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How to Use This Book Effectively

This book is organized by chapters and sections within chapters. For a listing of contents, see pp. vii—xiv. Fundamental concepts
and associated equations within each section lay the foundation for applications of engineering thermodynamics provided in solved
examples, end-of-chapter problems and exercises, and accompanying discussions. Boxed material within sections of the book allows you
to explore selected topics in greater depth, as in the boxed discussion of properties and nonproperties on p. 10.

Contemporary issues related to thermodynamics are introduced throughout the text with three unique features: ENERGY
ENVIRONMENT discussions explore issues related to energy resource use and the environment, as in the discussion of hybrid
vehicles on p. 41. BIOCONNECTIONS tie topics to applications in bioengineering and biomedicine, as in the discussion of
control volumes of living things and their organs on p. 7.

Horizons Q link subject matter to emerging technologies and thought-provoking issues, as in the discussion of nanotechnology
on p. 15.

Other core features of this book that facilitate your study and contribute to your understanding include:

Examples

P Numerous annotated solved examples are provided that feature the solution methodology presented in Sec. 1.9 and illustrated in
Example 1.1. We encourage you to study these examples, including the accompanying comments.

P Each solved example concludes with a list of the Skills Developed in solving the example and a Quick Quiz that allows an
immediate check of understanding.

P Less formal examples are given throughout the text. They open with and close with < <. These
examples also should be studied.
Exercises

P Each chapter has a set of discussion questions under the heading that may be
done on an individual or small-group basis. They allow you to gain a deeper understanding of the text material and think critically.

P Every chapter has a set of questions in a section called that provide opportunity for individual
or small group self-testing of the fundamental ideas presented in the chapter. Included are a variety of exercises, such as matching,
fill-in-the-blank, short answer, and true-and-false questions.

P A large number of end-of-chapter problems also are provided under the heading BNZTE N A A I NN AN RT A,
The problems are sequenced to coordinate with the subject matter and are listed in increasing order of difficulty. The problems are also
classified under headings to expedite the process of selecting review problems to solve. Answers to selected problems are provided on
the student companion website that accompanies this book at www.wiley.com/college/moran.

P Because one purpose of this book is to help you prepare to use thermodynamics in engineering practice, design
considerations related to thermodynamics are included. Every chapter has a set of problems under the heading

o L e N A e e e T N S A e N el A TN NNV (S5 that provide opportunities for practicing creativ-

ity, formulating and solving design and open-ended problems, using the Internet and library resources to find relevant informa-
tion, making engineering judgments, and developing communications skills. See, for example, problem 1.10 D on p. 36.

Further Study Aids

P Each chapter opens with an introduction giving the engineering context, stating the chapter objective, and listing the learning
outcomes.

Each chapter concludes with a that provides a point of departure to study for
examinations.

For easy reference, each chapter also concludes with lists of |G EIGNETINRLINET25P and [EROET TN .

Important terms are listed in the margins and coordinated with the text material at those locations.

v

Important equations are set off by a color screen, as for Eq. 1.8.

vVvyyvyy

TAKE NOTE... in the margin provides just-in-time information that illuminates the current discussion, as on p. 8, or refines our
problem-solving methodology, as on p. 12 and p. 22.

v

in the margin identifies an animation that reinforces the text presentation at that point. Animations can be viewed by going
to the student companion website for this book. See TAKE NOTE... on p. 8 for further detail about accessing animations.

v

. in the margin denotes end-of-chapter problems where the use of appropriate computer software is recommended.

v

For quick reference, conversion factors and important constants are provided on the next page.
P A list of symbols is provided on the inside back cover.



Conversion Factors

Mass and Density

1kg 2.2046 Ib
1 g/lem’ = 10° kg/m’

1 glem® = 62.428 Ib/ft?
11b 0.4536 kg

1 1/ft* = 0.016018 g/cm®
1 b/t = 16.018 kg/m®

Length

1 cm = 0.3937 in.
1m = 3.2808 ft
1in. =254 cm

1ft = 0.3048 m

Velocity

1 km/h = 0.62137 mile/h
1 mile/h = 1.6093 km/h

Volume

1em® = 0.061024 in.?
1m® =35315ft

1L =10"°m’

1L = 0.0353 ft

1in® = 16.387 cm®

12 = 0.028317 m*

1 gal = 0.13368 ft’

1gal =37854 % 107° m’

Force
1IN =1kg-ms’
1N = 0.22481 Ibf

11bf = 32174 1b - ft/s?
11bf = 4.4482 N

Pressure
1 Pa =1 N/m?
= 14504 X 10™* Ibf/in.2
1 bar = 10° N/m?
1 atm = 1.01325 bar
1 Ibf/in.?> = 6894.8 Pa
1 Ibf/in.? = 144 1bf/ft*
1 atm = 14.696 1bf/in.2

Energy and Specific Energy
=1N-m = 0.73756 ft - Ibf

1 kJ = 73756 ft - Ibf

1kJ = 0.9478 Btu

1 kJ/kg = 0.42992 Btu/lb

1ft-Ibf = 1355827

1 Btu = 778.17 ft - Ibf
1 Btu = 10551 kJ

1 Btu/lb = 2.326 kJ/kg

1 kcal = 4.1868 kJ

Energy Transfer Rate

1W  =11J/s=3413 Btuh
1kW = 1341 hp

1 Btuh = 0293 W

1hp = 2545 Btu/h

1hp =550 ft - Ibf/s

1hp = 07457 kW

Specific Heat

1kJ/kg - K = 0238846 Btu/lb - °R
1 kcal’kg - K =1 Btu/lb - °R
1 Btu/lb - ‘R = 4.1868 kJ/kg - K

Others

1 ton of refrigeration = 200 Btu/min = 211 kJ/min
1 volt = 1 watt per ampere

Universal Gas Constant

8.314 kJ/kmol - K
R = { 1545 ft - Ibf/lbmol - °R
1.986 Btu/lbmol - °R

Standard Acceleration of Gravity

B {9.80665 m/s’
32.174 ft/s>

Standard Atmospheric Pressure

1.01325 bar
1 atm = < 14.696 Ibf/in.
760 mm Hg = 29.92 in. Hg

Temperature Relations
T(°R) = 1.8 T(K)

T(°C) = T(K) — 273.15

T(°F) = T(°R) — 459.67
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® Preface

A Textbook for the 21°* Century

In the twenty-first century, engineering thermodynam-
ics plays a central role in developing improved ways to
provide and use energy, while mitigating the serious
human health and environmental consequences accom-
panying energy —including air and water pollution and
global climate change. Applications in bioengineering,
biomedical systems, and nanotechnology also continue
to emerge. This book provides the tools needed by spe-
cialists working in all such fields. For non-specialists,
this book provides background for making decisions
about technology related to thermodynamics—on the
job and as informed citizens.

Engineers in the twenty-first century need a solid set
of analytical and problem-solving skills as the founda-
tion for tackling important societal issues relating to
engineering thermodynamics. The eighth edition devel-
ops these skills and significantly expands our coverage
of their applications to provide

e current context for the study of thermodynamic
principles.

e relevant background to make the subject mean-
ingful for meeting the challenges of the decades
ahead.

e significant material related to existing technologies
in light of new challenges.

In the eighth edition, we build on the core features
that have made the text the global leader in engineering
thermodynamics education. We are known for our clear
and concise explanations grounded in the fundamen-
tals, pioneering pedagogy for effective learning, and
relevant, up-to-date applications. Through the creativity
and experience of our author team, and based on excel-
lent feedback from instructors and students, we con-
tinue to enhance what has become the leading text in
the field.

New in the Eighth Edition

In a major departure from all other texts intended for
the same student population, in this edition we have
introduced 700 new end-of-chapter problems under the
heading, BSEIIINTEEHENTINGD. The new prob-
lems provide opportunities for student self-testing of
fundamentals and to serve instructors as easily graded
homework, quiz, and exam problems. Included are a
variety of exercises, such as matching, fill-in-
the-blank, short answer, and true-and-false.

The eighth edition also features a crisp new interior
design aimed at helping students

e better understand and apply the subject matter, and

e fully appreciate the relevance of the topics to engi-
neering practice and to society.

Other Core Features
This edition also provides, inside the front cover under

the heading an updated
roadmap to core features of this text that make it so
effective for student learning. To fully understand all of
the many features we have built into the book, be sure
to see this important element.

In this edition, several enhancements to improve stu-
dent learning have been introduced or upgraded:

* The p—h diagrams for two refrigerants: CO, (R-744)
and R-410A are included as Figs. A-10 and A-11,
respectively, in the appendix. The ability to locate
states on property diagrams is an important skill
that is used selectively in end-of-chapter problems.

e Animations are offered at key subject matter loca-
tions to improve student learning. When viewing
the animations, students will develop deeper
understanding by visualizing key processes and
phenomena.

* Special text elements feature important illustra-
tions of engineering thermodynamics applied to
our environment, society, and world:

e New ENERGY ENVIRONMENT presenta-
tions explore topics related to energy resource use
and environmental issues in engineering.

e Updated BIOCONNECTIONS discussions tie
textbook topics to contemporary applications in
biomedicine and bioengineering.

* Additional Horizons Q features have been
included that link subject matter to thought-
provoking 21st century issues and emerging
technologies.

Suggestions for additional reading and sources for
topical content presented in these elements provided
on request.

* End-of-Chapter problems in each of the four
modes: conceptual, checking understanding, skill
building, and design have been extensively revised
and hundreds of new problems added.
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* New and revised class-tested material contributes
to student learning and instructor effectiveness:

e Significant new content explores how thermody-
namics contributes to meet the challenges of the
21st century.

e Key aspects of fundamentals and applications
within the text have been enhanced.

* In response to instructor and student needs, class-
tested changes that contribute to a more just-in-
time presentation have been introduced:

e TAKE NOTE... entries in the margins are expanded
throughout the textbook to improve student
learning. For example, see p. 8.

* Boxed material allows students and instructors
to explore topics in greater depth. For example,
see p. 109.

* Margin terms throughout aid in navigating sub-
ject matter.

Supplements

The following supplements are available with the text:

* Outstanding Instructor and Student companion
web sites (visit www.wiley.com/college/moran)
that greatly enhance teaching and learning:

e Instructor Companion Site: Assists instructors in
delivering an effective course with resources
including

o a new Steam Table Process Overview to assist
students in mastering the use of the steam
tables for retrieving data.

o animations—with just-in-time labels in the margins.

o chapter-by-chapter summary of Special Fea-
tures, including

= the subject of each solved example,

= the topics of all ENERGY & ENVIRONMENT,
BIOCONNECTIONS, and Horizons
features,

= the themes of the DESIGN & OPEN
ENDED PROBLEMS

o a complete solution manual that is easy to navigate.

o

solutions to computer-based problems for use
with both IT: Interactive Thermodynamics as
well as EES: Engineering Equation Solver.

o

image galleries with text images available in
various helpful electronic formats.

[}

sample syllabi on semester and quarter bases.

o

errata for both the text and problems.

o chapter summary information, including Key
Terms and Key Equations.

(]

chapter learning outcomes.

[}

correlation guides to ease transition between
editions of this text and for switching to this
edition from another book.

o text Preface.

e Student Companion Site: Helps students learn
the subject matter with resources including

o Steam Table Process Overview—new in this
edition.

animations.

[}

o

answers to selected problems.

(o]

errata for both the text and problems.

(]

chapter summary information, including Key Terms
and Key Equations.

[}

chapter learning outcomes.

o chapter-by-chapter summary of Special Features as
listed in the Instructor Companion Site.

o text Preface.

e Interactive Thermodynamics: IT software is avail-
able as a stand-alone product or with the textbook.
IT is a highly-valuable learning tool that allows
students to develop engineering models, perform
“what-if” analyses, and examine principles in more
detail to enhance their learning. Brief tutorials of
IT are included within the text and the use of IT
is illustrated within selected solved examples.

e Skillful use of tables and property diagrams is pre-
requisite for the effective use of software to
retrieve thermodynamic property data. The latest
version of /T provides data for CO, (R-744) and
R-410A using as its source Mini REFPROP by
permission of the National Institute of Standards
and Technology (NIST).

e WileyPLUS is an online set of instructional, prac-
tice, and course management resources, including
the full text, for students and instructors.

Visit www.wiley.com/college/moran or contact your
local Wiley representative for information on the
above-mentioned supplements.



Ways to Meet Different Course Needs

In recognition of the evolving nature of engineering
curricula, and in particular of the diverse ways engi-
neering thermodynamics is presented, the text is struc-
tured to meet a variety of course needs. The following

Type of course Intended audience

Survey courses

Two-course sequences Majors

Preface v

table illustrates several possible uses of the textbook
assuming a semester basis (3 credits). Courses could be
taught using this textbook to engineering students with
appropriate background beginning in their second year
of study.

Chapter coverage

e Principles. Chaps. 1-6.
e Applications. Selected topics from Chaps.
8-10 (omit compressible flow in Chap. 9).

e Principles. Chaps. 1-6.
e Applications. Same as above plus selected
topics from Chaps. 12 and 13.

e First course. Chaps. 1-7. (Chap. 7 may be
deferred to second course or omitted.)

e Second course. Selected topics from Chaps.
8-14 to meet particular course needs.
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Medical professionals rely on measurements of pressure and temperature, introduced in Secs. 1.6
and 1.7. © digitalskillet/iStockphoto

ENGINEERING CONTEXT Although aspects of
thermodynamics have been studied since ancient
times, the formal study of thermodynamics began
in the early nineteenth century through consider-
ation of the capacity of hot objects to produce work.
Today the scope is much larger. Thermodynamics
now provides essential concepts and methods for
addressing critical twenty-first-century issues, such
as using fossil fuels more effectively, fostering
renewable energy technologies, and developing
more fuel-efficient means of transportation. Also
critical are the related issues of greenhouse gas
emissions and air and water pollution.

Thermodynamics is both a branch of science and an
engineering specialty. The scientist is normally

2

interested in gaining a fundamental understanding
of the physical and chemical behavior of fixed quan-
tities of matter at rest and uses the principles of
thermodynamics to relate the properties of matter.
Engineers are generally interested in studying sys-
tems and how they interact with their surroundings.
To facilitate this, thermodynamics has been extended
to the study of systems through which matter flows,
including bioengineering and biomedical systems.

The objective of this chapter is to introduce you to
some of the fundamental concepts and definitions
that are used in our study of engineering thermody-
namics. In most instances this introduction is brief,
and further elaboration is provided in subsequent
chapters.



Getting Started

Introductory Concepts
and Definitions

» LEARNING OUTCOMES

When you complete your study of this chapter, you will be able to...

L > explain several fundamental concepts used throughout the book,
including closed system, control volume, boundary and surroundings,
property, state, process, the distinction between extensive and intensive
properties, and equilibrium.

» identify SI and English Engineering units, including units for specific
volume, pressure, and temperature.

» describe the relationship among the Kelvin, Rankine, Celsius, and
Fahrenheit temperature scales.

» apply appropriate unit conversion factors during calculations.

» apply the problem-solving methodology used in this book.
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system

surroundings
boundary

@ Using Thermodynamics

Engineers use principles drawn from thermodynamics and other engineering sciences,
including fluid mechanics and heat and mass transfer, to analyze and design devices
intended to meet human needs. Throughout the twentieth century, engineering applica-
tions of thermodynamics helped pave the way for significant improvements in our qual-
ity of life with advances in major areas such as surface transportation, air travel, space
flight, electricity generation and transmission, building heating and cooling, and improved
medical practices. The wide realm of these applications is suggested by Table 1.1.

In the twenty-first century, engineers will create the technology needed to achieve
a sustainable future. Thermodynamics will continue to advance human well-being by
addressing looming societal challenges owing to declining supplies of energy resources:
oil, natural gas, coal, and fissionable material; effects of global climate change; and
burgeoning population. Life in the United States is expected to change in several
important respects by mid-century. In the area of power use, for example, electricity
will play an even greater role than today. Table 1.2 provides predictions of other
changes experts say will be observed.

If this vision of mid-century life is correct, it will be necessary to evolve quickly from
our present energy posture. As was the case in the twentieth century, thermodynamics
will contribute significantly to meeting the challenges of the twenty-first century, includ-
ing using fossil fuels more effectively, advancing renewable energy technologies, and
developing more energy-efficient transportation systems, buildings, and industrial prac-
tices. Thermodynamics also will play a role in mitigating global climate change, air
pollution, and water pollution. Applications will be observed in bioengineering, bio-
medical systems, and the deployment of nanotechnology. This book provides the tools
needed by specialists working in all such fields. For nonspecialists, the book provides
background for making decisions about technology related to thermodynamics—on the
job, as informed citizens, and as government leaders and policy makers.

@ Defining Systems

The key initial step in any engineering analysis is to describe precisely what is being
studied. In mechanics, if the motion of a body is to be determined, normally the first step
is to define a free body and identify all the forces exerted on it by other bodies. Newton’s
second law of motion is then applied. In thermodynamics the term system is used to
identify the subject of the analysis. Once the system is defined and the relevant interac-
tions with other systems are identified, one or more physical laws or relations are applied.

The system is whatever we want to study. It may be as simple as a free body or
as complex as an entire chemical refinery. We may want to study a quantity of matter
contained within a closed, rigid-walled tank, or we may want to consider something
such as a pipeline through which natural gas flows. The composition of the matter
inside the system may be fixed or may be changing through chemical or nuclear reac-
tions. The shape or volume of the system being analyzed is not necessarily constant,
as when a gas in a cylinder is compressed by a piston or a balloon is inflated.

Everything external to the system is considered to be part of the system’s surroundings.
The system is distinguished from its surroundings by a specified boundary, which may
be at rest or in motion. You will see that the interactions between a system and its
surroundings, which take place across the boundary, play an important part in engi-
neering thermodynamics.

Two basic kinds of systems are distinguished in this book. These are referred to, respec-
tively, as closed systems and control volumes. A closed system refers to a fixed quantity
of matter, whereas a control volume is a region of space through which mass may flow.
The term control mass is sometimes used in place of closed system, and the term open
system is used interchangeably with control volume. When the terms control mass and
control volume are used, the system boundary is often referred to as a control surface.
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TABLE 1.1

Selected Areas of Application of Engineering Thermodynamics

Aircraft and rocket propulsion
Alternative energy systems
Fuel cells
Geothermal systems
Magnetohydrodynamic (MHD) converters
Ocean thermal, wave, and tidal power generation
Solar-activated heating, cooling, and power generation
Thermoelectric and thermionic devices
Wind turbines
Automobile engines
Bioengineering applications
Biomedical applications
Combustion systems
Compressors, pumps
Cooling of electronic equipment
Cryogenic systems, gas separation, and liquefaction
Fossil and nuclear-fueled power stations :
Heating, ventilating, and air-conditioning systems - i Surfaces with thermal
Absorption refrigeration and heat pumps control coatings
Vapor-compression refrigeration and heat pumps International Space Station
Steam and gas turbines
Power production
Propulsion

Steam generator

Electric

Generator

Condenser

-

Condensate

Cooling water

Refrigerator Electrical power plant Vehicle engine

Trachea ~_

Lung

Fuel in

Compressor Combustor Turbine

Airin [>Hot gases
out

Heart

Turbojet engine Biomedical applications
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closed system

isolated system

Boundary

Fig. 1.1 Closed system: A gas
in a piston—cylinder assembly.

control volume

TABLE 1.2

Predictions of Life in the United States in 2050

» Homes are constructed better to reduce heating and cooling needs.

» Homes have systems for electronically monitoring and regulating energy use.
» Appliances and heating and air-conditioning systems are more energy-efficient.
» Use of solar energy for space and water heating is common.

» More food is produced locally.

Transportation

» Plug-in hybrid vehicles and all-electric vehicles dominate.

» Hybrid vehicles mainly use biofuels.

» Use of public transportation within and between cities is common.
» An expanded passenger railway system is widely used.

Lifestyle

Efficient energy-use practices are utilized throughout society.

Recycling is widely practiced, including recycling of water.

Distance learning is common at most educational levels.

Telecommuting and teleconferencing are the norm.

The Internet is predominately used for consumer and business commerce.

vVvyyvyvVvyy

Power generation

» Electricity plays a greater role throughout society.

» Wind, solar, and other renewable technologies contribute a significant share of the nation's
electricity needs.

» A mix of conventional fossil-fueled and nuclear power plants provides a smaller, but still
significant, share of the nation's electricity needs.

» A smart and secure national power transmission grid is in place.

1.2.1 Closed Systems

A closed system is defined when a particular quantity of matter is under study. A
closed system always contains the same matter. There can be no transfer of mass
across its boundary. A special type of closed system that does not interact in any way
with its surroundings is called an isolated system.

Figure 1.1 shows a gas in a piston—cylinder assembly. When the valves are closed,
we can consider the gas to be a closed system. The boundary lies just inside the pis-
ton and cylinder walls, as shown by the dashed lines on the figure. Since the portion
of the boundary between the gas and the piston moves with the piston, the system
volume varies. No mass would cross this or any other part of the boundary. If com-
bustion occurs, the composition of the system changes as the initial combustible mix-
ture becomes products of combustion.

1.2.2 Control Volumes

In subsequent sections of this book, we perform thermodynamic analyses of devices
such as turbines and pumps through which mass flows. These analyses can be con-
ducted in principle by studying a particular quantity of matter, a closed system, as it
passes through the device. In most cases it is simpler to think instead in terms of a
given region of space through which mass flows. With this approach, a region within
a prescribed boundary is studied. The region is called a control volume. Mass crosses
the boundary of a control volume.

A diagram of an engine is shown in Fig. 1.2a. The dashed line defines a control
volume that surrounds the engine. Observe that air, fuel, and exhaust gases cross the
boundary. A schematic such as in Fig. 1.2b often suffices for engineering analysis.
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Fuel in

/ Driveshaft

(M .{% Driveshaft
=
J.il | Exhaust

— |
— gas out
Boundary (control surface) —T \gh—D

A

(@) (b)

Fig. 1.2 Example of a control volume (open system). An automobile engine.

Living things and their organs can be studied as control
volumes. For the pet shown in Fig. 1.3a, air, food, and drink essential to sus-
tain life and for activity enter across the boundary, and waste products exit. A
schematic such as Fig. 1.3b can suffice for biological analysis. Particular organs,
such as the heart, also can be studied as control volumes. As shown in Fig. 1.4,
plants can be studied from a control volume viewpoint. Intercepted solar radiation is used
in the production of essential chemical substances within plants by photosynthesis. During
photosynthesis, plants take in carbon dioxide from the atmosphere and discharge oxygen
to the atmosphere. Plants also draw in water and nutrients through their roots. Y,

1.2.3 Selecting the System Boundary

The system boundary should be delineated carefully before proceeding with any ther-
modynamic analysis. However, the same physical phenomena often can be analyzed
in terms of alternative choices of the system, boundary, and surroundings. The choice
of a particular boundary defining a particular system depends heavily on the conve-
nience it allows in the subsequent analysis.

e

glfsgng:ink) CO,, other gases radiation
CO,, other gases $ ‘N Air v,
!
—————————————————— 1 y
Airi | Lungs | ‘ }* Boundary
) - é_ —t——— | 5 | | (control surface)
Ingestion | | [Gut V& | Co, ', ,
(food, drink) | i Boundary - S X | / ) ]
| | 0,4 Photosynthesis
| | (control - | ) s/
L | surface) | Body | (——"(leaf)
—— 7T : tissues | \
Excretion | :
(waste products) |l e Heart_ _$ ______ _!
Excretion Excretion H,0, mineral;
(undigested food) (urine)
(a) (b) Fig. 1.4 Example of a control volume (open

Fig. 1.3 Example of a control volume (open system) in biology. system) in botany.
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TAKE NOTE... N\
.

Animations reinforce many
of the text presentations,
You can view these anima-
tions by going to the
student companion site
for this book.

Animations are keyed to
specific content by an icon
in the margin.

The first of these icons
appears directly below. In
this example, the label
System_Types refers to
the text content while

A.1-Tabs a, b, & ¢ refers to
the particular animation
(A.1) and the tabs (Tabs a,
b, & ¢) of the animation
recommended for viewing
now to enhance your
understanding,
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Fig. 1.5 Air compressor and storage
tank. ™

In general, the choice of system boundary is governed by two considerations:
(1) what is known about a possible system, particularly at its boundaries, and (2) the
objective of the analysis.

Figure 1.5 shows a sketch of an air compressor connected to a
storage tank. The system boundary shown on the figure encloses the compressor, tank,
and all of the piping. This boundary might be selected if the electrical power input
is known, and the objective of the analysis is to determine how long the compressor
must operate for the pressure in the tank to rise to a specified value. Since mass
crosses the boundary, the system would be a control volume. A control volume
enclosing only the compressor might be chosen if the condition of the air entering
and exiting the compressor is known, and the objective is to determine the electric
power input. <

Describing Systems and Their Behavior

Engineers are interested in studying systems and how they interact with their sur-
roundings. In this section, we introduce several terms and concepts used to describe
systems and how they behave.

1.3.17 Macroscopic and Microscopic Views of Thermodynamics

Systems can be studied from a macroscopic or a microscopic point of view. The mac-
roscopic approach to thermodynamics is concerned with the gross or overall behavior.
This is sometimes called classical thermodynamics. No model of the structure of mat-
ter at the molecular, atomic, and subatomic levels is directly used in classical thermo-
dynamics. Although the behavior of systems is affected by molecular structure, clas-
sical thermodynamics allows important aspects of system behavior to be evaluated
from observations of the overall system.

The microscopic approach to thermodynamics, known as statistical thermodynam-
ics, is concerned directly with the structure of matter. The objective of statistical
thermodynamics is to characterize by statistical means the average behavior of the
particles making up a system of interest and relate this information to the observed
macroscopic behavior of the system. For applications involving lasers, plasmas, high-
speed gas flows, chemical kinetics, very low temperatures (cryogenics), and others, the
methods of statistical thermodynamics are essential. The microscopic approach is used
in this text to interpret internal energy in Chap. 2 and entropy in Chap 6. Moreover,
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as noted in Chap. 3, the microscopic approach is instrumental in developing certain
data, for example ideal gas specific heats.

For a wide range of engineering applications, classical thermodynamics not only
provides a considerably more direct approach for analysis and design but also requires
far fewer mathematical complications. For these reasons the macroscopic viewpoint
is the one adopted in this book. Finally, relativity effects are not significant for the
systems under consideration in this book.

1.3.2 Property, State, and Process

To describe a system and predict its behavior requires knowledge of its properties
and how those properties are related. A property is a macroscopic characteristic of a
system such as mass, volume, energy, pressure, and temperature to which a numerical
value can be assigned at a given time without knowledge of the previous behavior
(history) of the system.

The word state refers to the condition of a system as described by its properties.
Since there are normally relations among the properties of a system, the state often
can be specified by providing the values of a subset of the properties. All other prop-
erties can be determined in terms of these few.

When any of the properties of a system changes, the state changes and the system
is said to undergo a process. A process is a transformation from one state to another.
If a system exhibits the same values of its properties at two different times, it is in
the same state at these times. A system is said to be at steady state if none of its
properties changes with time.

Many properties are considered during the course of our study of engineering
thermodynamics. Thermodynamics also deals with quantities that are not properties,
such as mass flow rates and energy transfers by work and heat. Additional examples
of quantities that are not properties are provided in subsequent chapters. For a way
to distinguish properties from nonproperties, see the box on p. 10.

1.3.3 Extensive and Intensive Properties

Thermodynamic properties can be placed in two general classes: extensive and inten-
sive. A property is called extensive if its value for an overall system is the sum of its
values for the parts into which the system is divided. Mass, volume, energy, and sev-
eral other properties introduced later are extensive. Extensive properties depend on
the size or extent of a system. The extensive properties of a system can change with
time, and many thermodynamic analyses consist mainly of carefully accounting for
changes in extensive properties such as mass and energy as a system interacts with
its surroundings.

Intensive properties are not additive in the sense previously considered. Their val-
ues are independent of the size or extent of a system and may vary from place to
place within the system at any moment. Intensive properties may be functions of both
position and time, whereas extensive properties can vary only with time. Specific
volume (Sec. 1.5), pressure, and temperature are important intensive properties; sev-
eral other intensive properties are introduced in subsequent chapters.

to illustrate the difference between extensive and intensive prop-
erties, consider an amount of matter that is uniform in temperature, and imagine that
it is composed of several parts, as illustrated in Fig. 1.6. The mass of the whole is the
sum of the masses of the parts, and the overall volume is the sum of the volumes of
the parts. However, the temperature of the whole is not the sum of the temperatures
of the parts; it is the same for each part. Mass and volume are extensive, but tem-
perature is intensive. <
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