated by using the following equation:

H =mh

where
H: enthalpy, inkJ or ]
h: specific enthalpy, in kl/kg or J/kg
M. mass of the system, in kg

Example 1
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Find the missing properties of R134a and ammonia at the
given conditions.

Substanc T, P, h,kl/ Phas
e °c kPa kg e

—_

R134a 20 380

2 Ammonia -20 200

Solution

1. R134a at T = 20°C has a specific enthalpy of h = 380 ki/
kg

From Appendix C, Table C1, at T = 20°C, h= 227.47 kI/kg,
hg = 409.75 kJ/kg. Since hf < h < hg, R134a at this state is a
two-phase mixture of saturated liquid and saturated vapour
with a pressure of P = Pgyt = 0.57171 MPa = 571.71 kPa and a
quality of
h —hy 380 — 227.47

- — 0.83679
hyg—hy  409.75 — 227.47

Tr =

2. Ammonia at a temperature of T = -20°C and a pressure
of P =200 kPa

From Appendix B, Table Bl, at T = -20°C, Psat = 0.19008
MPa = 190.08 kPa. Since P > Pgyt, ammonia at this state is a
compressed liquid with h = hf = 251.71 kJ /kg.

In summary,
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Substa T, P, h,
nce °C | kPa | ki/kg x s
2 571 0.83 Two-phase
Ridda 1 o | 71| 380 679 mixture
Ammon = 20 251. na Compresse
[ia 20 0 71 < d liquid

5-1.2 Constant—pressure SpCCiﬁC heat

Constant-pressure specific heat is defined as the energy required
to raise the temperature of a unit mass (i.e., 1 kg) of a substance by
1 degree (i.e., 1°C, or 1K) in an isobaric process. Mathematically, it is
expressed as

oh
“=\or

p

where
Cp: constant-pressure specific heat, in k] /kgK
h: specific enthalpy, in kJ/kg
T temperature, in K or °C

The constant-pressure specific heat of selected substances can
be found in Appendix G. For example, the constant-pressure
specific heat of air at 300 K is 1.005 kJ/kgK, see Table Gl1. Let us
consider one kilogram of air originally at 300 K in a piston-cylinder
device. It will require 1.005 kJ of heat for the air temperature to
increase from 300 K to 301 K if the piston-cylinder device is heated
to allow the air to expand in an isobaric process.
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It is important to note that both specific heats, C'u and p, are
properties of a substance. Although they are typically measured in
isochoric and isobaric processes, respectively, their applications are
NOT limited to isochoric or isobaric processes. For ideal gases, C’U
and Cp can be used to determine Aq; and A}, respectively, in
ANY processes.

5.1.3 Using Cp to calculate Ah for ideal gases

The specific enthalpy of an ideal gas is a function of temperature

only, h = f(T), therefore,
o ( Oh ) ( dh ) #(T)
p— \ qm = e =
ar /), \dT),
The change of specific enthalpy of an ideal gas within a small
temperature range can be calculated as
Ah=hy —hy = Cy(Tp — T})
where
Cp: constant-pressure specific heat in a small
temperature range, in kJ/kgK
h: specific enthalpy, in kI /kg
T temperature, in K or °C

Subscripts 1 and 2 represent states 1 and 2 in a process,
respectively.

The above formula is a simple, approximate method to estimate
the change of specific enthalpy of an ideal gas due to temperature
variations. It is reasonably accurate and may be used when the
thermodynamic tables of an ideal gas are not available. Table G1
lists the constant-pressure specific heat of selected substances at
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300 K. Strictly speaking, since Cp = f(T), Cp at a different

temperature should be calculated according to that specific
temperature. However, Table Gl is often used in approximate
calculations as long as the temperature variations of the ideal gas
remain in a small range.

The specific heat ratio, k, of an ideal gas is defined as the ratio of

Cp to C.

The following equations relate C,, C,, k, and R. Detailed
derivations are omitted here.
R

Cp = ——
k—1

5.1.4 Using Cp to calculate Ah for solids and
liquids

Liquids and solids are generally treated as incompressible
substances because their volumes do not change with pressure
or temperature significantly. For liquids and solids, the difference
between the constant-volume specific heat and the constant-
pressure specific heat is typically negligible; therefore,

C, = C,
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Example 2

Consider a piston-cylinder device containing 2 kg of
oxygen at 300 K, 200 kPa. The piston-cylinder device is
made of 0.5 kg of aluminum. How much heat is required for
the oxygen to reach a temperature of 600 K in an isobaric
process? Assume the oxygen and the piston-cylinder are
always in thermal equilibrium during the isobaric process.
The oxygen can be treated as an ideal gas in this heating
process.

Solution

First, set up a closed system as shown outlined in blue,
which consists of the piston-cylinder and Og,
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System

Vaz i Boundary
0,

0

Figure 5.1.e1 Piston-cylinder device containing
oxygen

Second, apply the first law of thermodynamics to the
closed system. Note that, in the heating process, the
temperatures and internal energies of both Oz and the
piston-cylinder increase.

AUt = Qot — Wo, and
AUt = AUO2 + AUy

S Quot = AUt + WOZ = AUy + (AUOZ + WOz)

Third, calculate the change in internal energy of the
piston-cylinder. From Table G3, the constant-pressure
specific heat for aluminum is Cp,al =0.897 kI /kgK.

AUy = Mg At = mgAhy
= Mg C1p,al (T2 - Tl)
= 0.5 x 0.897 x (600 — 300) = 134.55 kJ
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Fourth, analyze the boundary work done by Oz and the
change in internal energy of O in this isobaric process,

where Pl — P2 = P.

\begin{align*} \because \; \; W_{O_{2}} &amp;=
P(\mathbb{V}_2 - \mathbb{V}_1) \; \; \; \; \Delta
U_{O_{2}}=U_2 - U_1 \\ H &amp;=U+P\
mathbb{V} \end{align*}

.. AUo, + Wo, = (Uy — Uy) + P(Vy — V1)
= (U2 + Psz) — (Ul + P1V1)
= H, — H;
AU02 + W02 = AH 0, (for isobaric
process)
From Table GI, the constant-pressure specific
heat for oxygen is Cp’02 =0.918 kJ/kgK.
S AHp, =mop,Cpo, (T2 — T1)
=2 x 0.918 x (600 — 300) = 550.8 kJ

Last, calculate the total heat transfer in this process.

Qtot = AU'al + AHOg
= 134.55 + 550.8 = 685.35 kJ

Practice Problems
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5.2 Mass and energy
conservation equations mn a
control volume

5.2.1 Steady flow and transient flow

An open system allows both mass and energy to transfer across
its boundary. Many thermal devices, such as compressors, turbines,
and heat exchangers have inlets and outlets and can be modelled as
open systems. Figure 5.2.1 is a schematic drawing of an open system
with one inlet and one outlet. A control volume (C.V.), shown as
the dash-lined rectangle in Figure 5.2.1, is selected for the analysis
of the change of properties in the open system. A working fluid
flows into and out of the control volume through the inlet and
outlet. In addition, energy transfer occurs between the system and
its surroundings in the form of heat and work. As a result, both mass
and energy within the control volume may change over time.

If neither the mass nor the energy within the control volume

. . dmgy
change with respect to time, ie, ——— — () and
dt
dEcy .
—— = (), the flow is called a steady flow. In a steady flow,
dt

the thermodynamic properties within a control volume do not
change with respect to time; but they do not need to remain
uniform everywhere within the control volume. The properties may
vary from point to point, but at any given point, they must remain
the same during the entire process. Many devices may be treated as
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steady flow devices after they have been in operation for a certain
period of time under the same operating condition.

In a transient flow, the mass and energy within a control volume

dm
change with respect to time, i.e, 2V, ?é () and
dt
dEcy . .
- ;A (). Consequently, other thermodynamic properties
dt

may also change with respect to time. Flow through a device during
its start-up and shut-down periods is usually treated as a transient
flow.

Heat gdded

) i
________ . Work performed

| external to boundar
|f Y y

shaft

out

System boundary (open)

Figure 5.2.1 Flow through a control volume showing mass and energy
transfers

5.2.2 Mass conservation equation

The mass flow rate and volume flow rate are defined as the mass
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and volume of a fluid flowing through an inlet or outlet per unit

time, respectively. They are expressed as

awv
:E:m’():‘/avg,nA

dm -
n=——=pV=pV, nA

where

A: cross-sectional area of the inlet or outlet, in m?

M. mass of the flow, in kg

1, mass flow rate, in kg /s

V: volume of the flow, in m®

V: volume flow rate, in m> /s

Vvavg,n: average velocity normal to the cross-sectional
area 4,inm/s

P: density of the working fluid, in kg/ m?

: specific volume of the working fluid, in m>/ kg

The conservation of mass, also called the continuity equation,
states that mass cannot be created or destroyed. The time rate of
change of massin a control volume at a certain time equalsthe
netmass flow rate intothe control volume at that time.

Amass = +in — out
dmcy . .
N

. mcy .
Since — " — () for steady flows, the mass conservation

dt

equation for steady flows is, therefore, written as
D= ) e
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where 1,; and 1, represent the mass flow rates through the

inlets and outlets of a control volume, respectively.

5.2.3 Energy conservation equation

The exchange of energy between a control volume and its
surroundings is achieved via three mechanisms: (1) heat transfer, (2)
work, and (3) mass transfer. The conservation of energy in a control
volume states that the time rate of change of energyin a control
volume at a certain time equalsthe netrate of energy transfer
intothe control volume at that time via the three mechanisms:heat
transfer, work, and mass transfer.

Aenergy = +in — out

dEcy . 1o, _ . 1_,
dt 7QCU_WCU+Zml(h’L+5‘/i +gzz)_zm6(he+5Vé +!]Ze)
_dE¢y .
Since ——— — () for steady flows, the energy conservation
dt

equation for steady flows is, therefore, written as
. . 1, . . 1,
ch+zmi hz+§v; +gzi :ch"'zme he+§% +gze

where
h: specific enthalpy, in ] /kg
m: mass flow rate, in kg/s
ch: rate of heat transfer, in W, across the boundary of a

control volume
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V/: average velocity of the working fluid through an inlet
or outlet, in m/s

W ., work, in W, across the boundary of a control volume

Z: elevation of an inlet or outlet, in m
Subscripts, i and e, refer to the inlet and outlet of the
control volume, respectively.

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca,

thermol/?p=16594h5p-37

Media Actributions

* Flow through a control volume © derivative work: Pbroksl3 is
licensed under a Public Domain license
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5.3 Applications of the mass
and energy conservation
equations in steady flow
devices

5.3.1 Turbines and compressors

Turbines and compressors are common energy conversion devices,
in which the energy of a working fluid is converted to mechanical
energy or vice versa. A typical turbine consists of rotor blades
attached to a shaft, which is free to rotate. Figure 5.3.1 shows the
main components of a hydraulic turbine. During the operation of
a turbine, a working fluid (e.g., steam, gas, wind or water) flows
continuously over a row of highly curved blades, creating a torque
on the blades. In this process, the energy of the working fluid is
converted to the mechanical energy of the rotating shaft.
Consequently, the pressure and temperature of the fluid gradually
decrease in the turbine. Figure 5.3.2 illustrates the energy
conversion in a wind turbine. The wind energy is first converted to
the mechanical energy of the shaft and gearbox, then converted to
the electrical energy through the generator.

Compressors work in the opposite way to turbines. Compressors
consume shaft power in order to increase the pressure of a working
fluid, typically a gas. In a dynamic compressor, such as a centrifugal
compressor, the increase of the gas pressure is achieved by forcing
the gas into narrow passages formed by adjacent blades, which
rotate around a shaft. Figure 5.3.3 shows a centrifugal compressor
driven by an electric motor. In a reciprocating compressor, the

5.3 Applications of the mass and
energy conservation equations in



increase of the gas pressure is achieved by the decrease of the
gas volume as the piston, driven by a crank-shaft, compresses the
gas. Figure 5.3.4 animates the expansion and compression processes
in a reciprocating compressor. In both dynamic and reciprocating
compressors, the mechanical energy of the rotating shaft or crank-
shaft is converted to the energy stored in the fluid. As a result, the
pressure of the fluid increases in the compressor.

Genator

rbine
nerator Shaft

b

Turbine Blades

Figure 5.3.1 Hydraulic turbine
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Control system

—_—
—
—_—
—_—
—_— Turbine Gearbox Generator  Power interface Grid
) ——
Wind Power Mechanical power Electric power

Figure 5.3.2 Wind turbine schematic showing the energy conversion

Figure 5.3.3 Centrifugal compressor
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Figure 5.3.4 Reciprocating compressor: animation of the compression and
expansion processes

Figure 5.3.5 illustrates the flow of energy through a turbine and a
compressor. A typical turbine or compressor has one inlet and one
outlet. We may apply the following assumptions to typical turbines
and compressors:

* The flow through a turbine or a compressor is steady.
* The turbine or compressor is well-insulated: ch =0

* The changes in potential and kinetic energies are negligible
compared to the change in enthalpy: A PFE = (),

AKE =0

With these assumptions, the mass and energy conservation
equations can be simplified as follows,

Turbine:
m; =me =m
Wshaft — m(hz - he)
Compressor:
m; =me =m
Wshaft — m(he - hz)
where
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h: specific enthalpy of the working fluid, in ki/kg

1, mass flow rate of the working fluid through a turbine
or compressor, in kg/ m>

W shaft' shaft power of the turbine or compressor, in kW

Subscripts, i and e, represent the inlet and exit of the
turbine or compressor, respectively.

Oiutlet

Inlet
mh; mhe
wshu fe
W,
¥ YV sha
Turbine | Compressor
thh, mh;
Outlet Indet

Figure 5.3.5 Flow of energy through a turbine and a compressor

Example 1

The inlet and outlet conditions of an air compressor are
P1=100 kPa, T1=20°C, and P2=300 kPa, respectively. The
mass flow rate of air through this compressor is 0.015 kg /s.
How much power input from the shaft is required to drive
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this compressor? Apply the following assumptions in your
analysis: (1) the flow is steady with negligible changes in the
kinetic and potential energies; (2) the compressor is well-
insulated; (3) air is an ideal gas; and (4) the process is
polytropic with n=1.35.

Solution:

Analysis: the shaft power of the compressor is
proportional to the change in enthalpy of air in the
compressor. Because air is treated as an ideal gas, the
change in enthalpy can be calculated in terms of the change
in temperature. Therefore, we need to find the temperature
at the outlet of the compressor first.

Air is an ideal gas and the process is polytropic;
therefore,

Pv=RT
Pv" = constant

Combine the above two equations and eliminate v,
Pn71 _ R"
constant

Apply the above equation to the process between the
inlet condition, state 1, and the outlet condition, state 2.
Note that R is the gas constant of air,

P2 n—1 B T2 n
P - \T
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n—1
P, n
T =T (=
e 1<P1>
1.35 -1
300) 1.35

= (273.15 + 20) [ =—
( i )<100

=389.75 K = 116.6 °C

From Table G1, Cp = 1.005 kJ/kgK for air. Apply the energy
conservation equation to the compressor considering the
first two assumptions in the question descriptions.

W shage = m(he — h1)
= Gy (Tp — T)
= 0.015 x 1.005 x (116.6 — 20) = 1.456 kW

The compressor consumes 1.456 kW of power when
operating under the given conditions.

5.3.2 Throttling valves

Throttling valves are also called thermal expansion valves. They
are used in vapour compression refrigeration systems to regulate
the pressure in the evaporator as well as the superheat of the
refrigerant flowing out of the evaporator. Throttling valves may
be constructed as a porous plug, capillary tubes, or an adjustable
valve such as an orifice, ball, or poppet valve. By restricting the
refrigerant flow through the valve, a considerable pressure drop
can be achieved. As the pressure of the refrigerant decreases, its
corresponding saturation temperature decreases accordingly.
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Therefore, a phase change often occurs as the refrigerant passes
through a throttling valve. Figure 5.3.6 shows a thermal expansion
valve in a vapour compression refrigeration system. The following
assumptions are commonly used for the analysis of the mass and
energy conservation in a typical throttling valve.

* The flow through a throttling valve is steady.

* The flow through a throttling valve is fast enough so that the
heat transfer between the refrigerant and its surroundings is
negligible. Therefore, the flow is commonly treated as

adiabatic: ch =0

* No work exchange occurs between the refrigerant and its

surroundings: |/ .. = 0
* The changes in potential and kinetic energies are negligible
compared to the change in enthalpy: A PFE = (),

AKE =0

Based on these assumptions, the mass and energy conservation
equations in throttling valves can be written as
m; = me
h; = he
where
h: specific enthalpy of the refrigerant, in k/kg
1 mass flow rate of the refrigerant through a throttling
valve, in kg / m>
Subscripts, i and e, represent the inlet and exit of the
throttling valve, respectively.

188 | 5.3 Applications of the mass and energy conservation equations in
steady flow devices



sensing capilliary ﬁ
I pressure equalization line
—
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Figure 5.3.6 Thermal expansion valve in a vapour compression refrigeration
system

Example 2

A simplified transcritical CO2 refrigeration cycle consists
of four processes: compression (1—>2), gas cooling (2—>3),
expansion (3—>4), and evaporation (4—>1), as shown in the
P — h diagram, Figure 5.3.el. The CO2 gas enters the
expansion valve at 10 MPa, 20°C (state 3) and is throttling to
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a pressure of 3 MPa (state 4). Determine the quality and
temperature of COz at state 4.
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Figure 5.3.e1 P-h diagram for CO2

Solution:

The specific enthalpy remains constant in the expansion
process; therefore h3 = h4.

At state 3, P3 =10 MPa, T3 = 20°C. From Table D2, h3 =
24270 kI /kg

At state 4, P4 = 3 MPa, hg = h3 = 242.70 kI /kg
From Table D1,
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At T =-6°C, P =2.96316 MPa, hy = 185.71 kI /kg, hg =
43379 kI /kg
At T =-4°C, P = 313027 MPa, hf = 190.40 ki /kg, hg
=432.95 kI /kg
State 4 must be a two-phase mixture and its saturation
temperature must be -6°C < T4 < -4°C. Use linear
interpolation to determine the saturation temperature, T4,
the specific enthalpy of the saturated liquid, hf 4, and the

specific enthalpy of the saturated vapour, hg 4, of CO2 at P4
=3 MPa.

T, —(-6) 3296316
(—4) — (—6)  3.13027 — 2.96316
Ty, = —-5.56°C

hfa —185.71 hg4 —433.79 3 —2.96316
©190.40 — 185.71 ~ 432.95 — 433.79  3.13027 — 2.96316

. hps = 186.74 kJ /kg
hgs = 433.60 kJ /kg

The quality of the two phase mixture at state 4 is

hy —hgs 242,70 — 186.74

— = 0.2267
hga — hya  433.60 — 186.74

T4 =

5.3.3 Nozzles and diffusers

Nozzles and diffusers are devices used to accelerate or decelerate
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flow by gradually changing their cross-sectional areas. They are
widely used in many engineering systems, such as piping systems,
HVAC (heating, ventilating, and air conditioning) systems, and steam
and gas engines. Figure 5.3.7 illustrates a turbojet engine, which
consists of a centrifugal compressor, a combustion chamber, a
turbine, and a nozzle section. The gas leaving the turbine is
accelerated in the nozzle section, creating a high velocity jet, and
thus a high thrust.

The flow in nozzles and diffusers can be subsonic or supersonic.
In this book, we will only discuss subsonic nozzles and subsonic
diffusers; thereafter, the terms “nozzle” and “diffuser” refer to
subsonic nozzle and subsonic diffuser, respectively.

Centrifugal impeller
(compressor)

Shaft Turbine

2}

Nozzle

Combustion
Chamber

Figure 5.3.7 Schematic of turbojet engine consisting of a centrifugal
compressor, a combustion chamber, a turbine, and a nozzle section

In a nozzle, the flow velocity increases and the pressure decreases
as the cross-sectional area of the nozzle decreases. On the contrary,
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in a diffuser, the flow velocity decreases and the pressure increases
as the cross-sectional area of the diffuser increases. Figure 5.3.8
shows a schematic of a nozzle and a diffuser. The following
assumptions are commonly made when analyzing the mass and
energy conservation in a typical nozzle or diffuser.

» The flow through a nozzle or diffuser is steady.

* The flow through a nozzle or diffuser is fast enough so that the
heat transfer between the fluid and its surroundings is
negligible. Therefore, the flow is commonly treated as

adiabatic: ch =0

* No work exchange occurs between the fluid and its

surroundings: |/ .. = 0
* The change in potential energy is negligible compared to the
changes in enthalpy and in kinetic energy: A PF, = ()

With these assumptions, the mass and energy conservation
equations in nozzles and diffusers can be written as

m; = Me

1 1
hi—f—EViz :he+§Ve2

where

h: specific enthalpy of the fluid, in J/kg. Note: J/kg =
m? /s2.

1, mass flow rate of the fluid through a nozzle or diffuser,
inkg/ m?

V: velocity of the fluid, in m/s

Subscripts, i and e, represent the inlet and exit of the
nozzle or diffuser, respectively.
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Figure 5.3.8 Nozzle (A) and diffuser (B)

Example 3

The inlet and outlet diameters of a hydrogen nozzle are
44 mm and 20 mm, respectively. Hydrogen enters the
nozzle at -30°C, 5 bar, and 2 g/s, and exits the nozzle at 2
bar. Assuming the process is adiabatic and hydrogen is an
ideal gas, what is the temperature and velocity of hydrogen
at the nozzle outlet?

Solution:

Analysis: the energy conservation equation provides the
relationship between the temperature, specific enthalpy,
and velocity of the hydrogen. We will apply the mass and
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energy conservation equations to find the velocity and
temperature at the nozzle outlet.

Figure 5.3.e2 Flow through a nozzle

From Table G1: R = 4.124 k] /kgK and Cp = 14.307 kI /kgK
for hydrogen.

Apply the mass flow rate and ideal gas law to the inlet of

the nozzle:
wm=p1ViA; and P, = pRTy
11 RTy
VN =—
"7 TpA,

0.002 x 4.124 x (273.15 — 30)
— =2.638 m/s
500 x m x 0.0222

Apply the mass conservation equation and the ideal gas
law to the inlet and outlet of the nozzle:

Ty = g
p1V1A1 = P2V2A2
and P| = py RTy , P = po RT)
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AP T, P T Di\?
Vo=V =V X | =
2 ! A2P2T1 ! P2T1 D2
5x Ty 44\? T
= 2.638 — = 31.92—
“oxT <20> T,

Apply the energy conservation equation to the inlet and
outlet of the nozzle:

1 1
i+ SVE =he + V7
and Ah = Cp (T2 — Tl) for ideal gases

therefore,

1 1
CpTl + §V12 = CpT2 S §V22

T:
Substitute Vo = 31.92 =4 and rearrange
1

V2 T3 1 T\ 2
1+ —L =224 31.92=%
2C,T1 T, 2C,T, T,

Substitute V1 = 2.638 m/s, Ty =273.15 - 30 = 243.15 K, Cp =
14307 ] /kgK into the above relation, and rearrange,

n\?2 T
0.00014643(—2> + 22 1=
Ty

T
.o — = 0.99985
Ty

Ty =0.99985 x 243.15 = 243.11 K = —30.04 °C
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T
-V =31.9222 =31.91m/s
Ty
In this nozzle, the velocity increases significantly as the
pressure decreases. The temperature remains almost

constant.

Important note:

e The temperatures in the calculations must be in
Kelvin because the ideal gas law is used to derive other
equations.

e The constant-pressure specific heat must be in J/
kgK to ensure the consistency of the units.

5.3.4 Ducts and pipes

Ducts and pipes are used to transport liquids and gases. Their
configurations vary largely with applications; therefore, it is
impractical to apply general assumptions to all ducts and pipes.
Ducts and pipes may be analyzed specifically with the mass and
energy conservation equations in Section 5.2.
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Example 4

Consider a vertical pipe section exposed to the ambient.
The pipe has a constant diameter of 100 mm. Its inlet is 5 m
above its outlet. Water at 10°C and 100 kPa enters the pipe
at a velocity of 2 m/s, and exits at 12°C and 100 kPa.
Assuming steady flow, what is the rate of heat transfer
absorbed by the water in this pipe section?
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2

Figure 5.3.e3 Flow
through a vertical pipe
section

v

Solution:

From Table Al, water is a compressed liquid at both inlet
and outlet conditions, therefore,

v1 = vy = vy = 0.001 m3/kg
1 3
p1 ~ po = — = 1000 kg/m
L
Mass flow rate is
m = pViA; = 1000 x 2 x 7 x 0.05% = 15.7 kg/s

Apply the energy conservation equation to the pipe
section

c 1 1
Q+m (h1 + §V12 +gZ1) =m (h2 + §V22 +922)
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Since the diameter of the pipe section and the density of
water remain constant in the pipe, the inlet and outlet
velocity must be the same based on the mass conservation
equation. From Table G2: Cp =4.181 k] /kgK = 4181 ] /kgK for
water.

V="

. Q =m(hy — hy + gz2 — gz1)

me(Tz = T1) + mg(z2 = zl)

= 15.7 x 4181 x (12 — 10) + 15.7 x 9.81 x (—5)
= 130580 W = 130.6 kW

The water absorbs 130.6 kW of heat from the ambient.

Important note:

*  The constant-pressure specific heat must be in J/
kgK in the calculations to ensure the consistency of the
units.

5.3.5 Mixing chambers

Mixing chambers are devices used to mix multiple streams of a
fluid to achieve a desirable temperature or phase in the mixed flow.
Figure 5.3.10 is a schematic of a mixing chamber in HVAC systems,
where the outdoor fresh air mixes with the indoor return air in
order to achieve a desirable air temperature and a targeted fresh air
to return air ratio. The common assumptions for analyzing the mass
and energy conservation in a mixing chamber are listed below:

* The flow through a mixing chamber is steady.
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* No work exchange occurs between the mixing chamber and its
surroundings: ch =0
* The changes in potential and kinetic energies are negligible:

APE =0 AKE =0
* The pressure variation in a mixing chamber is usually
negligible.

With these assumptions, the mass and energy conservation
equations in mixing chambers can be written as

S =Y
ch + Zmzhz - Zmehe

h: specific enthalpy of the fluid, in kl/kg
7 mass flow rate, in kg/m>

where

ch : rate of heat transfer entering the mixing chamber, in

kw
Subscripts, i and e, represent the inlets and exits of the
mixing chamber, respectively.

Cold air Mixed air
~» Mixing Chamber | a) >

F Y
(2)
Return air

Figure 5.3.10 Schematic of a mixing chamber in HVAC
(heating, ventilating and air conditioning) system
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Example 5

Consider a well-insulated mixing chamber in an HVAC
system, see Figure 5.3.10. The cold outdoor air at -10°C and
100 kPa mixes with the return air at 22°C and 100 kPa. The
mass flow rates of the outdoor air and return air are 0.5
kg/s and 3 kg /s, respectively. Assume the flow is steady
and the air is an ideal gas under the given conditions. What
is the air temperature leaving the mixing chamber?

Solution:

Apply both mass and energy conservation equations to
the mixing chamber:

my + g = 13
mihy + maohs = 1hghg
\Deltah=C_p \Delta T (for ideal gases)
From the above three equations,

\begin{align*} T_3 &amp;=
\dfrac{\dot{m}_{1}T_2 +
\dot{m}_{2}T_2H{\dot{m}_1 + \dot{m}_2}
\\&amp;= \dfrac{0.5 \times (-10) + 3 \times
(22)H0.5 + 3} =17.43 \ {}" \rm{o} \rm{C}
\endfalign*}

The mixed air leaves the mixing chamber at a
temperature of 17.43°C. In this calculation, the

temperatures can be expressed either in °C or Kelvin as as
long as the consistent units are used.
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5.3.6 Heat exchangers

Heat exchangers are used to transfer heat between two flowing
fluids. They can be found in many applications, such as HVAC
systems, automotive systems, power generation plants, and
chemical processing. Heat exchangers come in different types. For
example, Figure 5.3.11 shows a tube-within-shell heat exchanger,
where heat is transferred between the shell-side fluid and the tube-
side fluid. The tube-within-shell heat exchanger is a typical indirect
heat exchanger, in which the two fluids don't mix during the heat
transfer process.

i tube-side
Straight-tube heat exchanger  cnozige fuidin
(two pass tube-side) fluid in ﬂ
tube sheet tube bundle with ﬂ
straight tubes J
1 [
— ﬁu
= —Z
= =3
= s
= =
= B
- 3
- 5
11 - j“‘

shell tube sheet
haffles ﬂ

shell-side
fluid out

Figure 5.3.11 Schematic of a straight tube heat exchanger

Below are the common assumptions for analyzing the mass and
energy conservation in an indirect heat exchanger:
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* The flows through an indirect heat exchanger are steady.

» Each flow passage has only one inlet and one outlet.

* No work exchange occurs between the heat exchanger and its
surroundings: |/ ., = 0

* The changes in potential and kinetic energies are negligible:

APE =0 AKE=0

» The pressure variation in a heat exchanger is usually negligible.

With these assumptions, the mass and energy conservation
equations for an indirect heat exchanger can be written as

™Mi hot = Me hot
My cold = Me,cold

ch + Z mzhz — Z mehe
where

h: specific enthalpy of the fluid, in kI /kg
m: mass flow rate, in kg/m3

ch: rate of heat transfer entering the heat exchanger, in

kW

Subscripts, i and e, represent the inlet and exit of the heat
exchanger, respectively.

Subscripts, hot and cold, represent the hot and cold
streams, respectively, through the heat exchanger.

It is important to note that, although the mass and energy
conservation equations derived for mixing chambers and heat
exchangers look very similar, there exists a major difference
between these two devices. In a mixing chamber, all flow streams
mix and exit as a single stream; therefore, both mass and energy
conservation equations are applied to the entire mixing chamber
consisting of all flow streams. On the contrary, in an indirect heat
exchanger, the cold and hot streams do NOT mix; therefore, the
mass conservation equation must be applied to each flow stream
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individually. The energy conservation equation may be applied to
the entire heat exchanger or each flow stream individually.

Example 6

Consider the evaporator of a vapour compression
refrigeration system using R134a as the working fluid. R134a
enters the evaporator at -10°C with a quality of 0.1 and exits
as a saturated vapour. Air enters the evaporator in a
separate stream at 25°C and exits at 5°C. Assume (1) the
evaporator is well-insulated; (2) the flow is steady; (3) the
pressure remains constant in the evaporator; and (4) air is
an ideal gas. What is the mass flow rate of air required in
this system if the mass flow rate of R134a is 2 kg /s?

Well-insulated system

(1) y 2)
R134a — -\ \"\V/\\NN"H+—>

DU BV\V VAVAV, VS Puipy
(@) (3) A

Figure 5.3.e4 Heat exchanger

Solution:

Apply the mass conservation equations to the R134a and
air streams, separately.

My = 1y = MR134a
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m3 = M4 = Mygir
Apply the energy conservation equation to the
evaporator.

-myhy +m3hg = mghe + myhy

.. Mair (h3 — hy) = mR134a (h2 — h1)
(he — h1)

(hs — h4)

Find the specific enthalpies of R134a at states 1 and 2

. Mair = TRI134q

using thermodynamic tables.
At state 1, Ty = -10°C, x= 0.1. From Table C1, hf=
186.70 kI/kg, hg = 392.67 ki /kg
hy = hy + x(hy — hy)
= 186.70 + 0.1 x (392.67 — 186.70) = 207.297 kJ /kg

At state 2, R134a is a saturated vapour at T2 =
-10°C; therefore,

hy = h, = 392.67 kJ /kg
From Table G1, Cp air = 1.005 kI /kgK. Therefore,

(he — 1)
Cp,air (T3 - T4)

392.67 — 207.297
=2x — 18.445 kg/s
1.005 x (25 — 5)

Mgir = TR134a

The system requires an air supply at a rate of 18.445 kg /s.

Practice Problems
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@ An interactive H5P element has been excluded
from this version of the text. You can view it

online here:

https: //pressbooks.bccampus.ca/
thermol/?p=1662#h5p-38

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it

online here:

https: //pressbooks.bccampus.ca/
thermol/?p=1662#h5p-37

Media Attributions

* Hydraulic turbine © U.S. Army Corps of Engineers is licensed
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under a Public Domain license

* Wind turbine schematic © Jalonsom is licensed under a CC BY-
SA (Attribution ShareAlike) license

» Centrifugal compressor © UN document (USGOV) is licensed

under a Public Domain license

* Reciprocating compressor © Birpat is licensed under a CC BY-
SA (Attribution ShareAlike) license

» Thermal expansion valve © MasterTrianglel2 is licensed under
a CC BY-SA (Attribution ShareAlike) license

» P-h diagram for CO2 © Israel Urieli is licensed under a CC BY-
SA (Attribution ShareAlike) license

» Turbojet © Original design: Emoscopes (talk)Vectorization:

Tachymetre is licensed under a CC BY (Attribution) license
* Nozzle and diffuser © Nemuri is licensed under a CC BY-SA
(Attribution ShareAlike) license
* HVAC pipes © W.carter is licensed under a Public Domain

license
e Straight tube heat exchanger © H Padleckas is licensed under
a CC BY-SA (Attribution ShareAlike) license
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5.4 Chapter review

In this chapter, we have introduced the mass and energy
conservation equations for control volumes. The general
conservation equations for control volumes are explained in Section
5.2. When applying these conservation principles to a thermal
device, it is important to evaluate the operation of the device, set up
an appropriate control volume, and make appropriate assumptions.
This is an important skill that students need to develop through
practice.

Section 5.3 demonstrates how to simplify the conservation
equations for common steady-state steady-flow devices such as
turbines and compressors, throttling valves, pipes and ducts,
nozzles and diffusers, mixing chambers, and heat exchangers. It
is important to understand that, the equations in Section 5.3 are
derived for these devices with certain assumptions. When applying
these derived equations to a specific thermal device, a careful
evaluation of the assumptions must be done to ensure the derived
equations are appropriate for the given conditions.
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5.5 Key equations

Constant-pressure and constant-volume specific heats

oh

and Cv for ideal gases

pecific heat G =77
P aT ),
gg;stant—volume specific Cv — g_;
v
CP
Relations between Cp k= C_v Cp =C,+R

C_v=\displaystyle\ frac{R}{k-1} \gquad
C_p=\displaystyle\ frac{kRH{k-1}

Specific enthalpy

Change in specific
enthalpy

Ah =hy — hy

Change in specific
enthalpy for ideal gases

Ah=hy —hy = C,(Ty — T})
(assuming constant Cp in the temperature

range)

Relation between /A h,
and /1 for solids and
liquids

Ah ~ Au ~ Cp(Tz —Tl)

Mass conservation equations in a control volume
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e tiow | av .
otame v |7 = S Vg 0 A = i
dt
dm g
lr\gztagsflow m—= — = P V:wg, nA = pV
dt
. dmeoy . .
™| g = Do = ) e 0
dmoV . .
Steady flow T = Z m; — Z Me = 0

Energy conservation equations in a control volume

Transient
flow

dEcy
dt

dEcy
dt

£0

. . 1
= ch - ch + Zml(hz + 5‘/;2 +gzi)

1
- Zme(he + 5‘/:32 +gze)

Steady flow

dEcy
dt

{\dot{Q}}_{ev} H\sum{{\dot{m}}_i\ o
left(h_i+\displaystyle\frac{l{2}V_i"~2+gz_i\right)
\\=(\dot{W}}_{cv} +\sum{{\dot{m}}_e\ ,
left(h_e+\displaystyle\ frac{l{2}V_e"~2+gz_e\right)}}

=0

Mass and energy conservation equations for steady-state,
steady-flow (SSSF) devices
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SSSF device

Assumptions

Mass
conservation

Energy conservation

Expansion
device

Adiabatic
flow;
Negligible
work transfer
with the
surroundings;
Negligible
changes in
kinetic and
potential
energies

mi :me

Nozzle and
diffuser

Adiabatic
flow;
Negligible
work transfer
with the
surroundings;
Negligible
change in
potential
energy

1 1
hi = '2:he = 62
+2V1 —|—2V

Mixing
chamber

Negligible
work transfer
with the
surroundings;
Negligible
changes in
kinetic and
potential
energies

S = S

ch + Zmzhz = Zmehe

Heat
exchanger

Negligible
work transfer
with the
surroundings;
Negligible
changes in
kinetic and
potential
energies

m; = me
(for each of the
hot and cold
streams,
separately)

ch + Zmlhz = Zmehe

Turbine

Adiabatic
flow;
Negligible
changes in
kinetic and
potential
energies

Th; = e = 1

Wshaft = m(hz - he)
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Compressor

Adiabatic
flow;
Negligible
changes in
kinetic and
potential
energies

e

me =M

Wshaft - m(he - hz)
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6. ENTROPY AND THE
SECOND LAW OF
THERMODYNAMICS

6. Entropy and the Second Law of
Thermodynamics | 215






6.0 Chapter introduction and
learning obj ectives

Heat and work are two forms of energy. From the first law of
thermodynamics, we may say “1 kJ of heat = 1kIJ of work”, but how do

w_n

we interpret the “=” sign here? Does it mean that heat and work are

equivalent?

Let us consider a daily example. In winter, you might need an
electric resistance heater to warm up your room. From Figure 6.0.1
(a), the electric charges do work on the resistor as they flow in the
direction of lower electric potential. In this process, the electric
energy from the circuit is converted to heat, which is then
dissipated in your room, or the surroundings. As a result, the room
temperature will tend to rise. If the heater consumes 1 kW of electric
power, it will generate and dissipate approximately 1 kW of heat to
the surroundings. In terms of the amount of energy conversion, we
can safely say that 1 kW of electric energy is no different from 1 kW
of heat. However, is this energy conversion process reversible? If
we simply cool the surroundings and provide 1 kW of heat to the
resistor, is it possible to generate 1 kW of electric power from this
1 kW of heat? Unfortunately, the answers to both questions are no,
see Figure 6.0.1 (b).
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Figure 6.0.1 Electric resistance heater illustrating heat-and-work conversion
and irreversible process

This example illustrates an important concept of heat-work
conversion. Although heat and work can be converted between each
other, they are not equivalent. Work can always be converted to
heat completely and directly; but heat cannot be converted to work
completely and directly even under an ideal condition, because heat
is a form of energy of “low” quality (a more “random’, “disordered”
system) and work is a form of energy of “high” quality (a highly
“ordered” system). A natural, spontaneous process has a tendency
to move toward a greater degree of randomness or disorder in a
system. Therefore, an energy conversion process in nature tends to
occur in the direction of converting energy from a “high” quality
form to a “low” quality form. The first law of thermodynamics
addresses the heat and work conversion quantitatively, but has no
indication on whether or under what condition such conversion can
actually happen. Satisfying the first law of thermodynamics does not
ensure a process can take place in reality. Whether a process can
happen or not is determined by the second law of thermodynamics.

This chapter introduces the concepts of reversible and
irreversible processes, Carnot cycles, entropy generation and the
second law of thermodynamics, and the applications of the second
law to both closed and open systems.
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Learning Objectives

After completing the chapter, you should be able to

e Demonstrate an understanding of reversible and
irreversible processes and Carnot cycles

e  Calculate the thermal efficiency of heat engines
and the coefficient of performance (COP) of
refrigerators and heat pumps

e Calculate the change in entropy in real substances,
ideal gases, solids, and liquids

*  Explain entropy generation, entropy transfer
mechanisms, and the second law of thermodynamics

*  Apply the second law of thermodynamics to closed
systems

e Apply the second law of thermodynamics to various
steady flow devices

Media Atcributions

* Electric resistance heater © Chetvorno is licensed under a

CCO (Creative Commons Zero) license
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6.1 Heat engine

Aheat engine is a continuously operating device that produces work
by transferring heat from a heat source (high-temperature body) to
a heat sink (low-temperature body) using a working fluid. In a heat
engine cycle, a working fluid may remain as a single-phase fluid or
experience phase changes.

A steam engine is a type of heat engine commonly used in steam
power generating plants. It operates on Rankine cycles and uses
water as the working fluid. We will use a steam engine to illustrate
how heat is converted to work in heat engines. A typical steam
engine consists of four main equipment: boiler, turbine, condenser,
and pump, as shown in Figure 6.1.1. The T-s diagram in Figure 6.1.2
illustrates the four processes in a Rankine cycle:

1. Water at a low pressure and a low temperature (state 1) is

pumped to a boiler. The pump consumes power, Wpump’ in

order to maintain a continuous supply of water to the boiler
while increasing the pressure of the water entering the boiler
(state 2). Process 1-2 may be assumed adiabatic.

2. In the boiler, the liquid water absorbs heat, Q o from an

external heat source and changes into high-temperature, high-
pressure steam (state 3). The pressure drop in the boiler is
usually negligible; therefore, process 2-3 may be assumed
isobaric.

3. The high-temperature, high-pressure steam then expands in
the turbine, making the turbine rotate continuously, and thus

generating mechanical power, W turbine: Puring the

expansion process, the temperature and pressure of the steam
decrease. Consequently, the steam leaving the turbine (state 4)
becomes a low-temperature, low-pressure, two-phase mixture.
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Process 3-4 may be assumed adiabatic.
4. The steam leaving the turbine then enters a condenser and is
condensed to a saturated or compressed liquid (state 1). During

this process, heat, Q I is removed from the steam. The

pressure drop in the condenser is usually negligible; therefore,
process 4-1 may be assumed isobaric.

“rturl:-lne

L 'I.'_. f— al‘l

Figure 6.1.1 Rankine cycle
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Figure 6.1.2 T-s diagram of a Rankine cycle

Figure 6.1.3 is a simplified schematic for analyzing the energy

conservation in heat engines. Applying the first law of
thermodynamics to the cycle, we can write

\dot{Q}_{H} - \dot{Q}_{L} = \dot{W}_{turbine} -
\dot{W}_{pump} = \dot{W}_{net, out}

Clearly, the heat removed by the condenser, Q I cannot be

converted to useful work. It is wasted in order to complete the cycle.
In other words, a heat engine cannot convert all the heat supplied
by the heat source (e.g., boiler) to useful work, even under ideal
conditions. Thermal efficiency is a dimensionless parameter used to
measure the performance of a heat engine.

_ desired output  Wret, out ) QL
th = required input Qy B Qxy
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where
Q " heat absorbed from the heat source, in kW

Q I heat rejected to the heat sink, in kW
W, et, out: M€t work output from the heat engine, in kW

Mtk : thermal efficiency of the heat engine, dimensionless

Figure 6.1.3 Schematic of a heat engine

Example 1
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Figures 6.1.el and 6.1.e2 illustrate a Rankine cycle

consisting of a two-stage steam engine and a feedwater
heater. The steam engine is enclosed in the red outlines in
Figure 6.1.el. The two stages of the turbine are labelled as
HE1 and HE2, respectively. In stage 1, the steam absorbs

heat, Q o from the boiler and generates a power, Wl LA

portion of the exhaust steam from stage 1 then enters stage
2, further generating a power, W2' The remaining exhaust
steam from stage 1is used to preheat the feed water. If the
thermal efficiencies of the two turbine stages are T)¢th,1
and 7)th,2, what is the overall thermal efficiency of the
cycle as a function of 7Jth,1 and Tth,2 ? Assume 90% of the
exhaust steam exiting from stage 1 enters stage 2 and
generates the power, W2 ;

T L.,
High Low | &7

pressure pressure 1 Generator
turbing turkine oy

B 1\\\
Biciler

1 (44 ~A 1

Feed pumg 2

Feed pumg 1

Figure 6.1.e1 Two-stage steam turbine with a feed-water heater
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Boiler Condenser

Ty 1y

Feedwater
heater

Figure 6.1.e2 Schematic of the two-stage heat engine

Solution:

The thermal efficiency of the first and second stages of
the steam turbine can be written as

Wi
Mhl1 = ——
H
Wy
Mh2 = —
M

The desired output of the cycle is the total power
generated by the turbine and the required energy input
comes from the boiler; therefore,

Wi Wi+ W,
Mh = ——— = :

Qu Qu
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Apply the first law of thermodynamics to the first stage,
HE1. Note that 90% of the exhaust steam from stage 1
enters stage 2; therefore,

QM + QHeater = QH - Wl
and
Qu = 0.9(Qy — W)

Combine the above equations and rearrange,

Wi W,
Mh = — + —
g Qp _
Neh,2 Qs
=Mhg + ———
H .
Nen2 X 0.9(Qg — W1)
= Mth,1

Qg
SNt = et 4+ 0.97m.2(1 — Mep 1)

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:
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Media Actributions

* Rankine cycle © Andrew Ainsworth is licensed under a CC BY-
SA (Attribution ShareAlike) license

* Rankine cycle, T-s diagram © Andrew Ainsworth is licensed
under a CC BY-SA (Attribution ShareAlike) license

* Two-stage steam turbine with a feedwater heater © Milton
Beychok is licensed under a CC BY-SA (Attribution ShareAlike)
license
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6.2 Refrigerator and heat
pump

6.2.1 Refrigerator

Arefrigerator is a cyclic device, which absorbs heat from a heat sink

and reject heat to a heat source by consuming work. The working

fluid is called refrigerant, which usually undergoes phase changes in

the cycle.

A typical vapour-compression refrigeration system consists of

mainly four pieces of equipment, as shown in Figure 6.2.1:

1.

An evaporator, through which the low-pressure, low-
temperature refrigerant absorbs heat from a heat sink (e.g., a
freezer compartment or a space to be refrigerated) and changes
from a two-phase mixture to a saturated or superheated
vapour.

A compressor, which is used to increase the pressure and
temperature of the refrigerant vapour by consuming work.

A condenser, through which heat is rejected to a heat source
(e.g. kitchen or outdoor air). At the exit of the condenser, the
refrigerant is typically a two-phase mixture or a liquid.

An expansion valve, which is used to reduce the pressure and
temperature of the refrigerant in order to achieve a liquid-
vapour mixture of desirable quality at the exit of the expansion
valve.
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Figure 6.2.1 Vapor compression refrigeration cycle consisting of a compressor,
condenser, expansion device, and evaporator

As heat cannot be transferred from a low-temperature body to a
high-temperature body spontaneously in nature, refrigerators must
consume work in order to operate between a heat sink and a heat
source, even under ideal conditions.

Figure 6.2.2 is a schematic for analyzing the energy conservation
in a refrigerator. The same schematic may be used to represent a
heat pump by replacing the notation “Ref” with “HP” in the circular
area.
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Figure 6.2.2 Schematic of a refrigerator (or a heat
pump)

Applying the first law of thermodynamics to the cycle, we can write
QH - QL = Win

The main purpose of refrigerators is to remove heat, Q I from
a heat sink (cold space); therefore, we are interested in the amount
of heat that can be removed per unit of power consumption. The
dimensionless ratio of Q I / Wm is called the coefficient of
performance, C'O Pg, of the refrigerator. It is an indicator of the
performance of a refrigerator.

COPy — desired output QL B QL 1

required input Wi a Qy — O B Qu/Qr —1
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Refrigerators are typically designed to consume a power
Wm < Q L’ therefore, COPgr > 1 in a well-designed
refrigerator. A higher C'O Pp, indicates a better performance.

6.2.2 Heat pump

A heat pump uses the same vapour compression refrigeration cycle,
see Figure 6.2.1, as a refrigerator. It absorbs heat from a heat sink
(e.g., outdoor air in the winter) and delivers (more) heat to a heat
source (e.g., indoor air) by consuming work. Applying the first law
of thermodynamics to the heat pump cycle, we can derive

Win = QH T QL

Different from refrigerators, the main purpose of heat pumps is
to add heat, Q " to a heat source, such as an indoor space of a
building. Therefore, we are interested in the amount of heat, Q o

that can be transferred from the condenser to the heat source per

unit power consumption. The dimensionless ratio of Q H / Wm

is called the coefficient of performance, CO PH p, of heat pump.

It is an indicator of the performance of a heat pump. As

QH > W,-n,C’OPHp > 1

desired output B QH - QH B QH/QL
required input Vi, Qy—-Q;, Qn/Q.—1

COPyp =

Example 1
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Consider a vapour-compression refrigeration cycle,
Figure 6.2.1. The working fluid is ammonia.

o At the compressor inlet, P1=0.2 MPa, T=-10°C,
my = 0.1 kg/s

o At the compressor outlet, P2=1.4 MPa, T»=150°C

o At the condenser outlet, P3=1.4 MPa, T3=35°C

e At the evaporator inlet, P4=0.2 MPa

Assuming that the heat transfer and pressure drops in
the connecting pipes are negligible,and A PF = (),

AKE =0
(1) determine the rate of heat absorbed by the evaporator,

Q I the power required by the compressor, Win’ and

the rate of heat rejected by the condenser, Q H

(2) determine C'O Pg of the refrigeration cycle

(3) If the same vapour refrigeration cycle were used as a
heat pump, what would the C'O Py p be?

Solution:

(1) The rates of heat transfer in the evaporator and
condenser and the power consumption in the compressor
depend on the changes of enthalpies in these devices. First,
determine the specific enthalpy of each state from Tables
Bl and B2.

. State 1, compressor inlet: P; = 0.2 MPa, Ty = -10°C.
From Table B2, h1 = 1603.63 kJ/kg.

o State 2, compressor outlet: P2 = 1.4 MPa, T2 = 150°C.
From Table B2, hp =1940.26 kJ/kg
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o State 3, condenser outlet: P3 = 1.4 MPa, T = 35°C.
From Table Bl, ammonia at this state is a compressed
liquid; therefore, h3 = ht@3s°c = 509.23 kI /kg

e State 4, evaporator inlet: P4 = 0.2 MPa. Typically, the
expansion valve is assumed well-insulated; therefore,
the expansion process is adiabatic, and hgq = hg =
509.24 kI /kg.

The rate of the heat absorbed by the evaporator

Qr = m(hy — hg) = 0.1 x (1603.63 — 509.23) = 109.44 kW
The power consumption by the compressor

Win = 1n(hy — hy) = 0.1 x (1940.26 — 1603.63) = 33.66 kW
The rate of the heat rejected by the condenser

Qy = m(hy — h3) = 0.1 x (1940.26 — 509.23) = 143.10 kW

From the above calculations, it is easy to verify that

QH :QL+Win

(2) COP of the refrigeration cycle

Qr  109.44
W,  33.66

COPg = — 3.25

(3) If the same cycle is used as a heat pump, its COP will
be

Qp  143.10
~ 33.66

= 4.25

COPyp =

in
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Comment:

It is noted that both CO Pg and C'O Py p are greater

than 1. By consuming a certain amount of power, the cycle
transfers a much larger amount of heat (desirable output)
either by the evaporator or by the condenser. In addition, it
is always true that

COPyxp = COPg + 1
because
QH _ QL + Wm
Win Wm

COPyp =

=COPr +1

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: /pressbooks.bccampus.ca

thermol/?p=1832#h5p-41
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Media Attributions

» Vapor compression refrigeration cycle © WGisol is licensed
under a CC BY-SA (Attribution ShareAlike) license
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6.3 The second law of

thermodynamics:
Kelvin-Planck and Clausius
statements

The first law of thermodynamics focuses on energy conservation.
It does not describe any restrictions or possibilities for a process
to take place. A process satisfying the first law of thermodynamics
may or may not be achievable in reality. In fact, whether a process
is possible is governed by both the first and the second laws of
thermodynamics. There are two classical statements of the second
law of thermodynamics; one imposes the limits on the operation of
heat engines, and the other on the operation of refrigerators and
heat pumps.

Kelvin-Planck Statement: it is impossible for any device that
operates on a cycle to receive heat from a single reservoir and
produce only a net amount of work. Figure 6.3.1 illustrates the
Kelvin-Planck statement. Any device violating the Kelvin-Planck
statement would produce a net work output equivalent to the

amount of the heat received by the device, or W = Q H thus
resulting in a thermal efficiency 7,;, = W / Q g = 100%.
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Qn

Impossible

Figure 6.3.1 Schematic illustrating
Kelvin-Planck statement

Clausius statement: it is impossible to construct a device that
operates in a cycle and produces no effect other than the transfer of
heat from a lower-temperature body to a higher-temperature body.
Figure 6.3.2 illustrates the Clausius statement. Any device violating
the Clausius statement would have zero work input and nonzero
heat transfer received and delivered by the device, or W =0

QH = QL +# (,andthusa COP = QL/W = 00-
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Impossible

Figure 6.3.2 Schematic
illustrating the Clausius
statement

Although the Kelvin-Planck and Clausius statements refer to
different cycles, they are equivalent in their consequences. Any
device that violates the Kelvin-Planck statement must violate the
Clausius statement, and vice versa.

Let us consider a combined system, which consists of a heat
pump and an imagined engine operating between a heat source at
a higher temperature T ‘g and a heat sink at a lower temperature

Ty, as shown in Figure 6.3.3.
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1. Let us assume the imagined engine violates the Kelvin-Planck
statement; therefore, it can convert all of the heat absorbed

from the heat source to useful power, or W = Q The power

generated from the imagined engine is then used to drive the
heat pump.

2. For the heat pump, COP = Q i / W Therefore, the heat
released by the heat pump to the heat source is
Qu = COP- Q.

3. Applying the first law to the heat pump, the heat absorbed
by the heat pump from the heat sink must be

Qr=Qp —Q= (COP— 1)Q'

4. Now let us compare the net heat absorbed by the combined
system from the heat sink, ) ; = (C’OP — 1)@, and the

net heat rejected by the combined system to the heat source,

QH — Q = (COP — 1)Q They are exactly the same!

What the combined system does is to transfer heat from the
heat sink (lower-temperature body) to the heat source (higher-
temperature body) without consuming any power at all!

It is apparent that the combined system violates the Clausius
statement because the imagined engine violates the Kelvin-Planck
statement. Since the Kelvin-Planck and Clausius statements are
equivalent, both of them may be used to describe the second law of
thermodynamics.

Areal process or device must satisfy both the first and the second
laws of thermodynamics: the first law sets a constraint on the
amount of energy that must be conserved in a process or a device;
the second law indicates whether a process is possible in reality.
Any device that violates either the first or the second law is called
a perpetual-motion machine, which attempts to produce work from
nothing or convert heat completely to useful work. In fact, no
perpetual-motion machine can actually work.
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QL=QH—Q=(COP_1)'Q

| 7,

Figure 6.3.3 Schematic showing the equivalence of the Kelvin-Planck and
Clausius statements

Example 1

Consider the following scenarios proposed for a heat
engine or a refrigerator. For each of the scenarios,
determine if the proposed heat engine or refrigerator
satisfies the first and second laws of thermodynamics.

1. Proposed heat engine:
Qg =10kW,Q; = 3 kW, Wit our = 5 kW
2. Proposed refrigerator:

Qy =9kW,Q; = 4kW,W;, = 0kW

Solution:
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(1) Proposed heat engine:

\dot{Q}_H =10 \ {\rm{kW}}, \dot{Q}_L =3\
{\rm{kW}}, \dot{W}_{net,out} =5 \ {\rm{kW}}

TH

@ 0y

ll//" _"“\\_.. ]

l'-\iIE /::> wnet. out
0,

7

Figure 6.1.3 Schematic of a heat engine
(reproduced)

The first law requires
QH = QL + W et .out» @nd the second law

requires QL > ()-Since 10 # 3 + Hand
Q ;=3 kW > (), the proposed heat engine

doesn't satisfy the first law of thermodynamics; but
it satisfies the second law of thermodynamics or the
Kelvin-Planck statement.

(2) Proposed refrigerator:
\dot{Q}_{H} = 9 \ {\rm{kW}}, \dot{Q}_{L} =4 \
{\rm{kW}}, \dot{W}_{in} = 0 \ {\rm{kW}}
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Figure 6.2.2 Schematic of a refrigerator
(reproduced)

The first law requires () = Q .+ Win:
and the second law requires Wm > ()- Since
9#4+0 and Win = (), the proposed
refrigerator satisfies neither the first nor the second

laws of thermodynamics. It violates the Clausius
statement.

Practice Problems
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6.4 Carnot cycles

6.4.1 Irreversibilities

The Kelvin-Planck and Clausius statements of the second law
indicate that for heat engines, 7, < 1, and for refrigerators and

heat pumps, COP < oo- But can 1y, — 1 and
COP — oo in an ideal condition? How is an ideal process or
cycle defined? What is the theoretical limit of tp, or COP in
an ideal cycle? To answer these questions, we will first need to
understand the concepts of reversible processes and
irreversibilities.

A reversible process is a process that can be reversed without
leaving any change in either the system or its surroundings, which
means both the system and its surroundings always return to their
original states during a reversible process. A fictitious, frictionless
pendulum can be treated as a reversible process, see Figure 6.4.1; it
will never stop and always returns to its original state. However, in
reality, friction always exists. A pendulum will gradually slow down
and eventually stop.
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Figure 6.4.1 Frictionless pendulum as an
example of a reversible process

Factors that render a process irreversible are called
irreversibilities. Friction, unrestrained expansion, mixing of fluids,
heat transfer through a finite temperature difference, electric
resistance, inelastic deformation of solids, and chemical reactions
are some examples of irreversibilities. All processes occurring in
nature are irreversible due to the existence of irreversibilities. Some
processes are more irreversible than others. A reversible process is
commonly used as an idealized model to which an actual process
can be compared. The efficiency of a reversible process is the
theoretical limit that an actual, irreversible process can possibly
achieve in a nearly ideal condition.

6.4.2 Carnot heat engine

A Carnot heat engine is an idealized cycle, which consists of four
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reversible processes. Figures 6.4.2-6.4.4 show the schematic of a

Carnot heat engine and its pressure-volume, P — V¥, and
temperature-entropy, 7' — 5, diagrams. The cycle consists of the

following four reversible processes:

1. Process A—yB: a reversible isothermal heat addition process of
Q g from a heat source at constant temperature ] 7.

2. Process B—>C: a reversible adiabatic expansion process, during
which the temperature drops from T’z to T7,.

3. Process C—»D: a reversible isothermal heat removal process of
Q 1, from a heat sink at constant temperature TL .

4. Process D—yA: a reversible adiabatic compression process, in
which the temperature increases from T, to Ty

B reversible
Al S

A-B; reversiile
e ral el
adairion ar T,

Figure 6.4.2 Carnot heat engine
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Vv
Figure 6.4.3 Carnot heat engine: [latex]P-\mathbb{V}[ /latex]
diagram
T
Jn
e A -/ B
H 4
i S S 7=
L D "4 o
Q. !
Sa Sp 5

Figure 6.4.4 Carnot heat engine: T-S diagram

Because the Carnot heat engine cycle is an ideal cycle consisting of
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only reversible processes, it produces the maximum power output
and has the maximum thermal efficiency among all heat engines
operating between the same heat source at TH and the same heat
sink at TL' The thermal efficiency of a Carnot heat engine can be

expressed as

o 1,

Nth, rev = 1-
H / rev Ty
where
TH: absolute temperature of the heat source, in Kelvin
TL: absolute temperature of the heat sink, in Kelvin
Q g : heat supplied by the heat source to the Carnot heat
engine, in kJ
Q [, heat rejected from the Carnot heat engine to the
heat sink, in kJ
Tith, rev: thermal efficiency of the Carnot heat engine,

dimensionless

The thermodynamic temperature scale, or absolute temperature

Qr 17,

scale is defined so that | —— = —
QH rev TH

In summary, the thermal efficiency of an actual heat engine is
always less than that of the Carnot heat engine. It is impossible for
any heat engine to achieve a better performance than the Carnot
heat engine operating between the same heat source at 'T" g and the

same heat sink at 7y .

e Irreversible, actual heat engine: T)th < Mth, rev
* Carnot heat engine: Tlth = Tth, rev
« Impossible device: Tth > Mth, rev

For a heat engine operating between a heat source at I’y and
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a heat sink at I, either increasing T’y or decreasing Ty, can
improve its thermal efficiency. In practice, much effort is made
to increase the temperature of the heat source Ty within the
material limits because the temperature of the heat sink TL is
usually constrained by the ambient temperature. In many large
steam power plants, the temperature of the inlet steam (heat
source) is in the range of 300~600°C (573~873 K) in order to improve
the thermal efficiency of the heat engines.

Example 1

Consider a proposal to build a 500-MW steam power
plant operating on a Rankine cycle by a lake. The steam
generated by the boiler is at 250°C. The condenser is to be
cooled by the lake water at a flow rate of 20 m? /s. As the
cooling water will be discharged to the lake, the design
team needs to evaluate its impact on the local aquatic
ecosystem. Assume the cooling water supplied from the
lake to the condenser is at a constant temperature of 18°C.

1. If the cycle were reversible (Carnot cycle), what is
the thermal efficiency of the power plant? Estimate
the temperature rise of the discharge water to the
lake.

2. If the cycle were reversible (Carnot cycle), and the
steam temperature increases to 300°C, how would the
thermal efficiency of the power plant change?

3. The above two scenarios are ideal Carnot cycles.
In fact, the projected thermal efficiency of the actual
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cycle is about 35%. Estimate the temperature rise of
the discharge water to the lake in this case.

/Carnot ™, : :
| Heat | W
\ Engine / "
e
o “:MEI TL Cooling water
supplied from 1.{1'-1'-;:]131' ed to
the lake to the ) B
the lake
condenser —
— e e S
e ~ T NS A .
. Lake ~
Pt o e o T -

Figure 6.4.e1 A schematic of a Carnot heat engine. Heat is
rejected to a nearby lake.

1. The power plant is assumed to operate on a Carnot
cycle between a heat source at the steam temperature of
Tu = 250°C and a heat sink at the cooling water
temperature of Ty, = 18°C. The thermal efficiency of the
Carnot cycle is

T, 273.15 418

o 208418 s
Nth,rev Ty 273.15 + 250
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114

and

Nth,rev =
Qu

Qy=Qr +W
Therefore, the heat rejected to the discharge water to the
lake is

oumw ()
MNth,rev

1
- —— 1) =627.48 MW
500 <0.443 >

From Table G2, Cp, = 4.181 k] /kgK for water, and the
density of water is p — 1000 kg/m3; therefore,

'+ Q = mC, AT = pVC,AT

QL 627.48 x 10°

AT = = =7.5°C
pVC’p 1000 x 20 x 4.181
2. For a Carnot cycle with Ty = 300°C and Ty, = 18°C,
Ty, 273.15 + 18
rev =1— = =1— o = 0.492
i Tn 273.15 + 300

Comment:

Compare the two Carnot cycles, increasing the heat
source temperature Ty can increase the thermal efficiency
of the cycle. Similarly, decreasing the heat sink temperature
T1, can also increase the thermal efficiency of the cycle.

3. The thermal efficiency of an actual cycle is always less
than that of the Carnot cycle operating between the same
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heat source and heat sink. If the projected thermal
efficiency of the actual cycle is 35%, then the heat absorbed
by the discharge water will be

a5
Tlth

1
= —— — 1] =9285TM
500 x <0'35 ) 928.57 MW

The temperature rise of the discharge water will be

Qr 928.57

AT = =L —
pVC, 1000 x 20 x x4.181

=11.1°C

Comment:

The actual cycle will cause a much higher temperature
rise in the discharge water than the Carnot cycle due to the
existence of the irreversibilities. A large amount of heat
rejection to the lake could have a negative impact on the
aquatic life and should be monitored closely.

6.4.3 Carnot refrigerator and Carnot heat pump

If the four processes, compression, evaporation, expansion and
condensation, in a vapour-compression refrigeration system are
all reversible, the cycle is reversible and is called the Carnot
refrigeration cycle. A refrigerator or a heat pump operating in such
a cycle is called a Carnot refrigerator or a Carnot heat pump.

Among all refrigerators (or heat pumps) operating between the
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same heat source at TH and the same heat sink at TL’ the Carnot

refrigerator (or heat pump) consumes the least amount of power,
thus achieving the highest coefficient of performance,
COP R, rev OF COPy P, rev, as expressed below:

* Carnot refrigerator:

T 1
COP R, rev — L

Ty —T;, Tg/Tp -1

* Carnot heat pump:

T, 1
COP, HP, rev — il

Ty —T;, 1-T;/Tx

where
C OPR, rev: coefficient of performance of a Carnot
refrigerator, dimensionless
COP, HP, rev: coefficient of performance of a Carnot
heat pump, dimensionless
TH: absolute temperature of the heat source, in Kelvin

TL: absolute temperature of the heat sink, in Kelvin

Example 2

A heat pump provides 20 kW of heating to a house in
winter. The house must be maintained at 24°C. If the COP
of the heat pump is 5.5, and the outdoor temperature is
0°C, answer the following questions.

1. How much power is required to drive the heat
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pump? Compare the power consumption of this heat
pump and an electric resistance heater providing the
same amount of heating to the house.

2. If the cycle were a Carnot cycle, what would the
power consumption be?

3. If the outdoor temperature decreases, will the COP
of the heat pump increase, remain the same, or
decrease?

T, = 24°C

Qy
KH.P. /<:. W
2
T, = 0°C

Figure 6.4.e2 Schematic of a heat pump

Solution:
1. The heat pump provides 20 kW of heating to the house;

therefore, Q g =20 kW

COPHP = Q—H = 5.5
w
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. Qg 20
SoW=———=—=3636kW
COPyp 5.5
If an electric resistance heater is used to provide 20 kW
of heating to the house, the electric resistance heater will
consume 20 kW of electric power, assuming the efficiency

of the heater is 100%. Therefore,

AW = 20 — 3.636 = 16.364 kW

Compare the power consumption of the heat pump and
electric heater, using heat pump will save 16.354 kW of
power.

2. If the cycle were a Carnot cycle,

COPHP,rev = TH — TL
_ 273.15 + 24 —12.38
(273.15 + 24) — (273.15 + 0)
Qu
COPHP,rev = =
rev
. ' 20
‘. Wheo = @ = 1.615 kW

COPp,e, 1238

The actual cycle achieves a much smaller COP and
consumes a much greater power than the Carnot cycle due
to the irreversibilities.

3. Since

T 1
COP HP,jrev — a

Tg—T; 1-T;/Tg
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As T’y is a constant room temperature, COP HP,rev
will decrease if the outdoor temperature T}, decreases.
Because the Carnot cycle always has the maximum COP
compared to any real cycle operating between the same
heat source and heat sink, the COP of a real heat pump will
also decrease if the outdoor temperature decreases;
therefore, heat pumps are preferably used in mild winter
conditions.

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca,

thermol/?p=1834#h5p-43

Media Atcributions

* Frictionless pendulum © Chetvornoderivative work: Py4nf is
licensed under a CCO (Creative Commons Zero) license
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* Carnot heat engine © Andrew Ainsworth is licensed under a
CC BY-SA (Attribution ShareAlike) license

» Carnot heat engine: P-v diagram © Cristian Quinzacara is
licensed under a CC BY-SA (Attribution ShareAlike) license

» Carnot heat engine: T-s diagram © Cristian Quinzacara is
licensed under a CC BY-SA (Attribution ShareAlike) license
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6.5 Entropy and entropy

generation

6.5.1 The inequality of Clausius

The inequality of Clausius states that for any cycle, reversible or
irreversible, there exists the following relation:

1
7{ TQ <0 (““=" for reversible cycles; ‘“<” for irreversible cycles)

where (SQ represents the differential amount of heat transfer
into or out of a system through an infinitesimal part of the system
boundary. (5Q is positive for heat transfer into the system and
is negative for heat transfer out of the system. /] is the absolute
temperature at the infinitesimal part of the system boundary, where

the heat transfer occurs. The cyclic integral symbol % indicates

that the integration must be done for the entire cycle. In other
words, all heat transfer into and out of the system, as well as their
corresponding boundary temperatures, must be considered in the
integral.

The inequality of Clausius applies to all cycles. We will prove it
by using the heat engine cycle, Figure 6.1.3, as an example. For
a reversible heat engine cycle operating between a heat source
at a constant temperature of T g and a heat sink at a constant

temperature of TL , the cyclic integral can be written as
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F7). (). (5)
T ’I"€’U_ TH rev TL rev

Note that for a reversible cycle,

(7). (&)
TL rev QL rev

Therefore, the following equation exists for a reversible cycle.

(7).

For an irreversible cycle operating between the same two heat
reservoirs at constant temperatures of Tz and Ty, we assume

that the heat absorbed from the heat source, Q g remains the

same as that in the reversible cycle,

QH,rev = QH,irrev - QH and
Wrev > Wirrev

QL,rev < QL,irrev

: @ @ an
“<QL)irrev< (QL>rev i

().~ (z)
QL rev TL rev
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. < @ ) < ( T—H ) and
QL irrev TL rev

(T_H) _ (T_H)
TL rev TL irrev

(Qn QL
B (E)irrev = (T_L>irrev

\displaystyle\ oint\left(\dfrac{\delta
QHT}\right)_{irrev} =
\left(\dfrac{Q_HH{T_H}+\dfrac{-
Q_LH{T_LN\right)_{irrev} =
\left(\dfrac{Q_HH{T_H}\right)_{irrev} -
\left(\dfrac{Q_LKT_L}\right)_{irrev} &lt; O

Therefore,

Now, we have proven the inequality of Clausius for heat engine
cycles. A similar procedure may be applied to prove the inequality of
Clausius for refrigerator and heat pump cycles.

6.5.2 Definition of entropy

Why is the inequality of Clausius important? The cyclic integral is
either equal to or less than zero depending on the nature of the
cycle: reversible or irreversible. The inequality of Clausius provides
a basis for introducing the concepts of entropy and entropy
generation. Both concepts are important in the second law of
thermodynamics.
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2

Figure 6.5.1 A reversible cycle consisting of path A and path B

Let us apply the inequality of Clausius to a reversible cycle
consisting of two reversible processes 1—>2 via path A and 2—1via

path B, see Figure 6.5.1.
]
(7) it L (7)
pathA 2 pathB

AL E) LG
2
S

L)L
N 1 T pathA 1 T pathB

The above equation indicates that the integral between the two

2
2

states 1 and 2 of any reversible processes depends only on the two
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0Q

2
states, not on the paths; therefore, the integral / [
1

rev
is a state function and must be related to a thermodynamic

property. We define such thermodynamic property as entropy, S,
and the change in entropy between two states can be expressed as

2 /50
AS:S—S:/ =
S N2

rev

The infinitesimal change of entropy in a reversible process can
thus be written as

oQ
dS = =

rev

where § is the entropy and ‘T is the absolute temperature. The
common SI units for entropy are kJ/K or J/K. It is important to note
that entropy, S, is a state function; A S in a process depends on
the initial and final states, not on the path of the process.

Entropy is an extensive property; its corresponding intensive

property is called specific entropy, ¢ — —, and its common SI
m
units are kJ/kgK or ] /kgK.

Example 1
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Consider a reversible process and an irreversible process
from states 1 to 2, as shown in the T-S diagram, Figure
6.5.el. Answer the following questions

(1) Is the change in entropy, AS, the same or different in
these two processes?

(2) Is it possible to show the heat transfer of the
reversible process in the T-S diagram?

(3) Is it possible to show the heat transfer of the
irreversible process in the T-S diagram?

T 4

L=

S

Figure 6.5.e1 T-S diagram for a reversible process and an
irreversible process with the same initial and final states

Solution:

(1) Entropy is a state function. The two processes have
the same initial and final states, therefore, the same AS.
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(2) From the definition of entropy, the heat transfer in the
reversible process can be found from

Q= [ 6Q),= [ was),,

This integral can be shown graphically as the shaded area
under the T-S curve of the reversible process, see Figure
6.5.e2.

Uy

Shaded area indicating
the heat transfer O of
the reversible process

Figure 6.5.e2 T-S diagram: the shaded area represents the
heat transfer of a reversible process.

(3) The heat transfer of the irreversible process cannot be
simply calculated without additional information, and it
cannot be shown in the T-S diagram.
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Example 2

A reversible process from states 1—>2 in a piston-
cylinder is shown in Figure 6.5.e3. Determine whether the
change in specific internal energy Au = Uo — UL
specific work w, and specific heat transfer q are positive,
Z€ero, or negative.

Pa Ta

-1 1'1
"

I2

1= %--%--
| B

¥
LA

1 s LB

Figure 6.5.e3 P-v and T-s diagrams of a reversible process

Solution:

The P — ¢ diagram shows an expansion process in the
piston-cylinder. Its specific boundary work can be shown
as the shaded area in the P — ¢ diagram, see Figure
6.5.e3. It can also be expressed as

2
11022/ Pdv >0
1

From the definition of entropy,

6.5 Entropy and entropy generation | 265


https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/07/6.5.2.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2021/07/6.5.2.png

_ (%9
45 = (?)m

The process is reversible; therefore,

(6Q)re0 = TdS

\therefore \; {}_{I}Q_{2} = Q_{rev} =
\displaystyle\int_{1}"*{2} (\delta Q)_{rev} =
\displaystyle\int_{1}"*{2} TdS

The specific heat transfer is

2
1Q2=&=/ Tds
1

m

From the ]’ — g diagram in Figure 6.5.€3, 8] = $2;

therefore,

192 =0
The specific heat transfer in a reversible process can be
shown graphically as the area under the process line in the
T — s diagram. Note: this statement is only true for

reversible processes; it is not valid for irreversible processes!

Apply the first law of thermodynamics to the piston-
cylinder (closed system),

Au=1qs — 1wy =0 — 1wy <0

In conclusion, the reversible expansion process
illustrated in the P — pand ]’ — g diagrams in Figure
6.5.e3 has a positive boundary work and zero heat transfer
(adiabatic). The specific internal energy decreases in the
process.
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6.5.3 Entropy generation, Sgen

Entropy generation is another important concept in the second
law of thermodynamics. Let us consider a cycle consisting of two
processes; process 2—»1 is a reversible process and process 1—2
can be any process, either reversible or irreversible, see Figure 6.5.2.
We will apply the definition of entropy and the inequality of Clausius
in the following derivations.

2
SAS =5, -85 = / ( )
1 ev

f 7 /(%Hl( 7).
) (‘”% [ (7).

T
— — <
: ( Q) (s -5)<0

(S — S1) 2/12 (‘%Q)

We may change the above inequality to an equation by

(=%

introducing entropy generation, Sgen > 0, to the right side;

therefore,

\Delta S = (S_2-S_1) = \displaystyle\
int_{1}~{2)\left(\displaystyle\ frac{\delta
QHTH\right) + S_{gen} \hspace{3em} \left( S_{gen}
\ge O\right)
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“ ”

This relation is valid for all processes with the “=" sign for
reversible processes, and the “>" sign for irreversible processes.
The differential form of the relation can be expressed as

dS=\displaystyle\ frac{\delta Q{T}+\delta S_{gen}
\hspace{3em} \left( \delta S_{gen} \ ge O\right)

2->1: reversible
process

1->2: any process
(reversible or irreversible)

Figure 6.5.2 A cycle consisting of reversible and /or irreversible processes for
introducing entropy generation

It is important to note that S gen and /\ S are different concepts.

* Entropy generation, S gen» is a measure of the irreversibilities
in a process. Sgen is NOT a property of the system. It depends
on the path of a process; the more irreversible a process is, the
larger Sgen is.

» Entropy S is a thermodynamic property of the system. It is a
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state function. /\ § depends on the initial and final states only,
not on the path of a process.

* In general, AS 75 S gen - /\ S may be positive or negative,
but S, gen must be positive for irreversible processes or zero for

reversible processes.

Why is entropy generation important? how does it play a role in the
universe? The universe is everything, including all the matter and
energy that could possibly exist in all space and time. We may treat
the universe as an isolated system because nothing exists outside
the universe. From the entropy generation, Sgen > 0, we can

prove that the entropy in the universe always increases due to the
existence of irreversibilities in nature and in all human activities.

Universe
(izolated system)

Figure 6.5.3 The universe as an isolated system

Let us define a system in the universe and everything outside the
system boundary as the surroundings, see Figure 6.5.3. The change
of entropy in the universe can be written as

ASum'v - AS.sys + ASsur
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where ASum’v , AS sys» and AS sur represent the changes

of entropy in the universe, the system, and its surroundings,
respectively.

The change of entropy in the universe can be written in terms of
entropy generation as

2 5@
_ . and
. T + (S gen ) univ

(Sgen )um’v Z 0

ASum"v =

Since the universe is an isolated system, heat transfer across the
universe boundary Q — (). In addition, since all real processes

happening in the universe are irreversible, we can drop the “="sign
in the inequality; therefore,

(Sgen)univ - ASum'v - ASsys + ASsur >0

The above relation indicates that the entropy generation in the
universe is always a positive number due to the irreversibilities in
all real processes. As a result, the entropy in the universe always
increases. This concept can be expressed in a general format as
follows if we divide the universe into a number of subsystems.

(Sgen)um'v = ASum'v = AS33/3,1 + As3ys,2+‘ .. +Assys,n = Z ASsys,i >0

i=1

where A S sys,i is the change of entropy in the subsystem, i, in

the universe.

6.5.4 The second law of thermodynamics
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expressed in terms of entropy generation, Sgen

The second law of thermodynamics was previously described with
the Kelvin-Planck and Clausius statements. In fact, any device that
violates the Kelvin-Planck or Clausius statements must have

Sgen < 0.

Take a heat pump as an example. We may prove that any heat
pump that violates the Clausius statement would have Sgen <0
. A heat pump that violates the Clausius statement would have
Q H = Q 1, from the first law of thermodynamics, see Figure
6.5.4. Note that entropy is a state function. For the heat pump cycle,
the initial and final states are the same; therefore, A S — (). The
change of entropy in the heat pump cycle can be expressed as
follows,

2 (8Q —Qu | Qu
85 () S = S

and Ty > Ty
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Figure 6.5.4 A heat pump
violating the Clausius
statement

Now, we have proven that any heat pump that violates the
Clausius statement would have Sgen < 0. A similar procedure

may be applied to prove that any heat engine that violates the
Kelvin-Planck statement would have Sgen < 0.

In summary, the second law of thermodynamics requires that any
process or cycle proceeds in the direction that obeys Sgen >0,

in which the “=" sign applies to the ideal Carnot cycles and the “>
” sign applies to any real, irreversible cycles or processes.

* Actual, irreversible process or cycle: Sgen >0

» Carnot, reversible process or cycle: Sgen =0
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» Impossible process or cycle: Sgen <0

Practice Problems

@ An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca,

thermol/?p=1835#h5p-44
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6.6 The second law of
thermodynamics for closed
systems

The change of entropy in a system is caused by entropy transfer and
entropy generation.

Aentropy = +in — out + gen

Entropy can be transferred to a system via two mechanisms: (1)
heat transfer and (2) mass transfer. It is noted that work is a form of
energy transfer; it does NOT contribute to entropy transfer!

For a closed system, entropy is transferred only by heat transfer,
see Figure 6.6.1; therefore, the second law of thermodynamics for
a closed system undergoing a process from states 1 to 2 can be
written as

2 4Q Qr,
S_S:/ _‘i_Seng _+Sen SenZO
2 1 1 T g Tk g (g )

This equation is also referred to as the entropy balance equation
2
for closed systems. The integral / —— represents the entropy
1

transfer caused by the heat transfer between the system and its
surroundings (i.e., heat source and heat sink). Because this integral
is difficult to calculate, a common practice is to approximate it

with E %, where Q L is the heat transfer that takes place
Ty,

at location k of the system boundary, which has a constant

temperature of Tk' If heat transfer occurs in multiple locations,
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all locations must be considered. Attention should be paid to Tkv
which represents the temperature of the system boundary or the
surroundings if the boundary and the surroundings are in thermal
equilibrium. Tk is NOT the temperature of the system itself!

Ty, = Tireserviour or
Tk = Tboundary
Tk 7é Tsystem

The entropy balance equation is often used together with the first
law of thermodynamics, thermodynamic tables (for real substances),
or ideal gas equations (for ideal gases). We will demonstrate the
applications of the entropy balance equation in Section 6.8.

Entropy transferred

. il

in, . dee ke
Ty

heal trmafer, +) o

sz B ary

IEmpsErEne

Work
It dhoapz BT troemafiar
enlrepry.

Figure 6.6.1 Entropy transferred into and out of a closed system due to heat
transfer

Practice Problems
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6.7 Specific entropy of a state

6.7.1 Determining the specific entropy of pure
substances by using thermodynamic tables

The specific entropy of a pure substance can be found from
thermodynamic tables if the tables are available. The procedures are
explained in Section 2.4. In addition to the P — p and 7" — v
diagrams, the ' — g diagram is commonly used to illustrate the
relation between temperature and specific entropy of a pure
substance. Figure 6.7.1 shows the ]’ — g diagram for water.
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Figure 6.7.1 T-s diagram for water
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Example 1

Fill in the table.
Substa o 3 .
— T,°C P, kPa v, m°/kg Quality x
Water 250 0.02
R134a -2 100

Water: T = 250 °C, v = 0.2 m® /kg

From Table Al: T = 250 °C, Uf =0.001252 m® /kg, Vg =
0.050083 m®/kg

Since v_f &lt; v &lt; v_g, water at the given state is a

two phase mixture; the saturation pressure is Psqt = 3976.17

kPa, and S f =2.7935 kI /kgK, Sg = 6.0721 kI /kgK
The quality is

U 0.02 — 0.001252

Vg — Uf ~0.050083 — 0.001252

The specific entropy is

Tr =

= 0.383936

s=sp+x(sy — sy)
= 2.7935 + 0.383036 x (6.0721 — 2.7935) = 4.0523 kJ /kgK

R134a: T = -2 °C, P =100 kPa
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From Table C1: by examining the saturation pressures at
0 °C and - 5 °C, we can estimate that the saturation
pressure for T = -2 °C is about 270 kPa; therefore, R134a at
the given state is a superheated vapour.

From Table C2,
P =100 kPa, T = -10 °C, v= 0.207433 m>/ kg, § =
17986 kJ /kgK
P =100 kPa, T = 0 °C, v=0.216303 m®/ kg, § =
1.8288 ki/kgK

Use linear interpolation to find ¥ and § at T = -2 °C.

. v—0207433 = s—17986  —2—(-10)
" 0.2160303 — 0.207433  1.8288 —1.7986 0 — (—10)

\therefore v =0.214529 \ \rm{m~3/kg}
and s = 1.8228 kJ/kgK

In summary,

T p v S
Substa Qualit
nce o . m3 /k V% Kki/ Phase

C g kg-K

2 397 0.3839 4.0 two-phas
Water | 50| 617 0021 36 523 e

= 0.2145 1.82 superheat
R134a 2 100 59 n.a. 28 ed vapour

Example 2
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A rigid tank contains 3 kg of R134a initially at 0°C, 200
kPa. R134a is now cooled until its temperature drops to
-20°C. Determine the change in entropy, /A S, of R134a
during this process. Is AS = Sgen?

Solution:

The initial state is at T; = 0°C and P; =200 kPa. From Table
C2 in Appendix C,

81 =17654 kI/kgK, U1 = 0.104811 m> /kg
The tank is rigid; therefore, U2 = U1 = 0.104811 m?> /kg.
From Table C1, at To = -20°C:
Vf =0.000736 mg/kg, Vg =0.147395 mg/kg
Sf =0.9002 kJ/kgK, Sg =17413 kI/kgK

Because  v_f &lt; v_2 &lt; v_g, the final state is a two-
phase mixture.

vy —vr  0.104811 — 0.000736
vy —vs  0.147395 — 0.000736

Ty = = 0.70964

Sy = 85 + @2(sy — 57)
= 0.9002 + 0.70964 x (1.7413 — 0.9002) = 1.4971 kJ /kgK
The total entropy change is
AS =m(sy —s1) = 3 x (1.4971 — 1.7654) = —0.8049 kJ/K
It is important to note that AS 7é S gen in general.

The total entropy of R134a decreases in this cooling
process, but the entropy generation is always greater than
zero in a real process.
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6.7.2 Determining the specific entropy of solids
and liquids

The specific entropy of a solid or a liquid depends mainly on the
temperature. The change of specific entropy in a process from
states 1to 2 can be calculated as,

Ty
89 — 81 = Cpln?1

where
S: specific entropy, in kJ/kgK
Cp: specific heat, in kJ/kgK. Note that for solids and
liquids, Cp = (. Table G2 and Table G3 list the specific

heats of selected solids and liquids, respectively.
T': absolute temperature, in Kelvin

6.7.3 Determining the specific entropy of ideal
gases

The specific entropy of an ideal gas is a function of both
temperature and pressure. Here we will introduce a simplified
method for calculating the change of the specific entropy of an ideal
gas in a process by assuming constant specific heats. This method is
reasonably accurate for a process undergoing a small temperature

change.
15 P,
— 81 = Cpln=2 — Rln=2>
S9 S1 D ’I”I,Tl ’I’LP1
T:
89 — 81 = C'vln—2 + Rl?’tv—2
T1 U1
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where
C,, Cv and R are the constant-pressure specific heat,

constant-volume specific heat, and gas constant,
respectively, in kJ/kgK. Table Gl lists these properties of
selected ideal gases.

T': absolute temperature, in Kelvin

P: pressure, in kPa

S: specific entropy, in kJ/kgK

: specific volume, in m?> /kg

Example 3

Air is compressed from an initial state of 100 kPa, 27°C to
a final state of 600 kPa, 67°C. Treat air as an ideal gas.
Calculate the change of specific entropy, /A g, in this
process. Is As = Sgen?

Solution:

From Table GI: Cp = 1.005 kI /kgK, R = 0.287 kI/kgK

Ty P,
As =589 — 81 = C’Zgln?1 — RlnF1
273.15 + 67 600
=1. —— — 0.287ln—— = —0. kJ /kgK
005ln273'15+27 0.287 nlOO 0.3885 kJ /kg

It is important to note that As 7& Sgen in general. The

specific entropy decreases in this process, but the rate of

282 | 6.7 Specific entropy of a state



entropy generation is always greater than zero in a real
process.

6.7.4 Isentropic relations for an ideal gas

If a process is reversible and adiabatic, it is called an isentropic
process and its entropy remains constant. An isentropic process is
an idealized process. It is commonly used as a basis for evaluating
real processes. The concept of isentropic applies to all substances
including ideal gases. The following isentropic relations, however,
are ONLY valid for ideal gases.

Pv* = constant and
P, - k T k/(k—1)

P () Ty
where

k= —p: specific heat ratio. The k values of selected

v
ideal gases can be found in Table G1.

T': absolute temperature, in Kelvin
P: pressure, in kPa
: specific volume, in m? /kg

It is noted that the isentropic relation ka — constant for
ideal gases is actually a special case of the polytropic relation
. CP
Py"™ = constant withn = k = o
v

6.7 Specific entropy of a state | 283



Example 4

Derive the isentropic relation P’Uk — constant

Solution:

For an ideal gas undergoing an isentropic process,

P
LI TR

As = sy — 51 = Cpln T, P,

Substitute (', = in the above equation and

rearrange,
k lnﬂ = l'nﬂ
k—1 T3 P
k
To\k—1 P,
n(z) "B
k

P (Dk-1
" P Ty

Combine with the ideal gas law, Py = RT,
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Practice Problems

@ An interactive H5P element has been excluded

from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca
thermol/?p=1837#h5p-46
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Media Attributions

» T-s diagram for water © Kaboldy is licensed under a CC BY-SA
(Attribution ShareAlike) license
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6.8 Applications of the
second law of
thermodynamics in closed
systems

The first and second laws of thermodynamics are often used
together with the thermodynamic tables or ideal gas equations in
thermal analysis. The following strategy may be adapted when
solving problems requiring the second law of thermodynamics:

1. Identify the process(es), e.g., isobaric, isothermal, isochoric, or
isentropic process.

2. Determine the initial, final, and any intermediate states. Find
the properties, such as, P, T, v, U, S, by wusing the
thermodynamic tables or equations, e.g., for an ideal gas, solid,
or liquid.

3. Determine the heat transfer, Q, or other unknowns by applying
the first law of thermodynamics for closed systems.

4. Determine the entropy generation, Sgenv or other unknowns

by applying the second law of thermodynamics for closed
systems.

Example 1

6.8 Applications of the second law of
thermodynamics in closed



A piston-cylinder contains ammonia at 2000 kPa, 80°C.
The piston is loaded with a linear spring, see Figure 6.8.el.
The outside ambient is at 15°C. The ammonia is now cooled
down to saturated liquid at 15°C. Assuming the cylinder is
always at the ambient temperature during the cooling
process, determine the specific boundary work, the specific
heat transfer, and the specific entropy generation in the

process.
——
o —
-—-.-_-_-_
H
——
c——
Figure 6.8.e1 A
piston-cylinder device
containing pressurized
ammonia
Solution:
Analysis:

e Ammonia in the piston-cylinder device can be
treated as a closed system.
* As the piston is loaded with a linear spring, the
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pressure of ammonia changes linearly with its specific
volume, see the P — ¢ diagram, Figure 6.8.€2. Please
refer to example 5 in Section 4.3 for a detailed

analysis. The specific boundary work can be found
from

2
1
1 W2 :/ Pdv = §(P1 +P2)('U2 —’U1)
1

Apply both the first and second laws of
thermodynamics to ammonia, we can then find the
specific heat transfer and specific entropy generation.

The first law: Ay = 192 — 1W2

The second law:

192
As = + Sgen
Z TS’U/I"I’ g

We will need to determine the following properties
to complete the calculations.

State : Py, v1, U1, 81

State 2: Py, Vg, U2, S9
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Figure 6.8.e2 P-v diagram of ammonia in a piston-cylinder device

Now let us solve the problem in detail.

From Table Bl: T1 = 80°C, Pgat = 4.14197 MPa. Ammonia in
state 1is a superheated vapour because P; = 2000 kPa = 2
MPa < Pgat. From Table B2: for state 1at Ty = 80°C, P1= 2000
kPa, U1 = 0.075952 rn3/kg, U1 =1583.81kJ/kg, 81 =5.8292
kJ/kgK

State 2 is a saturated liquid at T2 = 15°C. From Table B, Py
=728.53 kPa, V2 = VUf =0.001619 m3/kg, U =412.06 kI/
kg, 82 = Sf =17197 kI/kgK
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The specific boundary work is

1

1w2 = = (P + Py)(v2 —v1)

2
%(2000 + 728.53)(0.001619 — 0.075952) — —101.41 kJ /kg

The specific heat transfer is

192 = Au+ jws
= (412.06 — 1583.81) + (—101.41) = —1273.16 kJ /kg

The specific entropy generation is
192

surr

192
= (52 —81) —
( ? 1) Tsurr

= (1.7197 — 5.8292) —

Sgen = As —

—1273.16

2109 _ 3089 kJ/kgK > 0
(273.15 + 15) /ke

Comment:

*  The cooling process is irreversible; therefore, the
specific entropy generation, Sgep, > 0.

e When applying the second law of thermodynamics,
it is important to note that 7T, is the absolute
temperature (in Kelvin) of the system boundary or the

surroundings if the boundary is in thermal equilibrium
with the surroundings.

Example 2
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Three kilograms of CO2 at 150 kPa, 300 K is mixed with
two kilograms of CO2 at 220 kPa, 500 K, in a rigid, well-
insulated tank, see Figure 6.8.e3. Find the final state (P, T)
and the entropy generation in this process. Assume COz is
an ideal gas in this mixing process.

Compartment A Compartment B , Fystem
Boundary
co, co,
3 ke 2 kg
150 kPa, 300 K 220 kPa, 500 K

Figure 6.8.e3 A rigid tank with two compartments containing CO2

Solution:

Analysis:

*  CO2 in the whole tank can be treated as a closed
system.

*  The mixing occurs after the partition is removed. As
the tank is well-insulated, the heat transfer between
the system and the surroundings is zero in this mixing
process: {}_{1}Q_{2}=0

e Since the tank is rigid, the total volume of CO2
remains constant; therefore, the boundary work is
zero in the mixing process:  {}_{l}W_{2}=0

e Apply the first law to the system (whole tank)

AU =1Q2 —1 W2 =0
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* The entropy generation can be found by applying
the second law to the system.

1Q2
TS'U/I"T‘

AS:Z ‘|‘Sgen and

1Q2 =0
- Spen = AS

e To complete the calculation, we will apply the ideal
gas relations to determine the final pressure,

temperature, A1, and A s.
Now let us solve the problem in detail.

From Table G1 for CO2: R = 0.1889 kJ/kgK, Cp = 0.846
K/kgK, C,, = 0.657 kJ /kgK.

First, the volumes of compartments A and B at the initial
state, state 1, can be found from the ideal gas law.

- PV =mRT

miaRTi4 3 x 0.1889 x 300 ,
V= - —1.1334
00 V4 Pia 150 m
. mpRTip  2x0.1889 x 500 ,
nVp = TR 50 — 0.8586 m

The total volume of the tank is

Viet = Va4 + Vg = 1.1334 + 0.8586 = 1.992 m*®

Next, the final temperature can be calculated by applying
the first law to the whole tank. Note that the tank is rigid
and well insulated; therefore, A/ = ().
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AU = (myg +mup)us — (miguia +mipuip) = 0

comag(ug —upa) +mip(ug —uip) =0

and Au = C,AT

SomyaCy(Ty — Tha) +mupCy(To — Tip) =0
miaT1a4 +mipTiB

mia +mipB
_ 3 x 300 + 2 x 500 _ 380K
3+2

..:Z"2 =

Then, the final pressure can be determined from the ideal
gas law.

(my4 + mip)RT,

Vtot

~ (3+2)x0.1889 x 380 I I
- 1.992 - onafRba

P, =

Last, the entropy generation can be calculated from the
second law.

Sgen = AS
= (m1a +mip)s2 — (M14814 + M1BS1B)
=my4(s2 — 814) + mip(s2 — $1B)
\begin{align*} s_2 - s_{1A} &amp;= C_pIn\
dfrac{T_2H{T_{1A}} - RIn\dfrac{P_2HP_{1A}}
\\&amp;= 0.846In\ dfrac{380}{300} - 0.1889In\
dfrac{180.17H{150} = 0.16536 \ \rm{kJ/kgK} \ &gt;\
0\ end{align*}
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T, P
s9 — s13 = Cpln—— — Rln——
oo P T Pip
380 180.17
= 0.846lnﬁ — 0.1889In 20 —0.19445 kJ /kgK < 0

.. Sgen = maa(s2 — s14) + mip(S2 — s18)
— 3% 0.16536 + 2 x (—0.19445) = 0.1072 kJ /K

Comment:

The entropy in a process can increase or decrease. In this
example, the entropy of CO2 originally in compartment A
increases and the entropy of CO2 originally in compartment
B decreases in this mixing process, but the entropy
generation Sgen > 0 because the mixing process is

irreversible.

Practice Problems

a An interactive H5P element has been excluded
from this version of the text. You can view it
online here:

https: //pressbooks.bccampus.ca,

thermol/?p=1838#h5p-47
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6.9 The second law of
thermodynamics for open
systems

Entropy can be transferred to a system via two mechanisms: (1)
heat transfer and (2) mass transfer. For open systems, the second
law of thermodynamics is often written in the rate form,; therefore,
we are interested in the time rate of entropy transfer due to heat
transfer and mass transfer.

2 dSheat Qk
S eat = ——— = —
heat = gt 2. T

Smass = Z % = kask

m: rate of mass transfer

where

Q ,, rate of heat transfer via the location k; of the system
boundary, which is at a temperature of Tk in Kelvin

S‘ heat - time rate of entropy transfer due to heat transfer

Smass: time rate of entropy transfer that accompanies

the mass transfer into or out of a control volume
Sk specific entropy of the fluid

Applying the entropy balance equation,
Aentropy = +in — out + gen, to a control volume, see
Figure 6.9.1, we can write the following equations:
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* General equation for both steady and transient flow devices

dflz_v. _ (Z s+ Y QT> - (Z mese) +8gn (Sgen > 0)

» For steady-state, steady-flow devices, v 0;

dt

therefore,

\displaystyle \sum{{\dot{{m}}}_{e}{s}_{e}}-
\sum{{\dot{{m}}}_{iH{s}_{i}}=\displaystyle \sum\
dfrac{{\dot{Q}}} _{{c}-{(V}-H{TH+{\dot{{SH}_{{genii\
NANNNN (\dot{{SH}_{{gen}} \ge 0)

 For steady and isentropic flow devices, Qc v, = () and

S gen = (Q; therefore,
E MeSe = E m;s;

1 rate of mass transfer of the fluid entering or leaving

where

the control volume via the inlet ¢ or exit €, in kg/s
Qc v rate of heat transfer into the control volume via the

system boundary (at a constant ’]"), in kW
S c.v. - €ntropy in the control volume, in kI/K

dSC.’U.
dt

volume, in kW/K

: time rate of change of entropy in the control

S gen' time rate of entropy generation in the process, in

kw/K

S: specific entropy of the fluid entering or leaving the
control volume via the inlet ¢ or exit €, in kJ /kgK

T': absolute temperature of the system boundary, in Kelvin
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Q.. System boundary {open)
at a ternperature of T

Figure 6.9.1 Flow through a control volume, showing the entropy transfers
and entropy generation

Example 1

The diagrams in Figure 6.9.el show a reversible process in
a steady-state, single flow of air. The letters i and e
represent the initial and final states, respectively. Treat air
as an ideal gas and assume AKE=APE=0. Are the change in
specific enthalpy Ah=he-h;, specific work w, and specific
heat transferq positive, zero, or negative values? What is
the relation between w and g?
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1] 5

L

Figure 6.9.e1 T-s and P-v diagrams of a reversible process for an
ideal gas

Solution:

The specific work can be evaluated mathematically and
graphically.

(1) Mathematically,
... Ue > UZ

.'.w:/ Pdv > 0

(2) Graphically, the specific work is the area under
the process curve in the P — g diagram,; therefore

W is positive, see Figure 6.9.e2.

In a similar fashion, the specific heat transfer can also be
evaluated graphically and mathematically.

(1) Graphically,
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s — (@)
T rev

\therefore q_{rev} = \displaystyle
\int_{i}"~{e{Tds} = T(s_e-s_i)\ &gt;\ O
For a reversible process, the area under the
process curve in the ]’ — g diagram represents the
specific heat transfer of the reversible process;
therefore § = Qrey is positive, see Figure 6.9.e2.

(2) The same conclusion, gy (), can also be

derived from the second law of thermodynamics
mathematically, as follows.

Q
TS urr

=0, and the fluid is

=+ Sgen

For a reversible process, S R

assumed to be always in thermal equilibrium with
the system boundary, or T = Tsurr; therefore,

Qrev = g :T(Se _sz’) >0
m

The change in specific enthalpy can then be evaluated.
For an ideal gas,

AR =h, —h; = Cy(T, — T})
'-'Te :T'z
. he = hz and Ah: 0
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Now, we can determine the relation between W and Qrey
from the first law of thermodynamics for control volumes.

m(he —hi) = Qrey — W =0
Qrev =W
o Qrey =W

In this reversible process, the specific heat transfer and

specific work must be the same. Graphically, the two areas
under the P — pand ]’ — g diagrams must be the same.

P Ta

L.

Figure 6.9.e2 T-s and P-v diagrams, showing the solutions for a
reversible process of an ideal gas

Practice Problems
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Media Actributions

* Entropy transfers and entropy generation through a CV. ©

Pbroks13 is licensed under a Public Domain license
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6.10 Applications of the
second law of
thermodynamics in open
systems

When solving problems in a control volume, the first and second
laws of thermodynamics are often used together with the continuity
equation and the thermodynamic tables or the ideal gas equation.
The following strategy may be adapted:

1. Set up a proper control volume to enclose the device of
interest and identify the flow condition, i.e., steady or transient
flow, through the control volume.

2. Determine the relations among the mass flow rates at the
inlet(s) and outlet(s) by using the continuity equation.

3. Find the fluid properties at the inlet(s) and outlet(s), such as,
P, T, v, h, s, by using the thermodynamic tables or
equations, e.g., for an ideal gas, solid or liquid.

4. Determine the rate of heat transfer, Q, or other unknowns by
applying the first law of thermodynamics for open systems;

5. Determine the rate of entropy generation, S gen» OF other
unknowns by applying the second law of thermodynamics for
open systems.

Example 1

6.10 Applications of the second law of
thermodynamics in open



Steam is used to provide heating to air in a building
through a well-insulated heat exchanger, see Figure 6.10.el.

e Saturated steam at 100°C enters the heat
exchanger at a mass flow rate of 0.5 kg/s and leaves
the heat exchanger as a saturated liquid at 100°C

o Air enters the heat exchanger at 5°C, 101 kPa, and
leaves at 25°C, 101 kPa.

Assume air is an ideal gas. Determine the mass flow rate

ofairand § _  in this process.

gen

System boundary
(well-insulated)

Saturated steam / Saturated water
100°C 1 2 100°C
e AVAVAVAVAV,VAS B
Air 4 I NE Air
25°C, 101 kPa 5°C, 101 kPa

Figure 6.10.e1 Well-insulated heat exchanger

Solution:
Analysis

e The mass flow rate of air can be found by using the
first law of thermodynamics

Thw(hl = hz) = r'na(h4 = h3) = r’nan(T4 = Tg)

\therefore \dot{m}_{a} = \dot{m}_{w}
\dfrac{h_1-h_2HC_p(T_4 - T_3)}

e The rate of entropy generation can be found by

304 | 6.10 Applications of the second law of thermodynamics in open
systems


https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2022/02/6.10.1ex.png
https://pressbooks.bccampus.ca/thermo1/wp-content/uploads/sites/499/2022/02/6.10.1ex.png

using the second law of thermodynamics. Note that
the heat exchanger is well-insulated.

: : Qr | ¢
. Zmese — Zmisi = Z T_k aF Sgen
and Q B = 0
\begin{align*}\therefore \dot{S}_{gen}
&amp;= \sum\dot{m}_{e}s_{e} - \sum\
dot{m}_{i}s_{i} \\&amp;= (\dot{m}_{w}s_{2}
+\dot{m}_{a}s_{4) - (\dot{m}_{w}s_{1} +
\dot{m}_{a}s_{3}) \\&amp;=
\dot{m}_{w}(s_{2}-s_{1}) + \dotm}_{a}(s_{4}
- s_{3}) \end{align*}

e The following properties are needed in order to
complete the calculations:

° For the steam-water stream:
hl 3 h2 y S1, 82
° For the air stream: S3 , S4

Now, let us solve the problem in detail.

From Table Al, we can find the specific enthalpies and
specific entropies of the saturated steam and saturated
liquid water at 100°C.

hi = hg = 2675.57 kI/kg, hp = h¢=419.17 k] /kg
s1=sg=7.3541 kI/kgK, sp = sr=1.3072 k/kgK

From Table G1 for air: Cp =1.005 kJ/kgK, R = 0.287 kl/
kgK
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T P
84 — 83 = O'pln—4 — Rln—

T3 P;
and Py = P;
273.15 + 25
ey — 53 = 1.005In o 20 kJ /kgK
o84 = 83 = L00BIn T = 0.06978 ki /kg

Now, we can complete the calculations. The mass flow
rate of air is
: hy — hy
My ————
Cp(Ty —T3)
2675.57 — 419.17

— 0.5 — 56.13 ke/s
1.005(25 — 5) 8/

me =

The rate of entropy generation is

Sgen =S mw(32 - 51) ol ma(34 - 33)
— 0.5 x (1.3072 — 7.3541) + 56.13 x 0.06078
— 0.8934kW/K > 0

Comment:

The heat transfer process is irreversible; therefore, the
rate of entropy generation is greater than zero.

Example 2

R134a at 300 kPa, 20°C is heated to 50°C isobarically in a
heat exchanger. The mass flow rate of R134a is 1.5 kg /s. The

heat at a rate of Q H is supplied by a heat pump, which
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absorbs heat at a rate of Q I from the ambient at 280 K,

see Figure 6.10.e2. If COPgp = 5, and there is no heat
loss in the heat exchanger, find the power input, W HP

and the rate of heat transfer, Q I Is this setup consisting

of the heat exchanger and heat pump possible?

o e T e T e e e, e

g 12 R134a

] Heat Exchanger ;
300 kPa, Zﬂ"{'.i N i 300 kPa, 50°C
; Oy :
W ! Control volume
: A H.P i I:u:ul..l_1dar-.|
: " e
: g r
& i
2HD K

Figure 6.10.e2 A device consisting of a heat exchanger and a heat
pump

Solution:

The control volume is set up to enclose both the heat
pump and heat exchanger, as shown in Figure 6.10.e2.

From Table C1, we can tell that, at the given pressures
and temperatures, R134a remains a superheated vapour at
both the inlet and the outlet of the heat exchanger. The
specific enthalpies and specific entropies of R134a can be
found in Table C2.
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e Atthe inlet, P; = 300 kPa, Ti= 20°C; therefore, h; =
416.24 k1/kg, s1 = 1.7876 kI /kgK

o At the outlet, P> = 300 kPa, T2 = 50°C; therefore, ho
=443.31 kI /kg, s1 = 1.8755 kI /kgK

Apply the first law of thermodynamics to the control
volume.

mhy + QL + Wygp = mhs
For the heat pump
Qu

. War

Qr +Wgp =Qpg
Combine the above three relations, we can derive

m(hs — hy)

COPygp

1.5 x (443.31 — 416.24)
- - = 8.121 kW

QL = (COPHP — 1)WHP
= (5—1) x 8.121 = 32.484 kW

Apply the second law of thermodynamics to the control

and

COPyp =

WHP =

volume.
o ) Qr .
Ty,
2 8gen = (52 — 51) — TQL

= 1.5 x (1.8755 — 1.7876) —

32.484

=0.0158 kW/K >0
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Comment:

The rate of entropy generation in this control volume
(consisting of both heat exchanger and heat pump) is
positive; therefore, it is very likely that this setup can work
in reality, and the processes in the heat exchanger and heat
pump are irreversible.

To further verify this, we can calculate the rate of
entropy generation for each individual device, i.e., heat
exchanger and heat pump, separately. However, with the
given information, there exists a challenge to evaluate the
amount of entropy transfer due to the heat transfer
provided by the heat pump to the heat exchanger. Strictly

speaking, / g should be evaluated because the
Ty

temperature of the heat exchanger varies, leading to a
possible variation of temperature, Tbv at the boundary

between the heat pump and the heat exchanger. The
relation between the instantaneous rate of heat transfer
from the heat pump to the heat exchanger, Q, and the
boundary temperature, Tb, must be obtained to enable a
detailed analysis.

Here, let us perform a simplified calculation to
demonstrate the concept. Assume that Tb remains

constant as the average temperature between the inlet and
the outlet of the heat exchanger, thus

T, = 35°C = 308.15 K.

Apply the second law of thermodynamics to the heat
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pump. Note that QH = QL + WHP’ and As = (0
for the heat pump cycle.
Sggnﬂp = 1mAs — TQL + QT—;{

32484 + 32.484 +8.121
280 308.15

=0

=0.015755 kW/K >0

Furthermore, the COP of the Carnot cycle operating
between the heat sink of 280 K and the heat source of
308.15Kis

COP_{HP, rev} = \dfrac{308.15{308.15-280}=10.9
&gt; 5=COP_{HP}

Because Sgen,HP > () and
COPHP < COPHP,rev’ this heat pump cycle is an
irreversible, realistic cycle.

Similarly, let us apply the second law of thermodynamics
to the heat exchanger.
: : Q
Sgen,HE = m(SZ - 31) _ 2
32.484 + 8.121

= 1.5 x (L8755 — L.7876) — —~—

=8x 10 °kW/K ~ 0
Because S gen,HE =2 (), the process in this heat

exchanger is almost ideal and reversible. It is noted that
heat losses are typically unavoidable in real devices, but
they are not considered in this example. Due to heat losses
from the heat exchanger, the real process will have

S gen,HE > (). Consequently, the outlet temperature

may not be able to reach 50°C.
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Example 3

Consider an adiabatic two-stage compressor having an
intercooler, as shown in Figure 6.10.e3.

e Air at 10°C, 101 kPa enters the first stage of the
compressor and is compressed to 300 kPa, 150°C.

»  After being cooled to 30°C in a well-insulated
intercooler, the air then enters the second stage
cylinder and is compressed to 900 kPa.

Assume that (1) the pressure drop in the intercooler is
negligible, (2) air is an ideal gas, and (3) the two compression
processes are polytropic with the same polytropic
exponent. Determine

1. The total specific work of the two-stage
COmMPpressor.

2. The specific entropy generation in each of the two
stages.

3. The total specific entropy generation in the system
consisting of the two-stage compressor and the
intercooler, assuming a constant temperature of 30°C
at the system boundary.

4.  Assume there is no intercooler. The air from the
first stage enters directly to the second stage and is
compressed to 900 kPa, what is the air temperature at
the exit of the second stage? What is the total specific
work of the compressor? Assume the polytropic
exponent remains the same in both stages.
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Rejected Heat

0

2

a v
Intercooler
-

Second Stage
Cylinder

—= Compressed

Air Input
Air Output

(Air Cleaner) ‘

First Stage
Cylinder

Electric Motor
Two-Stage Compressed

Air Pump

Figure 6.10.e3 Two stage compressor with an intercooler

Solution:

(1) Assume air is an ideal gas. From Table Gl for air: R =
0.287 kI/kgK, Cp =1.005 kJ/kgK.

The compressor is adiabatic with the following inlet and
outlet conditions for each stage:

© Stage 1

° Inlet P; = 101 kPa, Ty = 10°C
® Outlet P2 = 300 kPa, T2 =150°C

Therefore, the specific work of stage 1is
w; = hz - h1 == Cp(T2 - Tl)
= 1.005 x (150 — 10) = 140.7 kJ /kg

The polytropic exponent can be found by
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combining the polytropic relation and the ideal gas
law.

Plv_? = PQ'U;L and
Pv=RT
n

B (B\a 1
" P Ty

_ = 1.58486
[ 300 x (273.15 + 10) }
n

101 x (273.15 + 150)

Stage 2

° Inlet P3 = 300 kPa, T3 = 30°C
o Outlet P4 =900 kPa

The air temperature at the outlet of stage 2 can be
found from the polytropic relation.
n

P (Ti\n-1
" P T

\begin{align*} \therefore T_4 &amp;=T_3
\left(\dfrac{P_4HP_3\right)~{\dfrac{n-14{n
B \\&amp;= (273.15 + 30) \times
\dfrac{900K300}~{\dfrac{1.58486
-1H{1.58486}} \\&amp;= 454.7 \ \rm{K} =
181.56" \rm{o} \rm{CH\end{align*}
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Therefore, the specific work of stage 2 is
wo = h4 — h3 = Cp(T4 - T3)
= 1.005(181.56 — 30) = 152.31 kJ /kg

The total specific work of the two stage
COmPpressor is

Wit = w1 + wy = 140.7 + 152.31 = 293 kJ /kg

(2) Both stages are adiabatic; therefore, for each stage

Ty
and Qk =0
Sgen 70 P
Sgen = :n =8, — 8 = CplnT;3 RlnF;3
For stage 1,
T: P.
Sgemil = CPln?j — RlnFj
273.15 + 150
= 1.005ln¥ — 0.287ln@
(273.15 + 10) 101
= 0.0913 kJ /kgK
For stage 2,
T, P,
Sgen2 = Cplnﬁ — RlnF;1
454.
= 1.005ln5—7 — 0.287ln@
(273.15 + 30) 300

= 0.0921 kJ /kgK

(3) To calculate the total specific entropy generation in
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the system consisting of the compressor and the heat
exchanger, we can set up the control volume as shown in

Figure 6.10.e4.
Rejected heat

Intercooler Ty, Py

TPy T Te:Py

Contral volume
boumdary

P Ty

.
[

Figure 6.10.e4 Schematic of a two-stage compressor with an
intercooler

The specific heat transfer rejected from the cooler to the
surroundings is

q= % =hy —hy =C,(Tx — T3)
— 1.005 x (150 — 30) = 120.6 kJ /kg

Apply the second law of thermodynamics to the control
volume as outlined in Figure 6.10.e4, we can find the total
specific entropy generation.

lse = 50) = Y 2 + S
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—Q

’l’;’L(S4 = 5‘1) = + Sgen
surr
. Sgen = = (84 —81) —
gen
Tsurr
Since
Ty Py
— 81 =Cpln— — Rln—
S4 S1 D TLTI n P1
454.7 900
=1.005ln———  — 0.287In——
(273.15 + 10) 101
= —0.1517 kJ /kgK
Therefore, the total specific entropy generation is
Sgen = (34 - 31) - Tiq
= —0.1517 + 1206 0.246 kJ /kgK > 0

(273.15 + 30)

Comment:

Compare the results from part (2) and part (3),
Sgen > S gen,1 + Sgen,2, because the heat transfer
process in the heat exchanger is irreversible and generates

additional entropy.

(4) If the air is directly compressed from P; = 101 kPa to P4
=900 kPa in a polytropic process with n = 1.58486, then its
final temperature at the exit of stage 2 will be

n

“&: Ty \n—1
P T
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n—1
Py n
Ty =T —
e ' <P1>
0.58486
900) 1.58486

— (273.15 + 10) | —
( i )<101

=634.7K = 361.5°C
The specific work of the compressor will be

Wiy = Cp(Ty — Ty) = 1.005 x (361.5 — 10) = 353.3 kJ /kg

Comment:

Intercoolers are commonly used in multiple-stage
compressors. Without intercoolers, the air temperature in
the compressor may increase significantly, which may
reduce the efficiency of the compressor. In addition, by
comparing the specific work in part 1 and part 4,

Wy = Wieet, it is apparent that without intercoolers,
the compressor will need to consume much more power in
order to achieve the same final pressure.

Practice Problems
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Media Actributions

* Two stage compressor with intercooler © Brian S. Elliott is
licensed under a CC BY-SA (Attribution ShareAlike) license
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6.11 Chapter review

In this chapter, we have introduced two statements of the second
law of thermodynamics including the Kelvin-Planck statement and
the Clausius statement, and the ideal model of Carnot cycles. These
concepts establish a theoretical foundation for evaluating the best
possible performance, in terms of the thermal efficiency or COP, of
heat engines, refrigerators, or heat pumps operating between two
heat reservoirs.

The second law of thermodynamics can be expressed in terms
of entropy generation. Due to the existence of irreversibilities, a
real process or cycle always proceeds in the direction that obeys
Sgen > 0. For an ideal, reversible process or cycle, such as the

Carnot cycles, Sgen = 0. Any real or ideal process or cycle must

satisfy both the first and the second laws of thermodynamics.

The first and second laws of thermodynamics are often used
together with the thermodynamic tables or ideal gas equations in
thermal analysis. When applying the second law of thermodynamics
for closed or open systems, it is important to write an appropriate
entropy balance equation. Entropy, entropy transfer, and entropy
generation are three important concepts in the entropy balance
equation. They have different physical meanings.

* Entropy is a measure of the degree of the “randomness” or
“disorder” of a system. It is a thermodynamic property of the
system and a state function. The change of entropy, A S, in
a process only depends on the initial and final states of the
process.

* Entropy generation, S gen» is a measure of the irreversibilities

in a process. It is not a property of the system. It depends on the
path of a process; the more irreversible a process is, the larger
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Sgen is.

* Entropy transfer always accompanies mass transfer and heat
transfer in a process or a cycle. Entropy transfer is a boundary
phenomenon. It relates to the mass flow rate or heat transfer
across the system boundary, as well as the temperature of the
boundary.
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6.12 Key equations

Heat engine

Net work output

Wnet, out — QH - QL

Thermal efficiency |, _ desired output Wet, out _1_ Qr
of any heat engine required input Qx Qxy
17,
Thermal efficiency | M¢p, rey — 1——
of Carnot heat ’ TH
engine
Refrigerator and heat pump
Net work input Wnet, in — QH — QL
COPp, = deshjed 01.Ltput
COP of any req'uzred input '
refrigerator B Qr _ Qr _ 1
I/Vnet7 in QH - QL QH/QL -1
COP of Carnot COPg = Ty = 1
refrigerator » Tev Ty — 1Ty, Ty /TL -1
COPyp — desi'rjed oytput
COP of any heat reqyzred input )
pump _ Qw _ Qw 1
Wnet, in QH - QL 1- QL/QH
Ty 1
COP of Carnot heat [ COP. — —
HP - -
pump T Ty — Ty, 1-T1/Th
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Entropy and entropy generation

The 0Q
inequality }{ — < 0 (= for reversible cycles; < for irreve
Clausius T
L 6Q
Infinitesimal form :dS = T
Definition rev
of entropy 2 5Q
Integral form : AS =S5, — 51 = / —
1 T
e 6Q
Definition Infinitesimal form : dS = T
f ent
geﬁgr;?i% where 6Sg., > 0

(= for reversible processes; > for irre

The second law of thermodynamics
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For closed
systems
(control
mass)

2
o
82_51:/ ?Q_i_sgen

1
Q
= ?k + Sgen (Sgen 2 0)

where Tk is the absolute temperature of the system boundary, in Kelvin.

For
steady-state,
steady flow
in a control
volume
(open
systems)

Qeo

Z?’;’Lese _Zmisi :ZT+Sgen (S

For steady
and
isentropic
flow

E meSeZE mzsz

Change of
specific
entropy
between two
states of a
solid or
liquid

T

sy — 81 = Cpln T

Change of
specific
entropy
between two
states of an

Assume constant Cp and Cv in the temperature range,

Ts b,
S9g — 81 = Cpln?1 — RlnF1

ideal gas T2 V2
8 sy — 81 = Cyln— + RIln—
1 U1
Po* = constant
k/(k-1)
Isentropic P2 _ ’U_1 _ E
relations for - -
ideal gases P 1 ) T1
Cp
where f — —— and T is in Kelvin

v
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Appendix A: Thermodynamic
Properties of Water
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Table Ar: Saturated Water
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T (°C)

P (MPa)

Specific Volume
m’/kg

Specific
Internal
Energy

kI/kg

Specific
Enthalpy
kJ/kg

Specific
Entropy
kJ/kgK

Vf

Vg

uf

Ug

hg hg

Sf Sg

0.01

0.00061

0.001000

205.991

0.00

2374.90

0.00 |2500.92

0.0000{9.1555

0.00087

0.001000

147.011

21.02

2381.78

21.02 |2510.06

0.076319.0248

10

0.00123

0.001000

106.303

42.02

2388.65

42.02 | 2519.21

0.1511 |8.8998

15

0.00171

0.001001

77.8755

62.98

2395.49

62.98 |2528.33

0.2245(8.7803

20

0.00234

0.001002

57.7567

83.91

2402.32

83.91 |2537.43

0.2965/8.6660

25

0.00317

0.001003

43.3373

104.83

2409.13

104.83 |2546.51

0.3672|8.5567

30

0.00425

0.001004

32.8783

125.73

2415.91

125.73 |2555.55

0.4368(8.4520

35

0.00563

0.001006

25.2053

146.63

2422.67

146.63 |2564.55

0.5051|8.3517

40

0.00738

0.001008

19.5151

167.53

2429.39

167.53 |2573.51

0.5724(8.2556

45

0.00960

0.001010

15.2521

188.43

2436.08

188.44 [2582.43

0.6386|8.1633

50

0.01235

0.001012

12.0269

209.33

2442.73

209.34|2591.29

0.70388.0748

55

0.01576

0.001015

9.56428

230.24

2449.34

230.26 2600.09

0.7680(7.9898

60

0.01995

0.001017

7.66723

251.16

2455.90

251.18 [2608.83

0.8313]7.9082

65

0.02504

0.001020

6.19354

272.09

246241

27212 [2617.50

0.8937|7.8296

70

0.03120

0.001023

5.03954

293.03

2468.86

293.0712626.10

0.9551|7.7540

75

0.03860

0.001026

4.12894

313.99

2475.24

314.03 [2634.60

1.0158 | 7.6812

80

0.04741

0.001029

3.40516

334.96

2481.56

335.01 |2643.02

1.0756 | 7.6111

85

0.05787

0.001032

2.82584

355.96

2487.81

356.022651.33

1.1346 [7.5434

90

0.07018

0.001036

2.35906

376.97

2493.97

377.04 |2659.53

11929 | 7.4781

95

0.08461

0.001040

1.98056

398.00

2500.04

398.09 |2667.61

1.2504 | 7.4151

100

0.10142

0.001043

1.67177

419.06

2506.02

419.17 |2675.57

1.3072 | 7.3541

105

0.12090

0.001047

1.41838

440.15

2511.90

440.27 |12683.39

1.36347.2952

110

0.14338

0.001052

1.20929

461.26

2517.67

461.42 2691.06

1.4188 | 7.2381
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15

0.16918

0.001056

1.03584

482.42

2523.33

482.59

2698.58

1.4737

71828

120

0.19867

0.001060

0.891212

503.60

2528.86

503.81

2705.93

1.5279

71291

125

0.23224

0.001065

0.770026

524.83

2534.27

525.07

2713.10

1.5816

7.0770

130

0.27028

0.001070

0.668004

546.10

2539.53

546.38

2720.08

1.6347

7.0264

135

0.31323

0.001075

0.581729

567.41

2544.65

567.75

2726.87

1.6872

6.9772

140

0.36154

0.001080

0.508454

588.77

2549.62

589.16

2733.44

17392

6.9293,

145

0.41569

0.001085

0.445962

610.19

2554.42

610.64

2739.80

1.7908

6.8826

150

0.47617

0.001091

0.392453

631.66

2559.05

632.18

2745.93

1.8418

6.8371

155

0.54350

0.001096

0.346460

653.19

2563.51

653.79

2751.81

1.8924

6.7926

160

0.61824

0.001102

0.306782

674.79

2567.78

675.47

275744

1.9426

6.7491

165

0.70093

0.001108

0.272431

696.46

2571.85

697.24

2762.81

1.9923

6.7066

170

0.79219

0.001114

0.242589

718.20

257573

719.08

2767.90

2.0417

6.6650

175

0.89260

0.001121

0.216581

740.02

2579.39

741.02

277271

2.0906

6.6241

180

1.00281

0.001127

0.193842

761.92

2582.83

763.05

2771.21

21393

6.5841

185

112346

0.001134

0.173901

783.91

2586.04

785.19

2781.41

2.1875

6.5447

190

1.25524

0.001141

0.156362

806.00

2589.01

807.43

2785.28

2.2355

6.5059

195

1.39882

0.001149

0.140892

828.18

2591.74

829.79

2788.82

2.2832

6.4678

200

1.55493

0.001157

0.127210

850.47

2594.20

852.27

2792.01

2.3305

6.4302

205

172430

0.001164

0.115078

872.87

2596.40

874.88

2794.83

2.3777

6.3930

210

1.90767

0.001173

0.104292

895.39

2598.31

897.63

2797.27

2.4245

6.3563

215

2.10584

0.001181

0.094680!

918.04

2599.94

920.53

2799.32

2.4712

6.3200

220

2.31959

0.001190

0.086092

940.82

2601.25

943.58

2800.95

2.5177

6.2840

225

2.54972

0.001199

0.078404

963.74

2602.24

966.80

2802.15

2.5640

6.2483

230

2.79709

0.001209

0.071504

986.81

2602.90

990.19

2802.90

2.6101

6.2128

235

3.06253

0.001219

0.065298

1010.04

2603.20

1013.77

2803.17

2.6561

6.1775

240

3.34693

0.001229

0.059705

1033.44

2603.13

1037.55

2802.96

2.7020

6.1423
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245

3.65117

0.001240

0.054654

1057.02

2602.67

1061.55

2802.22

2.7478

6.1072

250

3.97617

0.001252

0.050083

1080.79

2601.79

1085.77

2800.93

2.7935

6.0721

255

4.32289

0.001264

0.045939

1104.77

2600.49

1110.23

2799.07

2.8392

6.0369

260

4.69226

0.001276

0.042173

1128.97

2598.72

1134.96

2796.60

2.8850

6.0016

265

5.08529

0.001289

0.038746

1153.41

2596.45

1159.96

279349

2.9307

5.9661

270

5.50299

0.001303

0.035621

1178.10

2593.67

1185.27

2789.69

2.9765

5.9304

275

5.94639

0.001318

0.032766

1203.07

2590.33

1210.90

2785.17

3.0224

5.8944

280

6.41658

0.001333

0.030153

1228.33

2586.39

1236.88

2779.87

3.0685

5.8579

285

6.91466

0.001349

0.027756

1253.92

2581.81

1263.25

277373

3.1147

5.8209

290

744178

0.001366

0.025555

1279.86

2576.53

1290.03

2766.70

3.1612

5.7834

295

7.99911

0.001385

0.023529

1306.19

2570.49

1317.27

2758.70

3.2080

5.7451

300

8.58790

0.001404

0.021660

1332.95

2563.62

1345.01

2749.64

3.2552

5.7059

305

9.20943

0.001425

0.019934

1360.18

2555.85

1373.30

273943

3.3028

5.6657

310

9.86505

0.001448

0.018335

1387.93

2547.07

1402.22

2727.95

3.3510

5.6244

315

10.55620

0.001472

0.016851

1416.28

2537.17

1431.83

2715.05

3.3998

5.5816

320

11.28430

0.001499

0.015471

1445.31

2526.01

1462.22

2700.59

34494

5.5372

325

12.05100

0.001528

0.014183

1475.11

2513.41

1493.52

2684.33

3.5000

5.4909

330

12.85810

0.001561

0.012979

1505.80

2499.15

1525.87

2666.03

3.5518

5.4422

335

13.70730

0.001597

0.011847

1537.56

2482.96

1559.45

2645.35

3.6050

5.3906

340

14.60070

0.001638

0.010781

1570.62

2464.44

1594.53

2621.85

3.6601

5.3356!

345

15.54060

0.001685

0.009769

1605.30

2443.09

1631.48

2594.90

3.71176

5.2762

350

16.52940

0.001740

0.008802

1642.13

2418.14

1670.89

2563.64

3.7784

5.2110

355

17.57010

0.001808

0.007868

1681.96

2388.40

1713.72

2526.65

3.8439

5.1380

360

18.66600

0.001895

0.006949

1726.28

2351.78

1761.66

2481.49

3.9167

5.0536

365

19.82140

0.002017

0.006012

1777.79

2303.79

1817.77

2422.95

4.0014

4.9497

370

21.04360

0.002215

0.004954|

1844.07

2230.26

1890.69

2334.52

4.1112

4.8012
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373.95

22.06400

0.003106)

0.003106

2015.73

2015.73

2084.26

2084.26

4.4070

4.4070
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Table A2: Superheated Vapor, Water
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v u h s v u
T (°C) m®/kg KkJ/kg KJ/kg kJ/kgK m® /kg KJ/kg
P =10 kPa (Sat. T = 45.80°C) P =50 kPa (Sat.
Sat 14.6701 243716 | 2583.86 8.1488 3.24003 2483.21
50 14.8670 | 2443.30 | 2591.97 8.1741 - -
100 17.1964 251549 | 2687.46 8.4489 3.41867 2511.49
150 19.5132 2587.91 | 2783.04 8.6892 3.88973 2585.73
200 21.8256 | 266134 | 2879.60 8.9049 435616 | 2659.96
250 241361 | 2736.09 | 297745 91015 4.82061 2735.12
300 | 264456 | 2812.28 | 3076.74 9.2827 5.28405 2811.56
350 287545 | 2890.00 | 317755 9.4513 574690 | 2889.44
400 310631 | 2969.32 | 3279.95 9.6094 6.20940 | 2968.86
450 33.3714 | 305027 | 3383.98 9.7584 6.67166 | 3049.89
500 | 356796 | 3132.89 | 3489.69 9.8998 713376 3132.58
550 37.9876 321724 | 359711 10.0344 7.59574 3216.96
600 | 40.2956 | 3303.32 | 3706.27 10.1631 8.05763 | 3303.08
650 | 42.6035 339117 | 3817.20 10.2866 851946 | 3390.96
700 44.9113 348079 | 3929.90 | 10.4055 8.98123 | 3480.60
750 47.2191 357218 | 4044.37 10.5202 944296 | 3572.02
800 | 495269 | 3665.35 | 4160.62 10.6311 9.90467 | 3665.20
850 51.8347 3760.27 | 4278.61 10.7386 10.3663 3760.13
900 541424 | 3856.91 | 4398.33 10.8429 10.8280 3856.79
950 56.4501 | 395525 | 4519.75 10.9442 11.2896 3955.14
1000 | 587578 | 405524 | 4642.82 11.0428 11.7513 4055.14
v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg kJ/kg
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P =100 kPa (Sat. T = 99.60°C) P = 200 kPa (Sat.
Sat 169393 | 2505.55 | 2674.95 7.3589 0.885682 | 2529.09
150 193665 | 2582.94 | 2776.60 7.6148 0.959855 | 2577.13
200 217243 2658.21 | 287545 7.8356 1080480 | 2654.63
250 240615 | 2733.90 | 297451 8.0346 1198890 | 273143
300 | 263885 | 281065 | 3074.53 8.2172 1316230 | 2808.82
350 | 287095 | 288873 | 3175.83 8.3866 1432970 | 2887.31
400 | 310269 | 296829 | 3278.56 8.5452 1549330 | 2967.15
450 | 3.33420 | 304942 | 3382.84 8.6946 1665460 | 3048.48
500 | 3.56553 | 313218 | 3488.73 8.8362 1781420 3131.39
550 379675 | 321662 | 3596.30 8.9710 1.897260 | 3215.95
600 | 4.02788 | 330279 | 370558 9.0998 2.013010 | 3302.20
650 | 425895 | 339070 | 3816.60 9.2235 2128700 | 3390.18
700 | 448997 | 3480.37 | 3929.37 9.3424 2.244330 | 3479.92
750 | 472094 | 3571.82 | 404391 94572 2359930 | 357141
800 | 4.95189 | 3665.02 | 4160.21 9.5682 2475500 | 3664.65
850 518280 | 3759.97 | 4278.25 9.6757 2591030 | 3759.64
900 541370 | 3856.64 | 4398.01 9.7800 2706550 | 3856.34
950 | 5.64458 | 3955.00 | 4519.46 9.8813 2.822050 | 3954.72
1000 | 5.87545 | 4055.01 | 4642.56 9.9800 2.937540 | 4054.76
v u h s v u
T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KkJ/kg
P = 300 kPa (Sat. T = 133.52°C) P = 400 kPa (Sat.

Sat 0.60576 | 2543.15 | 2724.88 6.9916 0.462383 | 2553.10
150 0.63401 | 2570.98 | 276119 7.0791 0.470883 | 2564.43
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200 071642 | 2650.96 | 2865.89 7.3131 0.534334 | 2647.19
250 | 079644 | 2728.93 | 2967.87 7.5180 0.595196 | 2726.39
300 | 0.87534 | 2806.98 | 3069.58 77037 0.654892 | 2805.12
350 | 095363 | 2885.88 | 3171.97 7.8750 0713958 | 2884.45
400 103154 | 2966.00 | 327547 8.0347 0772645 | 2964.85
450 110921 304753 | 3380.29 8.1849 0.831085 | 3046.58
500 118671 3130.59 | 3486.60 8.3271 0.889357 | 312979
550 | 126409 | 321526 | 3594.49 8.4623 0.947510 | 321458
600 1.34139 330161 | 3704.03 8.5914 1005570 | 330102
650 1.41861 3389.67 | 3815.25 87153 1063570 | 3389.15
700 149579 | 3479.46 | 3928.20 8.8344 1121520 | 3479.00
750 157293 | 3571.00 | 4042.88 8.9494 1179430 | 357059
800 | 165003 | 3664.28 | 4159.29 9.0604 1237300 | 3663.92
850 172711 3759.30 | 4277.44 91680 1295150 | 3758.97
900 1.80417 | 3856.03 | 4397.28 9.2724 1.352980 | 3855.73
950 1.88121 395445 | 4518.81 9.3739 1410790 | 3954.17
1000 | 195823 | 405451 | 464198 9.4726 1468580 | 4054.25

v u h s v u
T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KkJ/kg
P = 500 kPa (Sat. T = 151.83°C) P = 600 kPa (Sat.
Sat 0.37481 256071 | 274811 6.8207 0.315583 | 2566.79
200 | 042503 | 264332 | 2855.84 7.0610 0.352121 | 2639.34
250 047443 | 2723.82 | 2961.04 7.2724 0.393901 | 2721.21
300 | 052261 | 2803.25 | 3064.55 7.4614 0.434418 | 2801.36
350 0.57015 | 2883.01 | 3168.08 7.6346 0474275 | 288156
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400 0.61730 | 296370 | 3272.35 77955 0.513741 | 2962.54
450 0.66421 | 3045.63 | 337774 7.9465 0.552957 | 3044.68
500 071094 | 3129.00 | 3484.47 8.0892 0.592002 | 3128.20
550 075756 | 3213.90 | 3592.68 8.2249 0.630925 | 3213.22
600 | 0.80409 | 330043 | 370247 8.3543 0.669761 | 3299.84
650 | 0.85055 | 3388.63 | 3813.90 8.4784 0708529 | 3388.11
700 | 0.89696 | 3478.54 | 3927.02 8.5977 0747246 | 3478.08
750 0.94332 | 357018 | 4041.84 8.7128 0785923 | 3569.77
800 | 0.98966 | 366355 | 4158.38 8.8240 0.824568 | 3663.18
850 103597 | 3758.64 | 4276.63 8.9317 0.863187 | 3758.31
900 108226 | 385543 | 4396.56 9.0362 0.901785 | 3855.13
950 112853 | 3953.90 | 451816 91377 0.940365 | 3953.62
1000 117479 | 4054.00 | 464140 9.2364 0.978931 | 405375

v u h s v u
T (°C) m®/kg kJ/kg KJ/kg kJ/kgK m®/kg KJ/kg
P = 800 kPa (Sat. T = 170.40°C) P =1000 kPa (Sat

Sat 0.24034 | 2576.03 | 2768.30 6.6616 0194362 | 258275
200 | 0.26088 | 263104 | 283975 6.8176 0.206022 | 2622.24
250 0.29321 2715.87 | 2950.44 7.0401 0.232747 | 2710.38
300 0.32416 279753 | 3056.86 7.2345 0.257988 | 2793.64
350 0.35442 | 2878.63 | 3162.17 7.4106 0.282504 | 2875.68
400 | 038428 | 296021 | 3267.64 7.5734 0.306606 | 2957.87
450 041389 | 304277 | 3373.88 77257 0.330447 | 3040.85
500 | 044332 | 312660 | 348125 7.8692 0.354113 | 3124.99
550 0.47263 3211.85 | 3589.96 8.0055 0.377655 | 3210.48
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600 | 050185 | 3298.65 | 3700.14 8.1354 0401108 | 329747
650 0.53101 | 3387.08 | 3811.88 8.2598 0424494 | 3386.04
700 0.56011 347717 | 3925.26 8.3794 0.447828 | 3476.25
750 0.58917 | 3568.95 | 4040.29 8.4947 0.471121 3568.14
800 | 0.61820 | 366245 | 4157.01 8.6061 0494382 | 366171
850 0.64721 | 375764 | 427541 8.7139 0517618 | 3756.98
900 | 067619 | 385452 | 4395.48 8.8185 0.540832 | 3853.92
950 070516 | 3953.07 | 451719 8.9201 0.564028 | 3952.52

1000 | 073411 | 4053.24 | 464053 9.0189 0.587210 | 4052.74

v u h s v u
T (°C) m® /kg KkJ/kg KJ/kg kJ/kgK m® /kg KJ/kg
P = 1200 kPa (Sat. T = 187.95°C) P = 1400 kPa (Sat.

Sat 06326 | 2587.83 | 278374 6.5217 0.140778 | 259176
200 | 016934 | 2612.85 | 2816.06 6.5909 0.143025 | 260272
250 0.19241 270471 | 2935.60 6.8313 0.163561 | 2698.88
300 | 021386 | 2789.69 | 3046.32 7.0335 0.182324 | 2785.67
350 | 023455 | 287270 | 315416 7.2139 0.200292 | 2869.68
400 | 025482 | 295551 | 3261.29 7.3793 0217820 | 2953.14
450 0.27482 | 3038.93 | 336871 7.5332 0.235078 | 3036.99
500 | 0.29464 | 312338 | 3476.94 7.6779 0.252156 | 312176
550 0.31434 | 3209.11 | 3586.31 7.8150 0.269109 | 3207.73
600 | 033395 | 3296.28 | 3697.01 7.9455 0.285970 | 3295.09
650 | 0.35349 | 3385.00 | 3809.18 8.0704 0.302764 | 3383.96
700 037297 | 347533 | 3922.90 81904 0.319505 | 3474.41
750 | 039242 | 3567.32 | 4038.22 8.3060 0.336206 | 3566.50
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800 041184 | 3660.98 | 4155.18 8.4176 0.352874 | 3660.24
850 0.43123 3756.31 | 427378 8.5256 0.369516 | 3755.65
900 | 0.45059 | 3853.32 | 4394.03 8.6303 0.386137 | 385271
950 | 046994 | 395196 | 4515.90 8.7320 0402741 | 395141
1000 | 0.48928 | 405223 | 4639.37 8.8310 0.419330 | 405172
v u h s v u
T (°C) m®/kg kJ/kg KJ/kg kJ/kgK m®/kg kJ/kg
P = 1600 kPa (Sat. T = 201.37°C) P =1800 kPa (S

Sat 012374 | 2594.83 | 2792.82 6.4199 0.110368 | 2597.24
250 0.19241 270471 | 2935.60 6.8313 0.163561 | 2698.88
300 0.21386 | 2789.69 | 3046.32 7.0335 0.182324 | 2785.67
350 0.23455 | 287270 | 315416 7.2139 0.200292 | 2869.68
400 | 025482 | 295551 | 3261.29 7.3793 0.217820 | 2953.14
450 0.27482 | 3038.93 | 336871 7.5332 0.235078 | 3036.99
500 | 0.29464 | 312338 | 3476.94 7.6779 0.252156 312176
550 0.31434 320911 | 3586.31 7.8150 0.269109 | 3207.73
600 | 033395 | 3296.28 | 3697.01 7.9455 0.285970 | 3295.09
650 | 0.35349 | 3385.00 | 3809.18 8.0704 0.302764 | 3383.96
700 0.37297 | 3475.33 | 3922.90 8.1904 0.319505 | 3474.41
750 0.39242 | 3567.32 | 4038.22 8.3060 0.336206 | 3566.50
800 041184 | 3660.98 | 4155.18 8.4176 0.352874 | 3660.24
850 0.43123 3756.31 | 427378 8.5256 0.369516 | 3755.65
900 | 0.45059 | 3853.32 | 4394.03 8.6303 0.386137 | 385271
950 | 046994 | 395196 | 4515.90 87320 0402741 | 395141
1000 | 0.48928 | 405223 | 4639.37 8.8310 0.419330 | 405172

Properties of Water | 337



v u h s v u
T (°C) m® /kg KkJ/kg KJ/kg kJ/kgK m® /kg KJ/kg
P = 2000 kPa (Sat. T = 212.37°C) P = 2500 kPa (Sat.
sat | 0.09959 | 259912 | 2798.29 6.3390 0.079949 | 2602.06
250 0.1150 | 2680.25 | 2903.24 6.5475 0.087053 | 2663.26
300 0.12551 277317 | 3024.18 6.7684 0.098937 | 2762.24
350 | 013860 | 286045 | 3137.65 6.9583 0.109786 | 285253
400 0.15122 294591 | 3248.34 7.1292 0120119 | 2939.78
450 016354 | 303113 | 3358.22 7.2866 0130152 | 3026.19
500 0.17568 3116.87 | 3468.24 7.4337 0139992 | 311277
550 0.18770 | 3203.58 | 3578.97 75725 0.149700 | 3200.10
600 | 0.19962 329151 | 3690.74 77043 0159314 | 328851
650 0.21147 | 3380.83 | 3803.75 7.8302 0.168858 | 3378.21
700 | 022326 | 347164 | 3918.17 7.9509 0.178349 | 3469.33
750 | 0.23502 | 3564.03 | 4034.07 8.0670 0.187798 | 356198
800 | 0.24674 | 3658.03 | 415151 81791 0197215 | 3656.18
850 | 025844 | 3753.65 | 427053 8.2874 0.206605 | 375198
900 027012 | 3850.90 | 439113 8.3925 0.215974 | 3849.38
950 0.28178 | 394976 | 4513.31 8.4945 0.225325 | 3948.37
1000 | 029342 | 405020 | 4637.04 8.5936 0.234661 | 4048.94
v u h s v u
T (°C) m®/kg KkJ/kg KJ/kg kJ/kgK m®/kg KJ/kg
P = 3000 kPa (Sat. T = 233.85°C) P = 4000 kPa (Sat.
Sat | 0.06666 | 260316 | 280315 6.1856 0.049776 | 260172
250 | 0.07063 | 2644.65 | 2856.53 6.2893 - -
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300 0.08118 2750.80 2994.33 6.5412 0.058870 2726.21
350 0.09056 2844.39 3116.06 6.7449 0.066473 2827.43
400 0.09938 2933.55 3231.69 6.9235 0.073431 2920.75
450 0.10789 3021.18 3344.84 7.0856 0.080043 3011.00
500 0.11620 3108.63 3457.22 7.2359 0.086442 3100.25
550 0.12437 3196.60 3569.70 7.3769 0.092700 3189.54
600 0.13245 3285.50 3682.83 7.5103 0.098859 3279.43
650 0.14045 3375.58 3796.94 7.6373 0.104945 3370.30
700 0.14841 3467.02 3912.24 7.7590 0.110976 3462.37
750 0.15632 3559.91 4028.87 7.8758 0.116966 3555.78
800 0.16420 3654.33 4146.92 7.9885 0.122922 3650.63
850 0.17205 3750.31 4266.46 8.0973 0.128852 3746.97
900 0.17988 3847.87 4387.50 8.2028 0.134759 3844.83
950 0.18769 3946.99 4510.06 8.3051 0.140649 3944.22
1000 0.19549 4047.67 4634.14 8.4045 0.146525 4045.13
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Table A3: Compressed Liquid Water
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v u h s v u
T (°C) m®/kg KJ/kg KkJ/kg kJ/kgK m® /kg KkJ/kg
P = 500 kPa (Sat. T = 151.83°C) P = 2000 kPa (Sat.
Sat | 0.001093 | 63954 | 640.09 1.8604 0.001177 906.15
0.01 | 0.001000 0.01 0.51 0.0000 0.000999 0.04
20 | 0.001002 83.88 84.38 0.2964 0.001001 83.79
40 | 0.001008 | 16747 167.97 0.5722 0.001007 | 167.28
60 0.001017 | 25108 251.58 0.8310 0.001016 | 250.81
80 | 0.001029 | 334.86 | 335.37 1.0753 0.001028 | 334.51
100 | 0001043 | 418.94 419.47 1.3069 0.001042 418,51
120 | 0.001060 | 50349 | 504.02 15276 0.001059 | 502.96
140 | 0.001080 | 58871 589.25 17391 0.001079 | 588.07
160 - - - - 0.001101 674.08
180 - - - - 0.001127 761.30
200 = = = = 0.001156 850.14
v u h s v u
T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KJ/kg
P = 5000 kPa (Sat. T = 263.94°C) P = 10000 kPa (Sat.
sat | 0001286 | 114821 | 1154.64 2.9210 0.001453 | 1393.54 |
0.01 | 0.000998 0.09 5.07 0.0003 0.000995 0.16
20 | 0.001000 83.61 88.61 0.2954 0.000997 83.31
40 | 0.001006 | 166.92 171.95 0.5705 0.001004 | 166.33
60 0.001015 | 25029 | 255.36 0.8287 0.001013 | 24943
80 0.001027 | 333.82 | 338.96 1.0723 0.001024 | 332.69
100 | 0.001041 417.65 422.85 1.3034 0.001038 | 416.23
120 | 0.001058 | 50191 507.19 15236 0.001055 | 500.18
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140 0.001077 586.79 592.18 17344 0.001074 584.71

160 | 0.001099 | 67255 678.04 1.9374 0.001095 | 670.06
180 | 0.001124 | 75946 | 765.08 21338 0.001120 | 756.48
200 | 0.001153 847.91 853.68 2.3251 0.001148 844.31
220 | 0.001187 | 93839 | 944.32 2.5127 0.001181 | 934.00
240 | 0.001227 | 103158 | 103771 2.6983 0.001219 | 1026.14
260 | 0001275 | 1128.53 | 1134.91 2.8841 0.001265 | 1121.61
280 - - - - 0.001323 | 1221.80
300 - - - - 0.001398 | 1329.35

v u h s v u
T (°C) m® /kg KJ/kg KkJ/kg kJ/kgK m® /kg KkJ/kg
P = 15000 kPa (Sat. T = 342.16°C) P = 20000 kPa (Sat

Sat 0.001657 1585.35 1610.20 3.6846 0.002040 1786.41

0.01 0.000993 0.22 15.11 0.0006 0.000990 0.27

20 0.000995 83.01 97.93 0.2932 0.000993 82.71

40 0.001001 165.75 180.77 0.5666 0.000999 165.17
60 0.001011 248.58 263.74 0.8234 0.001008 24775
80 0.001022 331.59 346.92 1.0659 0.001020 330.50
100 0.001036 414.85 430.39 1.2958 0.001034 413.50
120 0.001052 49849 514.28 1.5148 0.001050 496.85
140 0.001071 582.69 598.75 17243 0.001068 580.71
160 0.001092 667.63 684.01 1.9259 0.001089 665.28
180 0.001116 753.58 770.32 2.1206 0.001112 750.77
200 0.001144 840.84 857.99 2.3100 0.001139 83749
220 0.001175 929.80 947.43 2.4951 0.001170 925.77
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240 | 0.001212 | 1020.98 | 1039.16 2.6774 0.001205 | 1016.07
260 | 0.001256 | 111512 | 1133.96 2.8586 0.001247 | 1109.02
280 | 0.001310 | 121336 | 1233.00 3.0409 0.001298 | 120555
300 | 0001378 | 131763 | 1338.30 3.2279 0.001361 | 130715
320 | 0001473 | 143193 | 1454.02 3.4263 0.001445 | 1416.59
340 | 0001631 | 1567.89 | 1592.36 3.6555 0.001569 | 1540.20
360 - - - - 0.001825 | 1703.60
v u h s v u
T (°Q) m° /kg kJ/kg kJ/kg kJ/kgK m° /kg kJ/kg
P = 30000 kPa P = 50000

0.01 | 0.000986 0.33 29.90 0.0004 0.000977 0.33
20 | 0.000989 82.11 11.77 0.2897 0.000980 80.93
40 | 0.000995 | 164.05 193.90 0.5607 0.000987 | 161.90
60 0.001004 | 246.14 276.26 0.8156 0.000996 | 243.08
80 0.001016 | 32840 | 358.86 1.0564 0.001007 | 324.42
100 | 0.001029 | 410.87 44174 1.2847 0.001020 | 405.94
120 | 0.001045 | 493.66 | 525.00 1.5020 0.001035 | 487.69
140 | 0.001062 | 576.90 608.76 17098 0.001052 569.77
160 | 0.001082 | 660.74 693.21 1.9094 0.001070 | 652.32
180 | 0.001105 | 745.40 778.55 2.1020 0.001091 | 735.49
200 | 0.001130 83110 865.02 2.2888 0.001115 819.45
220 | 0.001159 918.14 952.93 2.4707 0.001141 904.39
240 | 0.001193 | 1006.87 | 1042.66 2.6491 0.001171 990.55 |
260 | 0001231 | 109777 | 113471 2.8250 0.001204 | 1078.22
280 | 0.001277 | 19147 | 1229.77 3.0001 0.001243 | 116774
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300 0.001332 1288.92 1328.89 3.1760 0.001288 1259.57
320 0.001401 1391.65 1433.69 3.3557 0.001341 1354.33
340 0.001493 1502.34 1547.14 3.5438 0.001405 1452.87
360 0.001628 1626.74 1675.57 3.7498 0.001485 1556.46
380 0.001873 1782.04 1838.22 4.0025 0.001588 1667.07

Reference States, default for fluid

* Enthalpy H = 2551.013479 kJ/kg at 26.9 C and 0.0010 MPa.
* Entropy S =9.103679 J/g*K at 26.9 C and 0.0010 MPa.

Source: Eric W. Lemmon, Mark O. McLinden and Daniel G. Friend,
“Thermophysical Properties of Fluid Systems” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Eds.
P.J. Linstrom and W.G. Mallard, National Institute of Standards and
Technology, Gaithersburg MD, 20899, https://doi.org/10.18434/
T4D303, (retrieved May 2021).
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Appendix B: Thermodynamic

Properties of Ammonia
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Table B1: Saturated Ammonia
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Specific Volume

Specific Internal Ene

T(C) | P(MPa) m’/kg ki/kg
vf Vg uf

-50 0.04084 0.001424 2.627750 118.37 1
-45 0.05449 0.001436 2.007080 140.23 14
-40 0.07169 0.001449 1,553280 162.22 1
-35 0.09310 0.001462 1.216780 184.34 14
-30 0.11943 0.001475 0.963963 206.58 1
25 0.15147 0.001489 0.771672 228.94 1
-20 0.19008 0.001503 0.623730 251.42 1
15 0.23617 0.001518 0.508679 274.01 1
-10 0.29071 0.001534 0.418303 296.72 1
5 0.35476 0.001550 0.346635 319.54 12
0 0.42939 0.001566 0.289297 342.48 1
5 0.51575 0.001583 0.243039 365.55 1
10 0.61505 0.001601 0.205426 388.74 1
15 0.72853 0.001619 0.174614 412.06 12
20 0.85748 0.001639 0.149198 435.53 1
25 1.00324 0.001659 0.128092 459.16 1
30 116720 0.001680 0.110457 482.95 15
35 1.35077 0.001702 0.095633 506.93 -
40 1.55542 0.001726 0.083101 53111 I
45 178266 0.001750 0.072450 555.51 -
50 2.03403 0.001777 0.063350 580.16 I
55 231113 0.001804 0.055538 605.09 I
60 261560 0.001834 0.048797 630.33 I
65 2.94913 0.001866 0.042955 655.91 I
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70 3.31347 0.001900 0.037868 681.90 i
75 3.71045 0.001937 0.033419 708.34 14
80 4.14197 0.001978 0.029509 735.31 14
85 4.61002 0.002022 0.026058 762.88 14
90 5.11672 0.002071 0.022997 791.16 14
95 5.66432 0.002127 0.020268 820.29 14
100 6.25527 0.002190 0.017820 850.46 14
105 6.89227 0.002263 0.015610 881.91 1
110 7.57834 0.002350 0.013596 915.03 14
115 8.31700 0.002456 0.011740 95047 14
120 9.11249 0.002594 0.009993 989.44 14
125 9.97022 0.002795 0.008283 1034.97 12
130 10.89770 0.003202 0.006379 1100.28 1
132.25 11.33930 0.004444 0.004444 1211.98 1
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Table B2: Superheated Ammonia
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v u h s v u

T (°C) m®/kg KkJ/kg kJ/kg kJ/kgK m®/kg kJ/
P = 50 kPa (Sat. T = -46.51°C) P =100 kP:

Sat 217495 143147 1540.22 6.8401 113809 1447,
-30 2.34496 1458.80 1576.05 6.9927 115730 1453,
-20 2.44645 1475.09 1597.42 7.0788 1.21016 1470.
-10 2.54720 1491.30 1618.66 7.1611 1.26220 1487,
0 2.64739 1507.47 1639.84 7.2402 1.31365 1504
10 274715 1523.67 1661.02 7.3163 1.36463 1520.
20 2.84657 1539.91 1682.24 7.3899 1.41527 1537.
30 2.94572 1556.23 1703.51 7.4613 146562 1554.
40 3.04466 1572.64 1724.88 7.5306 151576 1570.
50 3.14343 1589.17 1746.34 7.5981 1.56571 1587.
60 3.24205 1605.83 1767.93 7.6639 1.61552 1604.
70 3.34056 1622.63 1789.65 77281 1.66521 1621.
80 3.43896 1639.57 181152 7.7910 1.71480 1638.
90 3.53729 1656.68 1833.54 7.8525 1.76431 1655,
100 3.63554 1673.95 1855.73 7.9127 1.81374 1672.
110 373373 1691.40 1878.08 7.9718 1.86311 1690.
120 3.83187 1709.02 1900.62 8.0299 1.91243 1708.
130 3.92996 1726.83 1923.33 8.0869 1.96170 1725.
140 4.02801 1744.83 1946.23 8.1431 2.01094 1744,
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150 412603 1763.03 1969.33 81983 2.06013 1762.
160 4.22402 1781.42 1992.62 8.2527 210930 1780.
170 432198 1800.01 2016.11 8.3063 215844 1799.
180 441991 1818.81 2039.80 8.3592 2.20755 1818,
190 451783 1837.81 2063.70 8.4113 2.25664 1837.
200 4.61572 1857.03 2087.81 8.4628 2.30572 1856.
v u h s v u
T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KJ/
=150 kPa (Sat. T = -25.20 °C) =200 kP
Sat 0.778759 1456.69 1573.50 6.4577 0.594648 1463,
-20 0.797792 1466.08 1585.75 6.5066 - -
-10 0.833689 148373 1608.78 6.5958 0.619287 1479,
0 0.868939 1501.03 1631.37 6.6801 0.646486 1497,
10 0.903705 1518.10 1653.66 6.7602 0.673171 1515.
20 0.938100 1535.05 1675.77 6.8370 0.699467 1532.
30 0.972207 1551.95 1697.78 6.9108 0.725463 1549,
40 1.006090 1568.84 171975 6.9821 0.751222 1566.
50 1.039780 1585.76 174173 7.0512 0.776793 1584.
60 1.073330 1602.75 1763.75 7.1183 0.802212 1601,
70 1106750 1619.83 1785.85 7.1836 0.827505 1618.
80 1140070 1637.02 1808.03 7.2474 0.852693 1635.
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90 1173310 1654.34 1830.34 7.3096 0.877795 1653
100 1.206470 1671.79 1852.76 7.3706 0.902823 1670,
110 1.239570 1689.40 1875.34 7.4303 0.927789 1688.
120 1.272610 1707.17 1898.06 7.4888 0.952700 1706.
130 1.305610 1725.10 1920.94 7.5463 0.977565 1724.
140 1.338570 1743.21 1944.00 7.6028 1.002390 1742.
150 1.371500 1761.51 1967.23 7.6583 1.027180 1760.
160 1.404390 1779.99 1990.65 77130 1.051930 1779.
170 1.437260 1798.66 2014.25 77669 1.076660 1797.
180 1.470100 1817.53 2038.05 7.8200 1101370 1816.
190 1.502920 1836.60 2062.04 7.8724 1126050 1836.
200 1535710 1855.88 2086.24 7.9241 1150710 1855.
210 1.568500 1875.36 2110.64 7.9751 1175360 1874.
220 1.601260 1895.06 2135.25 8.0255 1199990 1894

v u h s v u

T (°C) m® /kg kJ/kg kI/kg kJ/kgK m> /kg K/

P = 300 kPa (Sat. T = -9.224 °C) P =400 kP

Sat 0.406085 1472.98 1594.81 6.2175 0.309410 1479.
0 0.423819 1490.74 1617.89 6.3035 0.312249 1483,

10 0.442489 1509.34 1642.08 6.3905 0.326987 1503
20 0.460728 1527.48 1665.70 6.4725 0.341246 1522,
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30 0.478641 1545.32 1688.91 6.5503 0.355149 1540.
40 0.496302 1562.98 1711.87 6.6249 0.368782 1558.
50 0.513762 1580.54 1734.67 6.6965 0.382202 1576.
60 0.531063 1598.05 1757.37 6.7657 0.395454 1594.
70 0.548233 1615.58 1780.05 6.8328 0.408571 1612.
80 0.565296 1633.15 1802.74 6.8979 0.421576 1630.
90 0.582269 1650.79 1825.47 6.9614 0.434489 1648.
100 0.599166 1668.53 1848.28 7.0234 0.447324 1666.
110 0.616000 1686.38 1871.18 7.0839 0.460094 1684.
120 0.632778 1704.36 1894.19 71432 0.472807 1702.
130 0.649508 1722.49 1917.34 7.2014 0.485473 1720.
140 0.666198 1740.77 1940.63 7.2584 0.498096 1739.
150 0.682851 1759.22 1964.07 7.3145 0.510683 1757.
160 0.699473 1777.83 1987.68 7.3696 0.523238 1776.
170 0.716066 1796.63 2011.45 7.4239 0.535764 1795.
180 0.732635 1815.61 2035.40 74774 0.548266 1814.
190 0.749181 1834.79 2059.54 7.5300 0.560745 1833.
200 0.765708 1854.16 2083.87 7.5820 0.573204 1853.
210 0.782217 1873.73 2108.39 7.6333 0.585645 1872.
220 0.798710 1893.50 2133.11 7.6839 0.598070 1892.
230 0.815188 1913.48 2158.04 7.1340 0.610480 1912.
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240 0.831653 1933.67 2183.17 77834 0.622877 1932.
250 0.848105 1954.08 2208.51 7.8323 0.635261 1953
260 0.864547 1974.69 2234.06 7.8807 0.647635 1973.

v u h s v u

T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KJ/

P =500 kPa (Sat. T = 4.13 °C) P = 600 KE
Sat 0.250324 1484.53 1609.69 6.0393 0.210353 1488,
10 0.257544 1496.73 1625.50 6.0957 0.211117 1489.
20 0.269459 1516.75 1651.48 6.1859 0.221513 1511,
30 0.280985 1536.04 1676.54 6.2699 0.231480 1531.
40 0.292219 1554.85 1700.96 6.3492 0.241132 1550.
50 0.303228 1573.34 1724.95 6.4246 0.250546 1569.
60 0.314060 1591.62 1748.65 6.4968 0.259773 1588.
70 0.324751 1609.77 1772.15 6.5663 0.268852 1606
80 0.335327 1627.88 1795.54 6.6335 0.277812 1625.
90 0.345807 1645.98 1818.88 6.6987 0.286674 1643,
100 0.356208 1664.10 1842.21 6.7621 0.295454 1661.
110 0.366541 1682.30 1865.57 6.8239 0.304166 1680,
120 0.376818 1700.58 1888.99 6.8842 0.312819 1698
130 0.387045 1718.97 1912.49 6.9432 0.321422 1717.
140 0.397230 1737.48 1936.10 7.0011 0.329982 1735.
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150 0.407378 1756.14 1959.83 7.0578 0.338505 1754.
160 0.417494 1774.94 1983.69 7.1136 0.346995 1773.
170 0.427580 1793.91 2007.70 7.1683 0.355455 1792.
180 0.437642 1813.04 2031.86 7.2223 0.363891 1811
190 0.447681 1832.35 2056.19 7.2754 0.372303 1831,
200 0.457700 1851.85 2080.70 7.3277 0.380695 1850.
210 0.467700 1871.54 2105.39 7.3794 0.389069 1870.
220 0.477684 1891.41 2130.26 7.4303 0.397427 1890,
230 0.487654 1911.49 2155.32 7.4806 0.405769 1910.
240 0.497610 1931.77 2180.58 7.5303 0.414099 1930.
250 0.507554 1952.26 2206.04 75795 0.422416 1951.
260 0.517487 1972.96 2231.70 7.6281 0.430721 1972,
v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg KkJ/
P = 800 kPa (Sat. T = 17.84°C) 1000 KI
Sat 0.159551 1494.11 1621.75 5.8725 0.128497 1498.
20 0.161354 1499.04 1628.12 5.8943 - -
30 0.169445 1521.03 1656.59 5.9898 0.132037 1510.
40 0.177166 1541.90 1683.63 6.0776 0.138657 1532.
50 0.184614 1561.99 1709.68 6.1595 0.144962 1554.
60 0.191854 1581.56 1735.04 6.2367 0.151035 1574.
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70 0.198934 1600.77 1759.91 6.3103 0.156931 1594.
80 0.205884 1619.74 1784.45 6.3808 0.162688 1614.
90 0.212730 1638.57 1808.76 6.4487 0.168333 1633.
100 0.219490 1657.33 1832.92 6.5143 0.173887 1652.
110 0.226178 1676.06 1857.01 6.5780 0.179366 1671.
120 0.232805 1694.81 1881.06 6.6400 0.184782 1690
130 0.239381 1713.61 1905.12 6.7004 0.190144 1709.
140 0.245912 1732.49 1929.22 6.7595 0.195460 1729.
150 0.252405 1751.47 1953.39 6.8173 0.200737 1748.
160 0.258864 1770.56 1977.65 6.8739 0.205979 1767.
170 0.265294 1789.78 2002.02 6.9295 0.211191 1787.
180 0.271697 1809.15 2026.51 6.9842 0.216376 1806.
190 0.278077 1828.68 2051.14 7.0380 0.221538 1826.
200 0.284437 1848.36 2075.91 7.0909 0.226678 1846.
210 0.290778 1868.23 2100.85 71430 0.231800 1866.
220 0.297102 1888.27 2125.95 71945 0.236905 1886.
230 0.303412 1908.49 2151.22 7.2452 0.241995 1906.
240 0.309708 1928.91 2176.68 7.2953 0.247071 1926.
250 0.315991 1949.53 2202.32 7.3448 0.252135 1947.
260 0.322263 1970.34 2228.15 7.3937 0.257187 1968.
270 0.328525 1991.36 2254.18 7.4420 0.262229 1989.
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280 0.334778 2012.58 2280.40 7.4899 0.267262 2010,
290 0.341022 2034.01 2306.83 7.5372 0.272286 2032
300 0.347258 2055.66 2333.47 7.5841 0.277301 2054
v u h s v u

T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg kJ/
=1200 kPa (Sat. T = 30.93°C) P = 1400 kI

Sat 0.107487 1500.79 1629.77 5.7244 0.092296 1502,
40 0.112860 1522.88 1658.31 5.8169 0.094311 1512.
50 0.118442 1545.65 168778 5.9096 0.099416 1536.
60 0.123761 1567.28 1715.79 5.9950 0.104221 1559
70 0.128884 1588.12 1742.78 6.0748 0.108808 1581.
80 0.133856 1608.42 1769.05 6.1502 0.113230 1602.
90 0.138708 1628.34 1794.79 6.2221 0.117523 1623.
100 0.143464 1648.01 1820.17 6.2911 0.121715 1643,
110 0.148141 1667.52 1845.29 6.3575 0.125823 1663
120 0.152753 1686.94 1870.25 6.4218 0.129863 1682.
130 0.157308 1706.33 1895.10 6.4842 0.133844 1702.
140 0.161816 1725.71 1919.89 6.5450 0.137777 1722.
150 0.166284 1745.14 1944.68 6.6043 0.141668 1741.
160 0.170716 1764.63 1969.49 6.6622 0.145523 1761.
170 0.175117 1784.21 1994.35 6.7190 0.149346 1781
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180 0.179491 1803.90 2019.29 6.7746 0.153141 1801.
190 0.183841 1823.72 2044.33 6.8293 0.156912 1821,
200 0.188170 1843.67 2069.48 6.8830 0.160661 1841,
210 0.192480 1863.77 2094.75 6.9358 0.164391 1861.
220 0.196772 1884.04 2120.16 6.9879 0.168104 1881.
230 0.201049 1904.47 214572 7.0392 0.171801 1902.
240 0.205313 1925.07 217145 7.0898 0.175484 1923,
250 0.209563 1945.86 2197.33 7.1398 0.179154 1944
260 0.213803 1966.83 2223.39 7.1891 0.182813 1965.
270 0.218032 1988.00 2249.63 7.2379 0.186461 1986
280 0.222251 2009.36 2276.06 7.2861 0.190100 2007
290 0.226461 2030.92 2302.67 7.3338 0.193729 2029
300 0.230664 2052.69 2329.48 7.3810 0.197351 2051
310 0.234859 2074.66 2356.49 7.4277 0.200965 2073.
320 0.239047 2096.84 2383.70 7.4740 0.204572 2095,

v u h s v u

T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg kJ/

P = 1600 kPa (Sat. T = 41.02°C) P = 2000 kI
Sat 0.080782 1504.06 1633.31 5.6156 0.064453 1505.
50 0.085064 1527.59 1663.69 57110 0.064729 1507.
60 0.089509 1551.82 1695.03 5.8066 0.068754 1534,
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70 0.093710 1574.63 1724.57 5.8939 0.072463 1560
80 0.097730 1596.48 1752.84 5.9751 0.075952 1583.
90 0.101612 1617.64 1780.22 6.0516 0.079278 1606.
100 0.105385 1638.34 1806.95 6.1242 0.082480 1628.
110 0.109071 1658.71 1833.22 6.1937 0.085583 1649.
120 0.112684 1678.85 1859.15 6.2605 0.088608 1670.
130 0.116238 1698.86 1884.84 6.3250 0.091567 1691.
140 0.119741 1718.79 1910.37 6.3876 0.094473 17110
150 0.123200 1738.69 1935.81 6.4484 0.097332 1732
160 0.126623 1758.60 1961.20 6.5077 0.100152 1752.
170 0.130013 1778.56 1986.58 6.5657 0.102939 1772.
180 0.133375 1798.58 2011.98 6.6223 0.105696 1793.
190 0.136713 1818.70 2037.44 6.6779 0.108427 1813.!
200 0.140028 1838.93 2062.97 6.7324 0.111136 1834.
210 0.143323 1859.28 2088.59 6.7860 0.113824 1854.
220 0.146601 1879.77 2114.33 6.8387 0.116494 1875.
230 0.149863 1900.40 2140.18 6.8907 0.119148 1896.
240 0.153111 1921.20 2166.18 6.9418 0.121788 1917.
250 0.156347 1942.16 2192.31 6.9923 0.124414 1938.
260 0.159570 1963.30 2218.61 7.0420 0.127029 1959,
270 0.162783 1984.61 2245.07 7.0912 0.129632 1981.
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280 0.165986 2006.12 2271.69 7.1398 0.132226 2002
290 0.169180 2027.81 2298.50 7.1878 0.134811 2024.
300 0.172366 2049.70 2325.48 7.2353 0.137387 2046
310 0.175544 207179 2352.66 7.2823 0.139956 2068,
320 0.178716 2094.08 2380.02 7.3288 0.142518 2091,
330 0.181881 2116.57 240758 7.3749 0.145073 2113.
340 0.185040 2139.28 2435.34 7.4206 0.147622 2136.
350 0.188194 2162.19 2463.30 7.4658 0.150166 2159
360 0.191342 2185.32 2491.47 7.5106 0.152704 2182.
v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg kJ/
P = 5000 kPa (Sat. T = 88.88°C) P =10000 k
Sat 0.023651 1486.10 1604.35 5.1060 0.008225 1368.
100 0.026362 1532.44 1664.25 5.2690 - -
110 0.028403 1566.88 1708.89 5.3871 - -
120 0.030227 1597.55 1748.68 5.4897 - -
130 0.031907 1625.81 1785.34 5.5818 0.009934 1433,
140 0.033481 1652.43 1819.83 5.6663 0.011935 1505.
150 0.034976 1677.89 1852.76 5.7451 0.013381 1554,
160 0.036407 1702.51 1884.54 5.8193 0.014589 1595.
170 0.037788 1726.51 1915.45 5.8898 0.015656 1631.
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180 0.039128 1750.06 1945.69 5.9573 0.016629 1664.
190 0.040432 1773.27 1975.43 6.0222 0.017534 1694.
200 0.041706 1796.24 2004.77 6.0849 0.018386 1724.
210 0.042954 1819.05 2033.82 6.1457 0.019197 1752.
220 0.044180 1841.75 2062.65 6.2047 0.019975 1779.
230 0.045386 1864.39 2091.32 6.2623 0.020725 1806.
240 0.046575 1887.00 2119.88 6.3185 0.021451 1832.
250 0.047748 1909.63 2148.37 6.3735 0.022156 1857.
260 0.048908 1932.29 2176.83 6.4274 0.022844 1883.
270 0.050056 1955.01 2205.29 6.4802 0.023517 1908
280 0.051192 1977.81 2233.77 6.5322 0.024176 1933.
290 0.052318 2000.70 2262.29 6.5833 0.024823 1958.
300 0.053435 2023.71 2290.88 6.6336 0.025459 1983.
310 0.054543 2046.84 2319.55 6.6832 0.026086 2008
320 0.055644 2070.10 2348.32 6.7321 0.026704 2033.
330 0.056738 2093.51 2371.20 6.7804 0.027314 2058
340 0.057825 2117.06 2406.19 6.8281 0.027916 2083
350 0.058906 2140.78 2435.31 6.8752 0.028513 2108.
360 0.059982 2164.66 2464.57 6.9218 0.029103 2133.
370 0.061053 2188.72 2493.98 6.9679 0.029687 2158.
380 0.062119 2212.95 2523.54 7.0135 0.030267 2183.
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390 0.063181 2237.36 2553.26 7.0586 0.030841 2209.
400 0.064238 2261.95 2583.14 71034 0.031412 2234.
410 0.065292 2286.74 2613.20 71477 0.031978 2260.
420 0.066342 2311.72 2643.42 71916 0.032540 2286.

Reference States, default for fluid

» Enthalpy H = 1699.663687 k] /kg at 26.9 C and 0.0010 MPa.
* Entropy S = 9.356091 kJ/kg-K at 26.9 C and 0.0010 MPa.

Source: Eric W. Lemmon, Mark O. McLinden and Daniel G. Friend,

“Thermophysical Properties of Fluid Systems” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Eds.
P.J. Linstrom and W.G. Mallard, National Institute of Standards and
Technology, Gaithersburg MD, 20899, https://doi.org/10.18434/
T4D303, (retrieved May 2021).
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Appendix C: Thermodynamic
Properties of R134a
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Table Ci: Saturated Ri34a

364 | Properties of R134a



Specific Volume

Specific Internal Ener

T(°C) | P(MPa) m’/kg ki/kg

f Vg uf i

70 | 000798 | 0.000666 2.058960 11119 33
-65 0.01138 0.000672 1.476490 117.26 34
-60 0.01591 0.000678 1.079030 123.35 34
-55 0.02183 0.000685 0.802362 120.49 34
50 | 002945 0.000691 0.606198 135.65 34
45 | 003912 0.000698 0.464726 141.86 35
-40 0.05121 0.000705 0.361076 148.11 35
-35 0.06614 0.000713 0.284018 154.40 35
30 | 008438 | 0.000720 0.225945 160.73 36
25 | 010640 0.000728 0.181623 16711 36
-20 013274 0.000736 0.147395 173.54 36
15 0.16394 0.000745 0.120671 180.02 36
40 | 020060 | 0000754 0.099590 186.55 37,
-5 0.24334 0.000763 0.082801 1933 37
0 0.29280 0.000772 0.069309 199.77 37
5 0.34966 0.000782 0.058374 206.48 38
10 0.41461 0.000793 0.049442 213.25 38
15 048837 |  0.000804 0.042090 220.09 38
20 0.57171 0.000816 0.035997 227,00 38
25 0.66538 |  0.000829 0.030912 233.99 39
30 077020 0.000842 0.026642 241,07 39
35 0.88698 |  0.000857 0.023033 248.25 39
40 1.01659 0.000872 0.019966 255.52 39
45 115992 0.000889 0.017344 262.91 40
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50 1.31791 0.000907 0.015089 270.43 40
55 1.49151 0.000927 0.013140 278.09 40
60 1.68178 0.000950 0.011444 285.91 40
65 1.88982 0.000975 0.009960 293.92 40
70 2.11683 0.001004 0.008653 302.16 41
75 2.36412 0.001037 0.007491 310.68 41
80 2.63320 0.001077 0.006448 319.55 41
85 2.92583 0.001127 0.005499 328.93 41
90 3.24418 0.001194 0.004613 339.06 41
95 3.59123 0.001294 0.003743 350.60 40
100 3.97238 0.001536 0.002681 367.20 39
101.06 4.05911 0.001954 0.001954 381.71 38
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Table C2: Superheated Ri34a
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v u h s v u
T (°C) m® /kg KkJ/kg KJ/kg kJ/kgK m® /kg KJ/k;
P = 50 kPa (Sat. T = -40.45 °C) P =100 kPa
Sat 0.369253 355.25 373.72 17650 0.192558 363.34
-20 0.404876 368.97 389.21 1.8288 0.198410 367.81
-10 0.421989 375.89 396.99 1.8590 0.207433 374.89
0 0.438974 382.98 404.93 1.8885 0.216303 382.10
10 0.455859 390.22 413.02 19176 0.225060 389.45
20 0.472664 397.64 421.27 1.9463 0.233731 396.94
30 0.489404 405.22 429.69 1.9745 0.242333 404.59
40 0.506090 412.97 438.28 2.0024 0.250878 412.40
50 0.522731 420.89 447,03 2.0299 0.259376 420.37
60 0.539334 428.98 455.94 2.0571 0.267835 428.49
70 0.555904 437.23 465.02 2.0839 0.276260 436.78
80 0.572447 445.64 474.26 21105 0.284657 445.23
90 0.588966 454.22 483.67 21367 0.293029 453.84
100 0.605464 462.96 493.24 21627 0.301380 462.61
10 0.621943 471.87 502.96 21884 0.309713 471,53
120 0.638407 480.93 512.85 2.2139 0.318029 480.61
130 0.654857 490.15 522.89 2.2391 0.326331 489.85

v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg KJ/k
P =150 kPa (Sat. T = -17.13 °C) P =200 kPa
Sat 0.131283 368.63 388.32 17388 0.099877 372.64
-10 0.135816 373.84 394.21 17615 0.099915 372.70
0 0.142013 38119 402.49 17924 0.104811 380.24
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10 0.148081 388.64 410.86 1.8225 0.109552 387.82
20 0.154053 396.23 419.33 1.8519 0.114185 395.49
30 0.159950 403.95 427.94 1.8808 0.118737 403.29
40 0.165787 411.82 436.68 1.9092 0.123226 411.22
50 0.171576 419.83 445.57 19371 0.127663 419.29
60 0.177323 428.01 454.60 1.9646 0.132057 427,51
70 0.183036 436.33 463.79 1.9918 0.136415 435.88
80 0.188719 444.82 473.12 2.0186 0.140744 444.40
90 0.194377 453.45 482,61 2.0451 0.145046 453.06
100 0.200014 462.25 492.25 2.0713 0.149326 461.88
10 0.205631 471.20 502.04 2.0972 0.153588 470.86
120 0.211233 480.30 511.98 21228 0.157832 479.98
130 0.216819 489.56 522.08 21481 0.162062 489.26
140 0.222394 498.97 532.33 21732 0.166278 498.69
v u h s v u
T (°C) m® /kg KkJ/kg KkJ/kg kJ/kgK m® /kg KJ/k;
P = 300 kPa (Sat. T = 0.67 °C) P = 400 KP:
Sat 0.067704 378.68 399.00 17267 0.051207 383.24
10 0.070931 386.06 407.34 17567 0.051506 384.12
20 0.074254 393.96 416.24 17876 0.054214 392.32
30 0.077478 401.93 425.18 1.8175 0.056797 400.50
40 0.080629 410.00 434.19 1.8468 0.059293 40873
50 0.083723 418.19 443.31 1.8755 0.061724 417.05
60 0.086770 426.50 452.54 1.9036 0.064105 425.47
70 0.089779 434.95 461.89 19312 0.066443 434.01
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80 0.092755 443.54 471.37 1.9585 0.068748 442.67
90 0.095705 452.27 480.99 1.9853 0.071023 451.47
100 0.098631 461.15 490.74 2.0118 0.073275 460.41
110 0.101537 470.17 500.63 2.0380 0.075505 469.48
120 0.104426 479.34 510.67 2.0638 0.077717 478.69
130 0.107299 488.66 520.85 2.0894 0.079914 488.05
140 0.110160 498.12 53117 21147 0.082097 49755
150 0.113009 507.74 541.64 21397 0.084268 507.20
160 0.115847 517.50 552.25 21645 0.086429 516.99
v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg KkJ /K
P = 500 kPa (Sat. T = 15.73 °C) = 600 kP:
Sat 0.041123 386.91 407.47 17197 0.034300 389.99
20 0.042116 390.55 411.61 17339 - -
30 0.044338 398.99 42116 1.7659 0.035984 397.37
40 0.046456 407.40 430.63 17967 0.037866 406.01
50 0.048500 415.86 44011 1.8265 0.039659 414.63
60 0.050486 424.40 449.64 1.8555 0.041389 423.30
70 0.052427 433.04 459.25 1.8839 0.043070 432.04
80 0.054332 44178 468.95 19118 0.044711 440.87
90 0.056205 450.65 47876 1.9392 0.046319 449.82
100 0.058054 459.65 488.68 1.9661 0.047900 458.88
110 0.059880 468.78 49872 1.9927 0.049459 468.06
120 0.061688 478.04 508.88 2.0189 0.050998 477.37
130 0.063479 487.44 519.18 2.0447 0.052520 486.82
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140 0.065257 496.98 529.60 2.0703 0.054027 496.39
150 0.067022 506.66 540.17 2.0955 0.055522 506.11
160 0.068776 516.48 550.86 21205 0.057006 515.96
170 0.070521 526.44 561.70 21453 0.058480 525.95

v u h s v u

T (°C) m® /kg KkJ/kg KJ/kg kJ/kgK m® /kg KkJ/k;
P = 800 kPa (Sat. T = 31.32 °C) P = 1000 kP:

Sat 0.025625 394.96 415.46 17140 0.020316 398.85
40 0.027036 402.97 424,59 17436 0.020407 399.45
50 0.028547 412.00 434.84 1.7758 0.021796 409.09
60 0.029974 420.98 444.95 1.8067 0.023068 418.46
70 0.031340 429.96 455.03 1.8365 0.024262 42774
80 0.032659 438.99 465.12 1.8654 0.025399 437.00
90 0.033942 44810 475.25 1.8937 0.026493 446.30
100 0.035194 457.30 485.45 1.9214 0.027552 455.65
110 0.036420 466.60 49574 1.9486 0.028584 465.09
120 0.037626 476.02 506.12 19754 0.029593 474.62
130 0.038813 485.55 516.60 2.0017 0.030582 484.25
140 0.039985 495.21 527.20 2.0277 0.031554 494.00
150 0.041144 504.99 537.91 2.0533 0.032512 503.86
160 0.042291 514.91 548.74 2.0786 0.0334538 513.84
170 0.043427 524.96 559.70 21036 0.034393 523.95
180 0.044554 535.14 570.78 21283 0.035318 534.19

v u h s v u
T (°C) m® /kg KkJ/kg KJ/kg kJ/kgK m® /kg KJ/k;
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P = 1200 kPa (Sat. T = 46.31 °C) P = 1400 kP:
Sat 0.016718 401.98 422,04 1.7087 0.014110 404.54
50 0.017201 405.77 426.41 17223 - -
60 0.018404 41570 43779 17570 0.015005 412.61
70 0.019502 425.36 448776 1.7895 0.016060 422.77
80 0.020530 434.90 459.53 1.8204 0.017023 432.65
90 0.021506 444.41 470.22 1.8502 0.017923 442.42
100 0.022443 453.94 480.87 1.8792 0.018778 452.16
110 0.023348 463.53 491.54 1.9074 0.019597 461.91
120 0.024228 47318 502.25 1.9350 0.020388 47170
130 0.025087 482.92 513.03 1.9621 0.021156 48155
140 0.025928 492.76 523.87 1.9886 0.021904 491.49
150 0.026753 502.70 534.81 2.0148 0.022637 501.52
160 0.027566 512.76 545.84 2.0406 0.023355 511.65
170 0.028367 522.93 556.97 2.0660 0.024062 521.90
180 0.029159 533.23 568.22 2.0911 0.024758 532.25
v u h s v u
T (°C) m® /kg kJ/kg KkJ/kg kJ/kgK m® /kg KkJ/k;
P = 1600 kPa (Sat. T = 57.90 °C) P = 2000 kP
Sat 0.012127 406.64 426.04 17036 0.009291 409.70
60 0.012373 409.04 428.84 1.7120 - -
70 0.013430 419.91 441.40 1.7491 0.009573 412.91
80 0.014362 430.24 453.22 17831 0.010539 42470
90 0.015216 440.32 464.66 1.8150 0.011363 435.66
100 0.016015 450.29 475.91 1.8456 0.012105 446.24
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110 0.016773 460.22 487.06 1.8751 0.012791 456.63
120 0.017500 470.16 498.16 1.9037 0.013436 466.93
130 0.018202 480.15 509.27 1.9316 0.014051 477.21
140 0.018882 49019 520.40 1.9589 0.014640 48749
150 0.019546 500.32 531.59 1.9856 0.015210 497.82
160 0.020194 510.53 542.84 2.0119 0.015764 508.21
170 0.020831 520.84 554.17 2.0378 0.016303 518.68
180 0.021456 531.26 565.59 2.0632 0.016830 529.23

v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg KkJ /K
P = 3000 kPa (Sat. T = 86.20°C) P = 4000 kP:
Sat 0.005281 411.50 427.34 16748 0.002563 395.13
90 0.005752 41853 43578 1.6982 - -
100 0.006641 433.18 453.10 17453 - -
110 0.007327 44579 467.77 17841 0.004273 429.17
120 0.007917 45757 481.32 1.8190 0.004993 44513
130 0.008447 468.92 494.26 1.8515 0.005549 458.71
140 0.008937 480.05 506.86 1.8824 0.006024 471.28
150 0.009396 491.05 519.24 1.9120 0.006450 483.32
160 0.009832 502.00 531.50 1.9406 0.006842 495.07
170 0.010250 512.93 543.68 1.9684 0.007208 506.64
180 0.010652 523.89 555.84 1.9956 0.007554 518.11

Reference States, IIR Convention

* Enthalpy H = 200 kJ/kg at 0°C for saturated liquid.
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* Entropy S = 1kJ/kg-K at 0°C for saturated liquid.

Source: Eric W. Lemmon, Mark O. McLinden and Daniel G. Friend,
“Thermophysical Properties of Fluid Systems” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Eds.
P.J. Linstrom and W.G. Mallard, National Institute of Standards and
Technology, Gaithersburg MD, 20899, https://doi.org /10.18434/
T4D303, (retrieved May 2021).
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Appendix D: Thermodynamic
Properties of Carbon Dioxide
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Table Dr: Saturated CO2
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Specific3Volume Specific Internal E
TCC) | P(MPa) m /kg kl/kg
vf Vg uf
-50 0.68234 0.000866 0.055789 92.35
-48 0.73949 0.000872 0.051618 96.26
-46 0.80015 0.000878 0.047819 100.18
-44 0.86445 0.000883 0.044352 104.11
-42 0.93252 0.000889 0.041184 108.05
-40 1.00450 0.000896 0.038284 112.00
-38 1.08051 0.000902 0.035624 115.97
-36 116071 0.000909 0.033181 119.96
-34 1.24522 0.000915 0.030935 123.96
-32 1.33419 0.000922 0.028865 127.97
-30 1.42776 0.000930 0.026956 132.01
-28 1.52607 0.000937 0.025192 136.07
-26 1.62926 0.000945 0.023560 140.15
-24 173749 0.000953 0.022048 144.25
-22 1.85089 0.000961 0.020645 148.38
-20 1.96963 0.000969 0.019343 152.54
-18 2.09384 0.000978 0.018131 156.73
-16 2.22370 0.000987 0.017002 160.95
-14 2.35935 0.000997 0.015950 165.20
-12 2.50095 0.001007 0.014967 169.49
-10 2.64868 0.001017 0.014048 173.83
-8 2.80269 0.001028 0.013188 178.20
-6 2.96316 0.001040 0.012381 182.63
-4 3.13027 0.001052 0.011624 187.11
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=2 3.30420 0.001065 0.010912 191.64
0 3.48514 0.001078 0.010241 196.24
2 3.67329 0.001093 0.009609 200.91
4 3.86884 0.001108 0.009011 205.66
6 4.07202 0.001124 0.008445 210.50
8 4.28306 0.001142 0.007909 215.44
10 4.50218 0.001161 0.007399 220.50
12 472966 0.001182 0.006912 225.69
14 4.96577 0.001205 0.006447 231.05
16 5.21080 0.001231 0.006000 236.59
18 5.46511 0.001260 0.005569 242.38
20 5.72905 0.001293 0.005149 248.46
22 6.00308 0.001332 0.004737 254.93
24 6.28773 0.001379 0.004327 261.94
26 6.58368 0.001440 0.003908 269.78
28 6.89182 0.001526 0.003459 279.11
30 7.21369 0.001685 0.002898 292.40
30.9782 7.37730 0.002139 0.002139 316.47
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Table D2: Superheated CO2
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v u h s v u
T (°C) m®/kg kJ/kg kJ/kg kJ/kgK m®/kg KkJ/k;
P =400 kPa P = 800 kPa
Sat - - - - 0.046807 39573
-40 0.10499 405.37 447.36 2.2603 0.049662 399.96
-20 0.11538 418.21 464.36 2.3302 0.055455 414.03
0 0.12552 431.21 481.42 2.3951 0.060937 427.82
20 0.13551 444.47 498.67 24561 0.066231 441.64
40 0.14538 458.04 516.19 2.5139 0.071401 455.61
60 0.15518 471.93 534.00 2.5690 0.076484 469.81
80 0.16491 486.15 552.12 2.6218 0.081503 484.27
100 0.17460 500.70 570.54 2.6725 0.086474 499.02
120 0.18425 515.57 589.28 27214 0.091408 514.05
140 0.19388 530.76 608.31 27687 0.096313 529.37
160 0.20348 546.25 627.64 2.8143 0.101194 544.97
180 0.21307 562.04 647.26 2.8586 0.106056 560.86
200 0.22264 578.11 667.16 2.9016 0.110902 577.01
220 0.23219 594.45 687.33 2.9433 0.115734 593.43
240 0.24174 611.06 707.75 2.9839 0.120555 610.10
260 0.25127 627.92 728.43 3.0235 0.125367 627.02

v u h s v u
T (°C) m®/kg KJ/kg KJ/kg kJ/kgK m® /kg KkJ/k;
P = 1000 kPa (Sat. T = -40.12 °C) P = 1400 kPa
Sat 0.03779 396.93 435.40 2.0467 0.027145 398.31
-20 0.04342 411.80 455.21 21312 0.029569 406.95
0 0.04799 426.05 474.04 2.2028 0.033153 422.32
20 0.05236 440.17 492.53 2.2681 0.036483 437.13
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40 0.05660 454.36 510.96 2.3289 0.039661 451.80
60 0.06074 468.73 529.47 2.3862 0.042739 466.52
80 0.06482 483.32 548.14 2.4406 0.045746 481.38
100 0.06885 49817 567.01 2.4926 0.048700 496.44
120 0.07284 513.28 586.12 25425 0.051615 511.73
140 0.07680 528.67 605.47 2.5905 0.054499 527.26
160 0.08074 544.33 625.07 2.6368 0.057358 543.04
180 0.08465 560.26 644.92 2.6816 0.060197 559.07

200 0.08856 576.46 665.02 27250 0.063019 575.36
220 0.09244 592.91 685.36 27671 0.065828 591.89
240 0.09632 609.62 705.94 2.8080 0.068625 608.66
260 0.10019 626.57 726.76 2.8478 0.071413 625.67
280 0.10405 643.76 747.81 2.8866 0.074192 642.91
v u h s v u
T (°C) m3/kg KkJ/kg KkJ/kg kJ/kgK m®/kg KJ/k;
P = 2000 kPa (Sat. T = -19.50 °C) P = 3000 kP
Sat 0.01885 398.78 436.83 1.9446 0.012124 396.93
0 0.02193 416.15 460.00 2.0341 0.012931 403.43
20 0.02453 432.27 481.32 21095 0.015116 423.12
40 0.02693 44778 501.65 21766 0.016980 440,52
60 0.02922 463.09 521.54 2.2381 0.018683 457.04
80 0.03143 478.40 541.27 2.2956 0.020287 473.21
100 0.03359 493.80 560.97 2.3499 0.021824 489.25
120 0.03570 509.36 580.76 24016 0.023313 505.32
140 0.03777 525.12 600.67 2.4509 0.024766 521.48
160 0.03982 541.09 620.73 2.4984 0.026191 537.77
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180 0.04186 557.27 640.99 2.5441 0.027594 554.24
200 0.04387 573.69 661.43 2.5882 0.028979 570.89
220 0.04587 590.34 682.08 2.6310 0.030350 587.74
240 0.04786 607.21 702.92 2.6724 0.031708 604.79
260 0.04983 624.31 723.98 27127 0.033057 622.04
280 0.05180 641.63 745.24 27518 0.034396 639.49
300 0.05377 659.17 766.70 27899 0.035729 657.15

v u h s v u
T (°C) m®/kg KkJ/kg KkJ/kg kJ/kgK m®/kg KkJ/k;
P = 6000 kPa (Sat. T = 21.97 °C) =
Sat 0.00474 374.87 403.32 16862 - -
20 - - - - 0.001168 231.02
40 0.00670 411.53 45172 1.8462 0.001591 297.13
60 0.00801 435.41 483.45 1.9445 0.003449 390.53
80 0.00908 455.64 510.12 2.0223 0.004513 42572
100 0.01004 474.37 534.60 2.0898 0.005303 45111
120 0.01092 492.37 557.92 21507 0.005977 473.09
140 0.01176 510.00 580.59 2.2069 0.006584 493.44
160 0.01257 527.46 602.88 2.2596 0.007147 512.90
180 0.01335 544.87 624.96 2.3094 0.007679 531.85
200 0.01411 562.31 646.95 2.3569 0.008188 550.51
220 0.01485 579.81 668.91 2.4024 0.008679 569.03
240 0.01558 597.43 690.90 2.4461 0.009156 587.48
260 0.01630 615.17 712.95 24882 0.009622 605.94
280 0.01701 633.05 735.09 2.5290 0.010078 624.44
300 0.01771 651.09 757.34 2.5685 0.010527 643.01
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320 0.01840 669.28 779.70 2.6069 0.010969

661.67

Reference States, IIR Convention

* Enthalpy H = 200 kJ/kg at 0°C for saturated liquid.
* Entropy S = 1kJ/kg-K at 0°C for saturated liquid.

Source: Eric W. Lemmon, Mark O. McLinden and Daniel G. Friend,
“Thermophysical Properties of Fluid Systems” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Eds.
P.J. Linstrom and W.G. Mallard, National Institute of Standards and
Technology, Gaithersburg MD, 20899, https://doi.org/10.18434/
T4D303, (retrieved May 2021).
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Appendix E: Critical
Properties of Selected Fluids

Table Er: Critical Constants of Selected Fluids

Substance Formula Mole((:;}a;;(l)\{[)ass Tempe(ll“?)tu
Water H2O 18.015 647.1
Ammonia NH3 17.031 405.4
Nitrogen No 28.013 126.2
Hydrogen Ho 2.0160 33.1
Oxygen O2 31.999 154.6
Carbon Dioxide CO2 44.010 304.1
Methane CHy 16.043 190.6
Ethane CoHg 30.069 305.3
Propane C3Hg 44.096 369.8
Refrigerant, R12 CCloF2 120.914 385.1
Refrigerant, R22 CHCIF2 86.468 369.3
Refrigerant, R134a CF3CHoF 102.03 374.2

Source: Eric W. Lemmon, Mark O. McLinden and Daniel G. Friend,
“Thermophysical Properties of Fluid Systems” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Eds.
P.J. Linstrom and W.G. Mallard, National Institute of Standards and
Technology, Gaithersburg MD, 20899, https://doi.org/10.18434/
T4D303, (retrieved May 2021).
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Appendix F: Triple Point of
Selected Substances
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Table Fr: Triple Point of Selected Fluids
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Temperature Pressure
Substance K (°C) kPa (atm)
Acetylene 192.4 K (-80.7 °C) 120 kPa (1.2 atm)
Ammonia 195.40 K (-77.75 °C) 6.060 kPa (0.05981 atm)
83.8058 K
Argon (-189.3442 °C) 68.9 kPa (0.680 atm)
Butane 134.6 K (-138.6 °C) 7x10"* kPa (6.9x10 © atm)

Carbon dioxide

216.55 K (-56.60 °C)

517 kPa (5.10 atm)

Carbon monoxide

68.10 K (-205.05 °C)

15.37 kPa (0.1517 atm)

Ethane 89.89 K (-183.26 °C) | 1.1x10 > kPa (1.1x10"° atm)
Ethanol 150 K (-123 °C) 4.3x10"" kPa (4.2x10"? atm)
Ethylene 104.0 K (-169.2 °C) 0.12 kPa (0.0012 atm)
Hexafluoroethane | 173.08 K (-100.07 °C) 26.60 kPa (0.2625 atm)
Hydrogen (_21398%;’7’2@ 7.04 kPa (0.0695 atm)
Hydrogen _ o
Flonids 158.96 K (-114.19 °C) 13.9 kPa (0.137 atm)
-5

-~ . 1.9481x10° kPa
Isobutane 113.55 K (-159.60 °C) (1-9226”0-7 atm)
Krypton 115.76 K (-157.39 °C) 74.12 kPa (0.7315 atm)
Mercury ZoiihlE K 1.65x107 kPa (1.63x10™ atm)

(-38.8344 °C)
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Methane 90.68 K (-182.47 °C) 11.7 kPa (0.115 atm)

24.5561 K
Neon (-248.5939 °C) 43.332 kPa (0.42765 atm)
Nitric oxide 109.50 K (-163.65 °C) 21.92 kPa (0.2163 atm)
Nitrogen 63.18 K (-209.97 °C) 12.6 kPa (0.124 atm)
Nitrous oxide 182.34 K (-90.81 °C) 87.85 kPa (0.8670 atm)
Oxygen (_gfg?’%gfé Ifc) 0.14625 kPa (0.0014434 atm)
Radon 202 K (-71°C) 70 kPa (0.69 atm)

g 0.611657 kPa

Water 273.16 K (0.01°C) (0.00603659 atm)
Xenon 161.3 K (~111.8 °C) 81.5 kPa (0.804 atm)

Source: Wikipedia contributors. (2021b, June 8). Triple point.
Wikipedia. https://en.wikipedia.org/wiki/Triple point, (retrieved
June 10, 2021).
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Table Gr: Properties of various ideal gases (at
300K)
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R Cp Cv
Gas Formula kJ/ kJ/ (kl/ |k=Cp/Cy
kgK) kgK) kgK)

Air — 0.287 1.005 0.718 14
Argon Ar 0.2081 0.5203 0.3122 1.667
Butane C4Hio | 0.433 1.7164 1.5734 1.091
g?ggi‘(’j‘; CO2 0.1889 0.846 0.657 1.289
Carbon |~ co | 02968 104 0.744 14
Ethane CoHe 0.2765 17662 1.4897 1186
Ethylene CoHy | 02964 1.5482 1.2518 1.237
Helium He 2.0769 5.1926 3.1156 1.667
Hydrogen Ha 4.124 14.307 10.183 1.405
Methane CHy 0.5182 2.2537 17354 1.299
Neon Ne 0.4119 1.0299 0.6179 1.667
Nitrogen No 0.2968 1.039 0743 14
Octane CgHig | 0.0729 17113 1.6385 1.044
Oxygen 02 0.2598 0.918 0.658 1.395
Propane C3Hg 0.1885 1.6794 1.4909 1126
Steam Ho0 0.4615 1.8723 1.4108 1.327
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Table Gz: Properties of various liquids (at 300K)

Liquid (kJC}’k £K)
Ammonia 4.700
Ethanol 2.440
Gasoline 2.220
Mercury 0.1395
Methanol 2.140
Water 4.181

392 | Properties of Various Substances



Table G3: Properties of various solids (at 300K)
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Solid (kf}’k £K)
Aluminum 0.897
Brick 0.840
Carbon, graphite 0.790
Concrete 0.880
Copper 0.385
Gold 0.129
Glass, silica 0.840
Glass, crown 0.670
Glass, flint 0.503
Glass, pyrex 0.753
Granite 0.790
Gypsum 1.090
Lead 0.129
Marble, mica 0.880
Magnesium 1.020
Sand 0.835
Silver 0.233
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Soil 0.800
Steel 0.466
Tin 0.227
Tungsten 0.134
Wood 1.70

Zinc 0.387

Source: Wikipedia contributors. (May 1, 2021). Table of specific heat

capacities. Wikipedia. https: //en.wikipedia.org /wiki/
Table of specific heat capacities, (retrieved June 10, 2021).
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Glossary

Absolute pressure

Absolute pressure is a pressure that is measured relative to
an ideal reference, or absolute vacuum. It is the sum of the
atmospheric pressure and the gauge pressure. Absolute
pressure is ALWAYS a positive number.

Absolute temperature

Absolute temperature, also called thermodynamic temperature,
is the temperature expressed on the Kelvin or Rankine scale.
Absolute zero (0 K or 0 R) is the minimum possible temperature.
Matter at absolute zero is in the state of lowest possible
(minimum) energy.

Adiabatic process

An adiabatic process is a process, in which heat transfer does
NOT occur between a system and its surroundings.

Boundary

Boundary or system boundary refers to the surface that
separates the system and its surroundings.

Boundary work

Boundary work refers to the work done by a substance at the
system boundary due to the expansion or compression of the
substance.

Chemical equilibrium

Chemical equilibrium is a state in which the forward and
backward reactions proceed at the same rate, causing no net
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change of the concentrations in either the reactants or the
products. A system free from chemical reactions is in chemical
equilibrium.

Clausius statement

It is impossible to construct a device that operates in a cycle
and produces no effect other than the transfer of heat from
a lower-temperature body (heat sink) to a higher-temperature
body (heat source).

Closed system

A closed system is a system of a fixed mass. Mass transfer
cannot happen between a closed system and its surroundings.

Constant-pressure specific heat

Constant-pressure specific heat is a property of a substance.
It equals to the amount of energy required to raise the
temperature of one unit mass (i.e., 1 kg) of the substance by one
degree in an isobaric process.

Constant-volume specific heat

Constant-volume specific heat is a property of a substance.
It equals to the amount of energy required to raise the
temperature of one unit mass of the substance by one degree in
an isochoric process.

Continuum

Continuum refers to a continuous homogeneous matter
distributed throughout a system.

Control volume

Control volume is also called open system. It is a selected region
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in space, which allows mass and energy to transfer across the
boundary between the system and its surroundings.

Cycle

A cycle consists of a series of processes. The final state of a
cycle is always identical to its initial state.

Density
Density is the mass per unit volume of a body or a system.
Enthalpy

Enthalpy is a thermodynamic property. It is defined as the sum
of the internal energy of a system and the flow work associated
with the flowing fluid.

Entropy

Entropy is a thermodynamic property, which quantifies the
degree of disorder of a system resulting from the dispersal of
energy and matter in a process.

Equation of state

An equation of state is an expression that relates pressure,
temperature and specific volume of a gas.

Equilibrium

Equilibrium refers to a uniform condition throughout a system.
Equilibrium state

An equilibrium state refers to a state of a system in equilibrium.
Extensive property

An extensive property refers to a thermodynamic property of a
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system, whose magnitude depends on the mass of the system.
Examples of extensive properties include mass, volume,
internal energy, enthalpy, and entropy.

Fusion line

Fusion line is a curve that represents the transition between the
solid and liquid phases of a substance.

Heat

Heat is a form of energy. Heat transfer will take place between
two objects if they are at different temperatures.

Heat engine

Heat engine is a device that produces work by absorbing heat
from a high-temperature body (heat source) and rejecting the
waste heat to a low-temperature body (heat sink).

Heat sink

A heat engine, refrigerator or heat pump must operate between
a high-temperature body and a low-temperature body. The
low-temperature body is called heat sink.

Heat source

A heat engine, refrigerator or heat pump must operate between
a high-temperature body and a low temperature body. The
high-temperature body is called heat source.

Ideal gas

An ideal gas is a gas that obeys the ideal gas equation of state,
Pv=RT.

Intensive property

An intensive property is a thermodynamic property that does
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not depend on the mass of a system. Examples of intensive
properties include pressure, temperature, density, specific
volume, specific internal energy, specific enthalpy, and specific
entropy.

Internal energy

Internal energy is a form of thermal energy. From a
macroscopic level, it is strongly associated with the
temperature of a system. From a microscopic level, it is
associated with the motions and structure of the molecules of a
system.

Irreversibilities

Irreversibilities refer to factors that render a process
irreversible.

Isentropic process

An isentropic process refers to a process that is reversible and
adiabatic. The entropy remains constant in an isentropic
process.

Isobaric process

An isobaric process refers to a process whose pressure remains
constant.

Isochoric process

An isochoric process refers to a process of constant specific
volume.

Isolated system

An isolated system cannot exchange mass or energy with its
surroundings.
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Isothermal process

An isothermal process refers to a process whose temperature
remains constant.

Kelvin-Planck Statement

It is impossible for any device that operates on a cycle to receive
heat from a single reservoir and produce a net amount of work.

Mechanical equilibrium

Mechanical equilibrium refers to an equilibrium condition, in
which the pressure of a system has no tendency to change over
time.

Open system

Open system is also called control volume. It is a selected region
in space, which allows mass and energy to transfer across the
boundary between the system and its surroundings.

Phase diagram

Phase diagram is a graphical representation of a substance's
state (solid, liquid or vapour) under different conditions of
temperature and pressure.

Phase equilibrium

Phase equilibrium is an equilibrium condition. For a system
consisting of a mixture of multiple phases, if the composition of
the mixture remains constant over time, the system is in phase
equilibrium.

Pressure

Pressure is the normal force exerted by an object on a surface
per unit area of the surface.
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Process

A process refers to the change in a system from one state to
another state.

Pure substance

A pure substance refers to a matter that has a homogeneous
and definite chemical composition. A pure substance may exist
in a single phase or as a multi-phase mixture.

Quasi-equilibrium process

A quasi-equilibrium process refers to a process, in which all
states are equilibrium states.

Real gas

A real gas refers to a gas, whose pressure, temperate and
specific volume behaviour cannot be represented by the ideal
gas equation of state.

Reversible process

A reversible process refers to a process that can be reversed
without leaving any changes in either the system or its
surroundings. In a reversible process, both the system and its
surroundings can always return to their original states.

Single phase

Single phase refers to the solid, liquid or vapour (or gaseous)
phase that a substance exists at a certain condition.

Specific boundary work

Specific boundary work is the boundary work done by one unit
mass of a substance.
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Specific enthalpy

Specific enthalpy is the enthalpy per unit mass of a system.
Specific entropy

Specific entropy is the entropy per unit mass of a system.
Specific heat

Specific heat, also called heat capacity, is a thermodynamic
property to quantify the energy storage capacity of a substance.
It is defined as the amount of heat required to raise the
temperature of one unit mass of a substance by one degree.

Specific internal energy

Specific internal energy is the internal energy per unit mass of
a system.

Specific property

A specific property is the corresponding extensive property
per unit mass. Examples of specific properties include specific
volume, specific internal energy, specific enthalpy, and specific
entropy. Specific properties are intensive properties.

Specific volume

Specific volume is the volume per unit mass of a system. It is
the reciprocal of density.

State

A state refers to a specific condition of a system that is
described by a unique set of thermodynamic properties, such as
pressure, temperature, specific volume, specific enthalpy, and
SO on.
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Steady flow

A steady flow through a control volume refers to a flow, in
which the properties, such as the mass and energy of the
control volume remain unchanged over time.

Sublimation line

The sublimation line is the curve that represents the transition
between the solid and vapour phases of a substance in a phase
diagram.

Surroundings

In thermodynamic analysis, the universe is divided into two
parts: a system and its surroundings. Surroundings refer to the
rest of the universe outside of the system.

System

In thermodynamic analysis, the universe is divided into two
parts: a system and its surroundings. A system refers to a
selected quantity of matter or a region in space.

Temperature

Temperature is a measurable thermodynamic property that
indicates the hotness or coldness of a body.

Thermal equilibrium

Thermal equilibrium is an equilibrium condition. A system in
thermal equilibrium has a uniform temperature everywhere.

Thermodynamics

Thermodynamics is a branch of science. It originally focused
on the scientific theories of heat-work conversion, and the
operations and efficiency improvement of heat engines.
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Nowadays, the applications of thermodynamics have extended
to all fields related to energy conversion and conservation.

Transient flow

A transient flow refers to a flow through a control volume,
in which the properties, such as the mass and energy of the
control volume change over time.

Triple point

The triple point refers to a unique state of a substance, at
which the three phases, solid, liquid and vapour, coexist in
equilibrium.

Vapourization line

The vapourization line refers to the curve that represents the
transition between the liquid and vapour phases of a substance
in a phase diagram.

Work

Work is a form of energy that is transferred to or from a body
by applying a force on that body along a displacement.
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We are always seeking to improve our open textbooks. Please
submit your suggestions, recommendations, and/or corrections to
the author Dr. Claire Yu Yan at yu.yan@ubc.ca.
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